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ABSTRACT

HYDRIDE GENERATION AND PRECONCENTRATION OF BISMUTH ON
A SINGLE-DROP FOLLOWED BY DETERMINATION USING
ELECTROTHERMAL ATOMIC ABSORPTION SPECTROMETRY

Diigencili, Basak
M. S., Department of Chemistry
Supervisor: Prof. Dr. O. Yavuz Ataman
September 2015, 114 pages

A novel method for determination of bismuth is proposed where the analyte is
converted to its hydride form, BiH3, followed by head space preconcentration on a
single aqueous drop; final detection was done using electrothermal atomic absorption
spectrometry (ETAAS). The preconcentration step was named as head-space single-
drop microextraction (HS-SDME). Experimental parameters for hydride generation
using both continuous flow and batch technique, ETAAS and finally HS-SDME
were optimized. For HS-SDME, Pd, Ni, Au or Pt was used as matrix modifiers
(MMs) with a concentration of 5.0 mg/L. In hydride generation, sample was prepared
in 1.0 mol/L HCI, reductant was 1.0 mL of 0.5% (w/v) NaBH, stabilized in 0.2%
(w/v) NaOH. 3.0 uL of 10.0 pL of selected MM in 1.0% HNO3; was exposed to
analyte vapors in head-space mode. Au was selected as the best MM where the

detection limit was found to be 0.005 ng/mL using a sample of 5.0 mL.

Nonspectral interference effects for some species were studied. Regarding the
hydride forming species, the effects of As(l11), Se(1V), Sb(lll), Sn(IV), Te(VI) and
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Pb(1l) were investigated. In the presence of As(l1l), Se(1V) and Sb(lll), the analyte
signal was suppressed when interferant/analyte mass ratio was as high as 1000;
Sn(1V), Te(VI1) and Pb(Il) did not have any significant interference effect using the
same conditions. Among the transition elements, Co, Cu and Zn seemed to have a
suppressing effect while Cr, Mn and Fe had a much lower effect. Regarding the
effects of some ubiquitous ions, Ca®*and Mg®* had no significant effect while AF**

Na*and PO,* had higher effect on analyte signal.

The developed method was applied to tap water, bottled water and mineral water
samples; it was observed that standard additions would be needed for desired
accuracy. Using NIST 1643e “Trace elements in water” standard reference material,

satisfactory accuracy was obtained.

Keywords:bismuth, hydride generation, electrothermal atomic absorption

spectrometry, preconcentration, matrix modifier
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HIiDRUR OLUSTURMA VE TEK DAMLA UZERINDE
ONZENGINLESTIRMEDEN SONRA ELEKTROTERMAL ATOMIK
ABSORPSIYON SPEKTROMETRI iLE BiZMUT TAYIiNi

Diigencili, Basak
Yiiksek Lisans, Kimya Boliimii
Tez Yoneticisi: Prof. Dr. O. Yavuz Ataman
Eyliil 2015, 114 sayfa

Bizmut tayini i¢in 6nerilen yeni yontemde, analitin hidriir sekline, BiH3,
cevrilmesinden sonra tek damla i¢inde head space yontemi ile 6nzenginlestirmeyi
izleyen agamada tayin elektrotermal atomik absorpsiyon spektrometri (ETAAS) ile
yapildi. Gelistirilen 6nzenginlestirme yontemi, head space tek damla
mikroekstraksiyon (HS-SDME) olarak adlandirilmistir. Siirekli akis ve havuz (batch)
tiirdi hidriir olusturma, ETAAS ve HS-SDME yontemleri igin deneysel 6lgiitler
optimize edildi. HS-SDME i¢in matriks degistirici (MM) olarak 5.0 mg/L Pd, Ni, Au
veya Pt kullanildi. Hidriir olusturma i¢in 6rnekler 1.0 mol/L HCI ortaminda
hazirlands, indirgenolarak1.0 mL 0.2% (w/v) NaOH i¢inde kararl hale getirilmis
0.5% (w/v) NaBH, kullanildi. 1.0% (w/v) HNOgsiginde hazirlanmis toplam 10 yL
MM ¢ozeltisinin 3.0 JL boliimii head space diizeninde analit buharia maruz
birakildi. En iyi MM olarak Au secilmis olup bu kosullarda 5.0 mL 6rnek ¢ozelti igin

gozlenebilme sinir1 0.005 ng/mL olarak bulundu.
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Baz1 tiirlerin spektral olmayan girisim etkileri incelendi. Hidriir olusturan tiirler
arasinda As(I11), Se(1V), Sb(ll), Sn(1V), Te(V1) ve Pb(Il) varliginda etkiler ¢alisildi.
As(I11), Se(1V) ve Sb(lll) varliginda, inteferant/analit kiitle oran1 1000 iken analit
sinyalinin bastirildig:r gorildi. Sn(IV), Te(VI) ve Pb(ll) varliginda ise 6nemli bir
girisim etkisi gézlenmedi. Gegis elementlerinden Co, Cu ve Zn baskilama etkisi
gosterirken Cr, Mn ve Fe i¢in daha diisiik etki gozlendi. Girisim etkisi incelenen
genel iyonlardan Ca’*ve Mg®" 6nemli girisim etkisi gostermedi, ancak A" Na* ve

PO,* iyonlari igin ise daha 6nemli sinyal baskilama etkisi bulundu.

Gelistirilen yontem, musluk suyu, igme suyu ve maden suyu orneklerine uygulandi;
arzulanan dogruluk igin standart katma tekniginin kullanilmasi gerektigi saptandi.
Standart referans madde olarak kullanilan NIST 1643e “Trace elements in water”

icin dogrulugu kabul edilebilir sonuglar alind.

Anahtar kelimeler: Bizmut, hidriir olusturma, elektrotermal atomik absorpsiyon

spektrometri, 6nzenginlestirme, matriks diizenleyici
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CHAPTERS

1. INTRODUCTION

1.1.Bismuth

Bismuth is a p-block element with an atomic number of 83 and atomic weight of
208.98g/mol. Its melting point is 271.5 °C and the boiling point is 1564 °C [1].

Recently, bismuth is used in many fields such as cosmetics and medicines. In
cosmetic field, bismuth is used in the process of preparation of creams and hair
dyes[2]. Also, treatment of syphilis, peptic ulcers and dermatological disorders are

achieved with the medicines containing bismuth [3].

Although the toxicity of bismuth is not certainly confirmed as a heavy metal, it’s
important to determine the amount of bismuth in materials used by humans [4].
Teepker and his friends [5] reported that a 49 year-old women with chronic gastric
ulcers is treated with bismuth and progressive dementia, dysarthria and myoclonic
jerks are observed with increasing Bi dosage. Bi intake was stopped and there is a

decrease in period of myoclonic jerks.

Considering all of the effects of high concentration of Bi, determination of Bi
becomes important and several methods can be used for this purpose such as atomic

absorption spectrometry [6].

1.2.Atomic Absorption Spectrometry

Absorption lines in the spectrum of sun were first discovered in 1802 by Wollaston

but he did only record this observation. After almost ten years, Fraunhofer made the
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same discovery and found a line series (dark lines) in visible region of the solar
spectrum. He labeled the principle lines alphabetically [7]. In 1832, Brewster had
been studying the vapors that absorb light and came up with an idea that the
Fraunhofer lines were the results of the absorption of light by different kinds of
vapors in the atmosphere of sun.

Bunsen and Kirchhoff were the first scientists worked on the principle and the
mechanism of the absorption. They discovered that matter absorbs light at the same
wavelength at which it emits light and this was the first basic principle of atomic
absorption spectrometry [1].

Modern AAS was raised in 1955 and recommended for application of analytical
procedures by Walsh and his coworkers.

The principle of AAS is that gas phase atoms at ground state absorb electromagnetic
radiation at specific wavelength and these atoms are transferred to the excited states.
The energy difference between two states gives the energy of the radiation absorbed.
An AAS instrument consists of five parts as a radiation source, a heated atomization

unit, a wavelength selection unit, a detector and data processing system.

1.2.1. Hydride Generation AAS (HGAAS)

In the literature, term hydride generation could be quite uncertain but in this study
this process consists of the conversion of an analyte in acidic medium to its hydrogen
compound (hydride) in gaseous form and transportation of formed hydride to an

atomizer by a gas flow.

For the hydride generation processes, generally either a tetrahydroborate or

metal/acid reduction is applied [8].

In the tetrahydroborate reduction at pH<1, tetrahydroborate decomposition is
completed and the resulting nascent hydrogen reduces analyte to hydride form [9]

where sodium tetrahydroborate is used. In the beginning of this application, NaBH,
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pellets were used but now NaBH, in aqueous solution stabilized by sodium
hydroxide is used very commonly. However, it has been found by D’Ulivo, Mester
and Sturgeon [10] by using mass spectrometry and deuterium labeled reagents that
during the formation of hydride form of analyte, hydrogen directly bonded to boron
is transferred to analyte. This result shows that nascent hydrogen theory fails because
if the hydride generation was achieved through the nascent hydrogen formation; then
hydrogens of the bismuthine should be oriented both from HCI and borohydride.
This result implies the formation of an intermediate boron-bismuth complex and

consecutive decomposition of this complex.

1.2.2. Electrothermal AAS (ETAAS)

Flame AAS is the basic form of AAS technique. Sample solution is aspirated,
aerosolized and then mixed with gases. Gases are then combusted forming the flame
and the sample is then atomized. Light beam of specific wavelength for the analyte is
sent through the flame containing atomized analyte; atoms absorb the light and the
amount of radiation is then measured to get quantitative information about the
analyte[1]. Flame AAS has some disadvantages such as limited residence time of
atoms in flame and low transport efficiency of sample solution to flame. In order to
overcome these disadvantages, a more efficient sample introduction method to
atomizer was developed by B. V. L’vov which is called ETAAS in 1959. In ETAAS,
micro-liter level amount of sample is placed in a graphite tube. The graphite tube is
placed on the optical path of AAS system. After drying, ashing and atomization steps
analyte atoms are obtained [11]. Light beam is sent through the graphite tube and

absorbance is measured.

In order to get reliable information drying, ashing and the atomization temperatures

should be decided very carefully. At the drying step a relatively low power results in
a low temperature such as 100-200°C; this step is used to dry solvents present in the
sample. Then, in ashing step by increasing the temperature, components which have

low boiling points are removed. Ashing temperature is important since it should be
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high enough to decompose components other than analyte in the matrix at the same
time it should not cause loss of analyte by volatilization. At atomization temperature,
sample solution is atomized and inert gas flow is turned off to increase the residence
time of atoms. After the atomization step, higher temperature is applied to remove
residuals in a cleaning process [12].

1.3.Atomization Techniques

In this study two types of atomization technique are used for two different AAS
systems. Firstly, externally heated quartz tube atomizer is used to atomize the analyte
in HGAAS system and secondly graphite tube atomizer is used to atomize the
analyte in ETAAS system.

1.3.1. Externally Heated Quartz Tube Atomizer (EHQTA)

The externally heated quartz tube atomizer (EHQTA) consists of a quartz tube
atomizer and an electrical heating system with resistive wires around the quartz tube.
By applying electrical heating, the temperature inside the tube reaches 700-1100 °C.
As shown in Figure 1.1 quartz tube is generally T-shaped [13].



Quartz tube

S —

Figure 1.1 Schematic representation of EHQTA [13].

Hydride enters through inlet arm of the quartz tube with the help of carrier gas.

Optical path and the inlet arm of the quartz tube are orthogonal.

1.3.2. Graphite Tube Atomizer (GTA)

As shown in Figure 1.2 graphite tube atomizers are placed on the optical path of

AAS instrument.
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Figure 1.2 Schematic representation of GTA [14].

Graphite tube atomizers have a hole on the top for sample injection. Sample in
micro-liter volume is injected into the graphite tube. Graphite tube is heated by
electricity and temperature rises. According to modifications on the graphite tube,
high temperatures can be obtained such as 1000-1500 °C for atomization of sample
[14]. Graphite tubes can be coated with some elements like Ir, Ru etc. to give further
chemical resistance to graphite tube [15]. Moreover, during the analysis some matrix
modifiers can be used to modify the wall and the surface of the graphite tube such as
Pd, Ni or Pd+MgO etc. [16].

1.4.Inductively Coupled Plasma Mass Spectrometry (ICPMS)

Inductively coupled plasma mass spectrometry (ICPMS) is a type of mass
spectrometry which is capable of detecting metals and several non-metals at
concentrations as low as one part in 10* (part per quadrillion, ppg) on non-interfered

low-background isotopes. This is achieved by ionizing the sample with inductively
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coupled plasma and then using a mass spectrometer to separate and quantify those
ions. Quadruple (Q) or time of flight (TOF) mass analyzer can be used. Its
robustness, modest vacuum requirements, and compact size have made the quadruple

attractive for routine analysis[17].

1.5.Extraction / Microextraction Techniques

1.5.1. Solid-Phase Microextraction (SPME)

Solid-phase microextraction is an extraction technique including use of a fiber coated
with polymeric phase to extract the target analyte[18]. In this technique fiber is
exposed to the sample in certain periods and analyte species are extracted from
aqueous sample solution. Then fiber is retracted back and exposed in the injector for
analyte desorption [19]. The schematic representation of SPME is shown in Figure
1.3 [20].

I Extraction Phase

Sample
I’ I l Samplo flow -
|
Fibre Vessel Walls
partic
[T 5 g _"
‘ s = 0 ‘
-
L‘ ¢ |
Suspended Particles Stirrer Disk / Membrane

Figure 1.3 The schematic representation of SPME [19].



Depending on the application, several modes of SPME such as stirring bar, vessel
walls, disk/membrane and in-tube have been introduced to improve the automation,

sampling and sample introduction in SPME [21].

There are significant advantages of applying SPME as it solves the problem of using
organic solvents and combines sampling, extraction, preconcentration and sample
introduction in a single step. In spite of the fact that SPME has some advantages,
there are also some disadvantages. Short fiber life, fragility, the high cost of the
SPME and analyte transfer effects are the drawbacks of this technique [22].

1.5.2. Liquid-Liquid Extraction (LLE)

Liquid-liquid extraction is a preconcentration technique used to transfer analyte from
aqueous sample to a water-immiscible solvent. In recent years LLE is widely used
for sample preparation but some difficulties show up with the use of this technique
such as using large sample volume and toxic organic solvents. These difficulties
render LLE time-consuming, expensive and dangerous for environment and the
researchers have found a way to miniaturize the extraction method [23]. Based on

this idea, three microextraction methods have been developed.

1.5.2.1. Hollow Fiber Liquid-Phase Microextraction (HF-LPME)

In HF-LPME technique, organic solvent called extracting solvent is confined in
small pores of a hollow fiber and extraction occurs [24]. Before the extraction
process occurs, hollow fiber is immersed in organic solvent and extracting solvent is
immobilized in pores of fiber as a thin solvent film. Then hollow fiber is placed in
aqueous sample solution and analyte is extracted into thin solvent film [22].

Schematic representation of HF-LPME is shown in Figure 1.4 [23].



Syringe

’ N

Syringe guide ---- i | Organic solvent

“1

]

)
s ! PO F3
S i-- Aqueous sample

s

~
-
<

Hollow fibrg |=-f.-

= A

Aqueous sample ----|

Magnetic stirrer

Figure 1.4 Schematic representation of HF-LPME [22].

If the final destination of analyte is aqueous phase inside the lumen of the hollow
fiber during the extraction process, this is called three-phase sampling mode (HF-
LLLME). However, analyte must have ionisable functionalities to apply this mode.
For this technique analyte is preconcentrated in an aqueous phase, determination of
analyte can be done by hyphenated techniques involving HPLC or CE [19]. In
addition to this benefit HF-LPME has some other advantages. For example, high
stirring rates can be applied thanks to hydrophobic hollow fibers. Also, small pore
sizes give a chance to filtration of sample in micro level so that very clean extracts
can be obtained and analysis of dirty samples is feasible since extracting phase is

protected well inside the hollow fiber [23].

Besides all these advantages, HF-LPME has some drawbacks. The polarity of
organic solvent used for microextraction should match with that of hollow fiber for
immobilization. Another drawback is the single use of fibers because of the memory

effect observed in second use [22].



In order to overcome these drawbacks, drop formation techniques are developed
[25].

1.5.2.2. Single-Drop Microextraction (SDME)

To count on less contaminant and low cost sample preparation procedures in trace
analysis, there is an increasing attention for miniaturized methods and SDME is one
of them [26].

SDME is simple, fast, and inexpensive, requires little solvent and produces little
waste. Sampling, extraction, preconcentration and sample introduction can be

combined in one step by using SDME [27].

SDME is described as a method that a drop of solvent is immersed in a stirred
aqueous sample solution or is exposed to the headspace of sample solution and drop

is held at the tip of syringe needle [28].

When SDME is used instead of SPME, similar performance is obtained but SDME
has two main advantages over SPME. First, the fibers used in SPME have limited
lifetime and after prolonged usage fibers lose precision. On the contrary, drop used in
SDME can be renewed for each experiment. Secondly, limited fiber coatings are
available for SPME while a wide variety of solvents and trapping agents are
available for SDME [29].

1.5.2.2.1. Direct Single-Drop Microextraction (D-SDME)

Direct SDME is described as a method that includes the use of a drop of an organic
solvent suspended from the tip of a syringe needle that is immersed in an aqueous

sample solution placed in a closed-vial by Bendicho and his friends [30].
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Mass transfer of the analytes from sample solution to organic drop continues until
thermodynamic equilibrium is achieved or extraction is ended. A theoretical model is
developed by Jeannot and Cantwell for D-SDME [31].

D-SDME has some disadvantages such as applicability only for liquid samples and
organic drop immersion problems in the aqueous sample. These negative properties
are overcame by using head-space single-drop microextraction technique [27]. In
addition, the instability of the drop at high stirring rates or temperatures can be

problematic for this method [23].

1.5.2.2.2. Head-Space Single-Drop Microextraction (HS-SDME)

HS-SDME is a sample preparation technique that is firstly introduced by Theis and
his friends [32]. In this technique volatile or semi-volatile compounds are extracted
and preconcentrated in a micro-drop exposed to the headspace above the sample

solution in closed system [23]. Schematic representation of HS-SDME is shown in

Figure 1.5 [29].
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Figure 1.5 Headspace single-drop microextraction device for preconcentration and matrix separation
of Se prior to ETAAS detection: (A) guided microsyringe containing a PTFE plunger; (B) 40 mL-
volume sampling vial; (C) septum; (D) 3uL-volume aqueous drop containing Pd(I1) (E) sample

solution (F) magnetic stirrer [28].

In HS-SDME, diffusion of analyte starts in the sample solution through headspace
medium and ends in the micro-drop. It means that analyte is distributed in three
phases; sample solution, headspace and organic drop solvent [27]. Mass transfer in
HS-SDME is faster process because diffusion coefficients in gas phase are 10* times

greater than in condensed phase.

HS-SDME has some advantages over D-SDME. For example, in HS-SDME
interference effect of dirty and complex matrixes can be eliminated since only

volatile compounds are extracted in micro-drop. In addition, this technique is free of
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sample stirring rate and using a proper organic solvent as drop [22]. Because of that
38% of all SDME procedures have been performed in direct mode and 41% of all in

headspace mode [33].

After extraction and preconcentration of analyte with HS-SDME, determination of
analyte can be performed with ETAAS or ICP-MS etc. easily [34].

1.5.2.3. Dispersive Liquid-Liquid Microextraction (DLLME)

Rezaee and his coworkers are the first scientists studying DLLME technique [35].
This technique is based on the use of an extractant which is an organic solvent with
high density. Extractant phase and disperser solvent that should be miscible in
extractant and aqueous phase are mixed and rapidly and injected into aqueous sample
solution. After injection, formation of small droplets is observed and extraction
occurs during the dispersion of the droplets throughout the aqueous sample solution
[23].

Disperser solvent affects the size of droplets and emulsion viscosity since droplets

have the nature of disperser solvent [36].

Cloudy solution is formed while the droplets disperse into the aqueous sample
solution. Then cloudy solution is centrifuged and the sedimented phase obtained at
the bottom of the conical tube is used to analyze with a proper analytical method.

Schematic representation of DLLME is given in Figure 1.6.
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Figure 1.6 Schematic representation of DLLME [23].

The main advantage of DLLME is to have short extraction time due to the large
surface area between the extraction solvent and aqueous sample solution.
Equilibrium state is achieved quickly thanks to the large surface area. Moreover, in
DLMME a syringe is used in collection and injection processes instead of holding a
drop. This removes the drop dislodgment problem. Nevertheless, DLMME has
limited number of extractants because it is hard to find a proper extractant. Extractant
used in this technique has to form a stable cloudy solution, be easily removed from

bottom of the conical tube and have higher density than water [23].

1.6. Interferences

Interferences can be examined in two parts as spectral interferences and nonspectral

interferences in spectroscopy.

Spectral interferences are observed when the species other than analyte atoms absorb

or scatter the source radiation[8]. In hydride generation, line overlapping possibility
14



IS not observed because analyte atoms are separated from matrix efficiently. Spectral
interferences usually occur because of the band absorption. Band absorption is
caused by transported molecular species. Molecular transport becomes important as
the concentrations of acid and reductant increase. This increase is observed because

severe reaction conditions produce large amount of aerosol.

Presence of oxygen leads to background absorption, because oxygen molecules have
structured absorbance profiles. There is an increase in obtained absorbance with the

increasing temperature in graphite furnace [37].

Nonspectral interferences can be observed because of the matrix induced signal
enhancement or suppression. For hydride generation, nonspectral interferences can

be investigated in two parts as liquid phase and gas phase interferences.

Interferences in liquid phase are due to decrease in efficiency of releasing hydride
and/or change in the rate of hydride release from liquid phase. This can be
categorized as matrix interferences or compound interferences. If the analyte in
sample is present in different forms, compound interference can be observed. This
generally happens when the analyte atoms are bonded to organic groups. Being

bonded to organic groups reduces the hydride generation efficiency.

1.7. Aim of the Study
The aim of the study is to develop a new method for the determination of bismuth.

Extraction, preconcentration and sampling of the bismuth can be done in one step

with this new method.
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2. EXPERIMENTAL

2.1. Chemicals and Reagents

All reagents used throughout this study were analytical grade or high purity. A 1000
mg/L Bi (NIST, Gaithersburg, MD, USA) stock solution in 2.0% (v/v) HNO3; was
used to prepare working solutions by proper dilutions with de-ionized water.
Working solutions were prepared in 1.0 mol/L HCI (Merck, Darmstadt, Germany)
solution and stored in polypropylene bottles. 0.5% (w/v) NaBH4(Merck, Darmstadt,
Germany) in 0.2% (w/v) NaOH (Riedel, Germany) was used for reduction of analyte
and was prepared daily. High purity Ar (99.999%, Linde, Ankara, Turkey) was used
as carrier gas. 5.0 mg/L Pd, Au, Ni or Pt in 1.0% (v/v) HNO3 were prepared from
1000 mg/L solution of each element (NIST, Gaithersburg, MD, USA) in 10.0% (v/v)

HNOs;. Each one of these solutions was used as a matrix modifier.

For the interference studies, As(l11) (As,Os, High Purity Standards, SC, USA),
Se(1V) (Na;SeOs, High Purity Standards, SC, USA), Sb(lll) (Fisher Scientific, PA,
USA), Sn(1V) (SnCl,, Merck, Darmstadt, Germany), Te(VI1) (HsTeOg, Merck,
Darmstadt, Germany) and Pb(I1) (Leeman Abs. Inc., MA, USA) were used as
hydride forming elements. Cr(l11) (Cr(NO3)s, Merck, Darmstadt, Germany), Mn(I1)
(Mn(NOs3),, Merck, Darmstadt, Germany), Fe (High Purity Standards, SC, USA),
Co(Il) (CoCl,, Merck, Darmstadt, Germany), Cu(ll) (Cu(NO3),, Merck, Darmstadt,
Germany), Zn(lI1) (Zn(NOs),, Merck, Darmstadt, Germany) were used as transition
elements in interference studies. Ca™ (Ca(NOs),, Merck, Darmstadt, Germany), Al
(AI(NO3)3, Merck, Darmstadt, Germany), Na* (High Purity Standards, SC, USA),
PO4* ((NH,);HPO,, Merck, Darmstadt, Germany), Mg*? (Leeman Abs. Inc., MA,

USA) were used as ubiquitous ions.
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2.2. Hydride Generation Atomic Absorption Spectrometry (HGAAS)

Two types of hydride generation were studied. Optimum parameters of continuous
flow HGAAS were found and in the light of these, HGAAS with batch system was
constructed.

2.2.1. Continuous Flow HGAAS

Continuous flow HGAAS system was constructed with three Gilson Minipuls 3
(Villers Le Bell, France) four-channel peristaltic pumps. First one was used to pump
sample solution and second one was used to pump NaBHj, solution to the system.
Last one was used to remove waste solution from the system. Yellow-blue color 1.27
mm id Tygon® tubings were used. Three way T-shaped PTFE connectors (Cole

Palmer, Illinois, USA) were used to connect tubings.

The formed hydride was transferred to the atomizer with Ar carrier gas. Ar flow rate
was adjusted by PTFE rotameters (Cole Palmer, USA). Rotameters were calibrated

regularly by a laboratory made soap bubble flowmeter.

A laboratory made borosilicate cylindrical gas-liquid separator (GLS) was placed
before the atomizer. The schematic representation of GLS is given in Figure 2.1. The
externally heated T-shaped quartz tube atomizer (QTA) (Caliskan Cam, Ankara,
Turkey) was used as an atomizer. The dimensions of the T-shaped QTA were given

in the Figure 2.2.
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Figure 2.1The schematic representation of GLS [14].
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Figure 2.2 The schematic representation of the externally heated T-shaped QTA [14].
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If the T-shaped QTA is used for the first time, it is necessary to saturate the quartz
surface with analyte; 1.0 mg/L Bi solution was used for saturation. This procedure

prevents the observation of signal fluctuations.

The schematic representation of the continuous flow HGAAS system is given in

Figure 2.3.

Rotameter

Ar Gas e J Atomizer

Y

L

Sample PP

Solution GLS

PP

NaBH, e

PP

Waste e

PP: Peristaltic Pump
GLS: Gas-Liquid Separator

Figure 2.3 The schematic representation of the hydride generation system [14].

2.2.2. HGAAS with Batch System

In this case hydride formation occurred in a closed vial which was called batch

system. Injection was used instead of continuous flow for this system.
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Two syringes (Hayat Medikal, Istanbul, Turkey) with volume of 5.0 mL were used to
inject the sample solution in 1.0 mol/LHCland NaBHj, solution into the laboratory
made borosilicate 50.0 mL closed vial. A magnetic stirrer was used to mix the
solutions at 100 rpm.

Optimum reaction time was found as 30.0 s. After 30.0 s magnetic stirrer was

stopped and Ar gas was sent to the system. Ar flow rate is 400 mL/min.

A laboratory made borosilicate GLS (mentioned in section 2.2.1, page 20) was
placed before the atomizer. The externally heated T-shaped QTA (Caliskan Cam,
Ankara, Turkey) was used as an atomizer. The schematic representation of the batch

system was given in Figure 2.4.

1. sample
2. NaBH,

Figure 2.4 The photographic representation of the HGAAS with batch system.
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2.3 Electrothermal Atomic Absorption Spectrometry (ETAAS)

Electrothermal atomic absorption spectrometer (Varian Spectra AA140, Victoria,
Australia) equipped with a deuterium arc background correction system was used for
detection. The instrument had SpectrAA software (Version 5.1). An Agilent (USA)
uncoded Bi hollow cathode lamp was used as a source. The parameters of the
instrument are given in the Table 1. Varian GTA 120 graphite tube atomizer unit
with Varian PSD 120 programmable sample dispenser unit was used in the study.
Longitudinally heated pyrolytic coated graphite tubes (AAA-0012, Alpha Resources,
MI, USA) were used throughout the study. The photographic representation of the
ETAAS system is shown in the Figure 2.5.

Table 1 The parameters of the instrument.

Parameter Value
Wavelength, nm 223.1
Spectral Bandpass, nm 0.50
Lamp Current, mA 5.0
Measurement Mode Integration
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Varian GTA 120

Varian PSD 120

HCL

Figure 2.5 The photographic representation of the ETAAS system.

Working solutions were prepared from the 1000 mg/L Bi stock solution in 2.0%

(v/v) HNOj3 and stored in polypropylene bottles.

In order to increase the absorbance of the analyte, matrix modifiers (MM) were used
[6]. MMs were prepared from the 1000 mg/L Pd, Ni, Au and Pt in 10.0% (v/v) HNO3
by proper dilutions. For each MM appropriate ashing and atomization temperatures
were found. Optimized ashing and atomization temperatures for each MM are shown
in Table 2.
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Table 2 Ashing and atomization temperatures for each MM.

Tashing, °C T atomization, °C
without MM 300 1800
Pd 400 2000
Ni 600 2200
Au 800 1800
Pt 1000 2500

10.0 pL 100 ng/mL sample solution and 10.0 yL 5.0 mg/L MM were co-injected to
the graphite tube with the help of programmable sample dispenser unit. Absorbance

values were taken according to the peak height values.

2.4. Inductively Coupled Plasma Mass Spectrometry (ICPMS)
A Thermo X Series (Thermo Scientific, MA, USA) ICPMS instrument was used in

experiments. This is an instrument using a quadruple mass analyzer system. The

operating parameters of ICPMS are given in Table 3.
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Table 3 The operating parameters of ICPMS.

Parameters Optimum Value
Extraction Lens Voltage, V -170
Lens 1 Voltage, V 0.3
Lens 2 Voltage, V -33.2
Focus Lens Voltage, V 14.3
1. Diffraction Aperture Voltage, V -36.9
2. Diffraction Aperture Voltage, V -153
Quadrupole Voltage, V -8.0
Hexapole Voltage , V 1.3
Argon Flow Rate in Nebulizer, L/min 0.90
Lens 3 Voltage, V -174.6
Horizontal Position of Torch 56
Vertical Position of Torch 720

3. Diffraction Aperture Voltage, V -59.9
Argon Flow Rate to Cool Torch, L/min 13.0
Argon Flow Rate to Produce Plasma, L/min 0.80
Sampling Depth 84
Forward Power, Watt 1400
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2.5. Head-Space Single-Drop Microextraction (HS-SDME)

In order to create a HS-SDME system, the HGAAS with batch system and ETAAS
were coupled. Analyte hydride formed from the batch system was preconcentrated in
a drop which was exposed to analyte vapor at the tip of a microsyringe (Hamilton,
USA) and analyzed with the help of ETAAS. The schematic representation of HS-

SDME system was shown in Figure 2.6.

matrix
modifier

sample
solution

magnetic
stirrer

Figure 2.6 The photographic representation of HS-SDME system.

A 10.0 uL microsyringe was filled with a MM and 3.0 uL of its content was exposed
at the tip of needle. Then, 1.0 mL of 0.5% (w/v) NaBH,4 was injected into the 50.0
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mL closed vial which contained 5.0 mL of sample solution in 1.0 mol/L HCI. After
30.0 s mixing, drop was sucked into the needle and all of 10.0 yL was injected into

the graphite tube.

The temperature program for each MM was optimized separately and the resulting

temperature program was used for sample detection.

The percent transfer efficiencies of the systems with different matrix modifiers were
calculated by comparing the slopes of the calibration plots formed by measuring
absorbance values versus ng amount of analyte using ETAAS and HS-SDME. The
percent transfer efficiencies are shown in Table 4.

% Transfer efficiency was calculated according to the equation below:
%Transfer Efficiency= (Mys-some/ MeTaas)*100

mus-some: Slope of the plot of absorbance versus ng analyte using HS-SDME system
with related MM

MeTaas: Slope of the plot of absorbance versus ng analyte using ETAAS system with
related MM

Table 4 Transfer efficiencies for HS-SDME technique using different matrix modifiers.

Technique %Transfer Efficiency
HS-SDME-Pd 75
HS-SDME-Ni 81
HS-SDME-Au 89
HS-SDME-Pt 64
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2.6. Accuracy Check

In order to check the accuracy of the system, NIST 1643¢ “Trace Elements in Water”
SRM was analyzed. Composition of the SRM is given in Table 5. Any digestion
process was not needed since SRM was already in liquid form. After proper dilution,

SRM solution was prepared for the analysis.
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Table 5 Certified values of NIST 1643¢ “Trace Elements inWater” SRM.

Element

Aluminum
Antimony
Arzenic
Barium
Beryllium
Bizmuth
Boron
Cadminm
Calcium
Chrominm
Cobalt
Copper
Iron

Lead
Lithinm
Magnesinm
Manganese
Melybdenum
MNickel
Potassium
Fubidium
Selenium
Silver
Sodium
Strontinm
Tellurium
Thallium
WVanadinm
Zinc

Mass Fraction

138.33
56.88
5808

531.0
13.64
1375

154.0

6.408
31500
19.90
26.40
22.20
5.7
19.15
17.0
T E41
3802
118.5
60.89
1984
1380
11.68
1.036
20 230
3152
1.07
7.263
36.93
76.3

+=+++++++++++++++++++++H+H+HHH+H+H+ M+ I+ HFHF I+

(ng'kg)

1
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84
0.60
0.70
5.6
016
013
£
0.071
100

023
032
0.31

0.20

Mazs Concentration

(ngL)

141.8 + 8.6
5830 =+ 0.61
6045 & 0.72

5442 + 5.8
1398  + 0.17
1400 =+ 0.15

157.9 + 30

6568 + 0.073
32 300 + 1100
2040 % 0.24
27.06 % 0.32
2276 % 0.31
98.1 + 1.4
19.63 + 021
17.4 + 1.7
8037 + o8
3897 + 0.45
121.4 + 13
62.41 + 0.69
2034 + 29
1414 =+ 0.18
1107 = 0.14
1.062 =+ 0.073
20 740 + 260
3231 + 36
100+ 0.11
7445 + 0.096
3786  * 0.59
78.5 + 2.2



2.7. Application of Method on Real Samples

For the method application; tap water, two different brands of bottled water and three
different brands of mineral water were analyzed. Samples were prepared in 1.0
mol/L HCI in order to obtain the same matrix with standards. No dilution or

digestion was needed. Au was used as MM in 1.0% (w/v) HNO:s.

These real samples were analyzed also with ICPMS to compare the results of HS-
SDME-Au method.

In addition, tap water, bottled water and two different brands of mineral water were
spiked with particular Bi solution. Spiked samples were analyzed with HS-SDME-

Au technique and results were given in %recovery.
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3. RESULTS AND DISCUSSION

This study aims to preconcentrate the hydride form of bismuth in a single-drop
followed by determination using by ETAAS.

The first part includes hydride generation in batch system. Bismuthine was formed
by the injection of 1.0 mL of 0.5% (w/v) NaBHy, into the 50.0 mL closed vial
containing 5.0 mL 100 ng/mL Bi solution in 1.0 mol/L HCI. Ar gas was sent to the
system after 30.0 s. Ar flow rate is 400 mL/min. Carrier gas transported the
bismuthine to the atomizer which was an externally heated T-shaped QTA in this

case.

The next part is related with the determination of the analyte. Determination was
done by ETAAS. The instrument parameters were optimized for bismuth detection.
Programmable sample dispenser unit was used for sample introduction. 10.0 pL 100
ng/mL Bi solution in 1.0 mol/L HCI was used for optimization. In addition, 10.0 uLL
5.0 mg/L MM (Pd, Ni, Au or Pt) in 1.0% (v/v) HNOj3 was used for following

optimizations. It was seen that for each MM, different ash-atom plots were obtained.

The final part involves preconcentration and determination of analyte. The
preconcentration took place in 3.0 uL single-drop which contained the respective
MM. The determination was done by the ETAAS with the temperature program
optimized for each MM in the previous studies. 10.0 uL microsyringe was placed on
the top of sample solution and 3.0 puL of 10.0 uL MM were exposed. Then 1.0 mL of
0.5% (w/v) NaBH, was added into the sample solution. After a mixing period of 30.0
s, drop was sucked into the needle and the total volume of10.0 uL MM was injected

into the graphite tube.
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3.1.Hydride Generation System

3.1.1. Continuous Flow Hydride Generation System

For the hydride generation process, concentration of HCI and the amount of the
NaBH, were critical. In addition to these, concentration of sample solution, flow rate
of the carrier gas, sample solution and NaBH, should be optimized. The
concentration of HCI which was between 0.5-2.0 mol/L was studied with the amount
of NaBH, which was between 0.3-1.5% (w/v). NaBH, solutions were stabilized in
0.2% (w/v) NaOH. The results are shown in Table 6. Each datum point represents the

average value of three replicate measurements.

Table 6 Absorbance values of the 20.0 ng/mL Bi solution in varied concentration of HCI and used

amount of NaBH,.

aBH,,% (w/v)

HCI, mol/L 0.3 0.5 1.0 15
0.5 0.1569 0.1693 0.1603 0.1843
1.0 0.1666 0.1904 0.1745 0.1724
15 0.1735 0.178 0.1753 0.1696
2.0 0.1513 0.1479 0.1738 0.1527

As can be seen from the data in the Table 6, using1.0 mol/L HCI and 0.5% (w/v)
NaBHj, the best result was obtained. Lower amounts of NaBH,4 and lower

concentrations of HCI were insufficient for formation of bismuthine while for higher
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values the results were lower probably due to the dilution effect caused by excess

hydrogen.

3.1.1.1. Optimization of the Flow Rate of Carrier Gas

Flow rate of the carrier gas was optimized and the results are shown in Figure 3.1.

0.30
0.25 }
/
@ 0.20
g ¥
@
2 015
o
]
< 0.10
0.05
0.00 T . : . :
20 120 220 320 420 520
Ar flow rate, mL/min

Figure 3.1 Optimization of the Ar flow rate of the system with 20.0 ng/mL Bi solution in 1.0 mol/L
HCI at a flow rate of 3.0 mL/min and 0.5% (w/v) NaBH,4 was used at a flow rate of 3.0 mL/min.

Although the signal was higher when Ar flow was set at 38.0 mL/min, it was selected
as 221 mL/min because the signals of the former one are not reproducible. The
reason for this could be insufficient carrier gas to transport the sample to the
atomizer. The reason for the decrease in the absorbance for 500 mL/min Ar flow

could be dilution due to the excessive amount of Ar.
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3.1.1.2. Optimization of the Flow Rate of NaBH,4

Flow rate of the NaBH, was studied and the results are shown in Figure 3.2.

0.1900

0.1800

0.1700
01500 - T T T T T
1.0 15 2.0 2.5 3.0 4.0

NaBH, flow rate, mL/min

Absornabce

Figure 3.2 Optimization of the NaBH, flow rate of the system with 20.0 ng/mL Bi solution in 1.0
mol/L HCI at a flow rate of 3.0 mL/min and 221 mL/min Ar flow.

As can be seen in the Figure 14, the highest absorbance was obtained with NaBH,

pumped at 3.0 mL/min flow rate.

3.1.1.3. Optimization of the Flow Rate of Sample

Sample flow rate was optimized and the results are shown in Figure 3.3
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Figure 3.3 Results of the optimization of the sample flow rate of the system with 20.0 ng/mL Bi
solution in 1.0 mol/L HCI, 0.5% (w/v) NaBH, was used at a flow rate of 3.0 mL/min with 221

mL/min Ar flow.

As can be seen in the Figure 15, the highest absorbance was obtained with sample

flow rate of 3.0 mL/min.

3.1.1.4. Linear Range and Calibration Plot of Continuous Flow Hydride
Generation System

A set of solutions ranging from 5.00 to 200 ng/mL Bi in 1.0 mol/L HCI was
prepared. Sample flow rate was adjusted as 3.00 mL/min. Carrier gas and NaBH4
flow rates were set as 221 mL/min and 3.0 mL/min, respectively. Results are given in

Figure 3.4.
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Figure 3.4 Calibration plot for continuous flow HGAAS system. Flow rate of sample and NaBH,

were 3.0 mL/min for each. Ar flow rate was 221 mL/min.

A linear portion of calibration plot and corresponding best line equation for the

continuous flow hydride generation system is given in Figure 3.5.
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Figure 3.5 Linear portion of calibration plot of the continuous flow HGAAS system. Flow rate of

sample and NaBH,both 3.0 mL/min. Ar flow rate 221 mL/min.
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3.1.1.5. Analytical Figures of Merit

LOD, LOQ and RSD values for 5.0 ng/mL Bi in 1.0 mol/L HCI were calculated and

given in Table 7.

Table 7 Analytical figures of merit for 5.0 ng/mL Bi in 1.0 mol/L HCI using the continuous flow

hydride generation system.

Concentration Limit of Detection 1.0
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 3.4
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation 3.4%
(RSD)(N=5)
Linear Range, ng/mL 5.0-40

The optimum parameters of continuous flow HGAAS found by using 20.0 ng/mL Bi

solution in 1.0 mol/L HCI are given in Table 8.
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Table 8 The optimum parameters of continuous flow HGAAS found by using 20.0 ng/mL Bi solution
in 1.0 mol/L HCI.

Parameter Value
Sample flow rate, mL/min 3.0
NaBH, flow rate, mL/min 3.0
Ar flow rate, mL/min 221
NaBH,4, % (w/v) 0.5
(stabilized in 0.2% (w/v) NaOH)
HCI, mol/L 1.0

3.1.2. Hydride Generation in Batch System

For the hydride generation in batch system, a laboratory made borosilicate 50.0 mL
closed vial was used. Parameters which should be optimized are volume of sample in
1.0 mol/L HCI, volume of 0.5% (w/v) NaBHy, reaction time and Ar flow rate.

System was mixed with magnetic stirrer at 100 rpm.

3.1.2.1. Optimization of Sample Volume

Volume of 1.0 ng/mL Bi in 1.0 mol/L HCI was optimized in the range from 2.0 to
10.0 mL. Results are shown in Figure 3.6. 1.0 mL of 0.5% (w/v) NaBH,4 was used.

Reaction time was 30.0 s and Ar flow was set as 400 mL/min.
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Figure 3.6 Results of the optimization of volume of 1.0 ng/mL Bi in 1.0 mol/L HCI with the system
with 1.0 mL of 0.5% (w/v) NaBHy, reaction time 30.0 s and Ar flow rate 400 mL/min.

As can be seen from the Figure 3.6 when 5.0 mL and 10.0 mL sample solution were
used, the highest absorbance values were obtained. But in order to prevent the use of

high amount of chemicals, 5.0 mL sample solution was used throughout the study.

3.1.2.2. Optimization of NaBH, Volume

In order to find the optimum NaBH,4 volume, 1.0, 2.0 and 5.0 mL 0.5% (w/v) NaBH,4
were tried. Results are shown in Table 9. Reaction time was 30.0 s and Ar flow was

set as 400 mL/min. 5.0 mL 1.0 ng/mL Bi in 1.0 mol/L HCI were used.

38



Table 9 Results of the optimization of 0.5% (w/v) NaBH,. Reaction time 30.0 s and Ar flow rate 400
mL/min. 5.0 mL 1.0 ng/mL Bi in 1.0 mol/L HCI was used. Each datum point represents the average

value of two replicate measurements.

0.5% (w/v)NaBH, volume, mL Absorbance
1.0 0.5056
2.0 0.0116*
5.0 0.0353*

*Formation of excess Hy and vigorous gas evolution took place.

As pointed on the Table 9 the optimum volume for 0.5% (w/v) NaBH,4 was chosen as

1.0 mL otherwise the excess H,(g) was formed and vigorous gas evolution took

place.

3.1.2.3. Optimization of Reaction Time

Time required for sufficient hydride formation is another parameter of the batch

system. Optimization of reaction time is given in Figure 3.7. 5.0 mL 1.0 ng/mL Bi in
1.0 mol/L HCl and 1.0 mL of 0.5% (w/v) NaBH, were used. Ar flow was set as 400

mL/min.
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Figure 3.7 Results of the optimization of reaction time. 5.0 mL of 1.0 ng/mL Bi in 1.0 mol/L HCI and
1.0 mL of 0.5% (w/v) NaBH,. Ar flow rate 400 mL/min.

As can be seen on Figure 3.7 after 30.0 s there is a decrease in the signal absorbance
of the analyte. This is probably due to the loss of analyte vapor by diffusion towards

the atomizer pathway. The reaction time was chosen as 30.0 s.

3.1.2.4. Optimization of Ar Flow Rate

Carrier gas flow rate is needed to optimize because transportation of analyte to
atomizer is provided by the carrier gas. Results of the optimization of Ar flow rate
are given in Figure 3.8. 5.0 mL 1.0 ng/mL Bi in 1.0 mol/L HCl and 1.0 mL of 0.5%

(w/v) NaBH, were used. Reaction time was 30.0 s.
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Figure 3.8 Results of the optimization of Ar flow rate. 5.0 mL 1.0 ng/mL Bi in 1.0 mol/L HCIl and 1.0
mL of 0.5% (w/v) NaBH,4 were used. Reaction time 30.0 s

As shown in the Figure 3.8 flow rates lower than 400 mL/min could not supply the
sufficient carrier gas and analyte could not reach to the atomizer. Flow rates higher
than 400 mL/min caused dilution and reduced the concentration of the analyte during
its transport. By considering all of these cases, Ar flow rate of 400 mL/min was

chosen.

3.1.2.5. Linear Range and Calibration Plot for Hydride Generation in Batch
System

A set of solutions ranging from 0.20 to 30 ng/mL Bi in 1.0 mol/L HCI was prepared.
5.0 mL sample solution and 1.0 mL of 0.5% (w/v) NaBH, were used. Carrier gas
flow rate was set as 400 mL/min. Reaction time was 30.0 s. Results are given in

Figure 3.9.
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Figure 3.9 Calibration plot of hydride generation in batch system.5.0 mL sample solution in 1.0
mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. Ar flow rate 400 mL/min and reaction time
30.0s.

A linear portion of calibration plot and corresponding best line equation for the

hydride generation in batch system is given in Figure 3.10.
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Figure 3.10 Linear portion of calibration plot of the hydride generation in batch system. 5.0 mL
sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. Ar flow rate 400

mL/min and reaction time 30 s.
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3.1.2.6. Analytical Figures of Merit

LOD, LOQ and RSD values for 0.20 ng/mL Bi in 1.0 mol/L HCI were calculated and
given in Table 10.

Table 10 Analytical figures of merit for 0.20 ng/mL Bi in 1.0 mol/L HCI using the hydride generation

in batch system.

Concentration Limit of Detection 0.13
(LOD), 3s/m (N=6), ng/mL

Concentration Limit of Quantification 0.43
(LOQ),10s/m (N=6), ng/mL

Relative Standard Deviation 8.1%
(RSD)(N=6)
Linear Range, ng/mL 0.50-5.0

The optimum parameters of hydride generation in batch system found by using 1.0
ng/mL Bi in 1.0 mol/L HCI are given in Table 11.
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Table 11 The optimum parameters of hydride generation in batch system found by using 1.0 ng/mL
Bi in 1.0 mol/L HCI.

Parameter Value
Sample volume in 1.0 mol/L HCI, mL 5.0
NaBH,4 volume, mL 1.0
Ar flow rate, mL/min 400
Reaction time, s 30
NaBHa, % (w/v) 0.5
(stabilized in 0.2% (w/v) NaOH)

By considering the LOD values of the continuous flow hydride generation and
hydride generation in batch systems, the latter is 10-fold more sensitive than the
former. Using a closed system can be the most important factor for this increment. It
provides an efficient medium for hydride formation and all the formed hydride
molecules are transported to the atomizer simultaneously. On the other hand in the
continuous flow hydride generation system, hydride formation takes place in a
flowing medium, where the hydride is formed on the way to the atomizer. This may
be reducing the hydride formation efficiency. In addition, since peak height is used,
transport of analyte vapor in a short time results in a sharp signal, improving the

sensitivity.
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3.2. Electrothermal Atomic Absorption Spectrometry (ETAAS)

In this part of the study, 10.0 uL Bi solutions in 1.0 mol/L HCI] were directly
introduced into the graphite tube with the help of PSD and the effects of some MMs
such as Pd, Ni, Au and Pt on analytical signal of analyte were examined,

individually.

3.2.1. ETAAS without MM System

3.2.1.1. Ashing Temperature

As suggested from the instrument cookbook 10.0 uLL sample solution was used for
temperature optimization. Ashing temperature curve for 10.0 pL 200 ng/mL Bi
solution in 1.0 mol/L HCI without MM is given in Figure 3.11.
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Figure 3.11 Ashing temperature curve for 10.0 uL. 200 ng/mL Bi solution in 1.0 mol/L HCI. 1800 °C

atomization temperature was used for condition without MM.

Although the maximum absorbance value was obtained at 400 °C, ashing
temperature was chosen as 300 °C because signal decreases drastically after 400 °C.
It means that small errors caused by instrument or analyst can make a significant

change in analyte signal.

3.2.1.2. Atomization Temperature

Atomization temperature curve for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCl
without MM is given in Figure 3.12.
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Figure 3.12 Effect of atomization temperature for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCL.

300 °C ashing temperature used for condition without MM.

As can be seen in the Figure 3.12, after 1500 °C signal does not change significantly;
but for lower temperatures, a lower A is observed. Therefore, 1800 °C was chosen as
the atomization temperature for ETAAS without any MM system. In order to have a

long-life for graphite tubes, higher temperatures are not chosen.

3.2.1.3. Linear Range and Calibration Plot of ETAAS without MM System

A set of solutions ranging from 5.00 to 5000 ng/mL Bi in 1.0 mol/L HCI was
prepared and by using software of the instrument ashing and atomization
temperatures were set as 300 °C and 1800 °C, respectively. Calibration plot is

obtained and given in Figure 3.13.
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Figure 3.13 Calibration plot of ETAAS without MM system. 10.0 uL sample solution in 1.0 mol/L

HCI was used. Ashing and atomization temperatures were set as 300 °C and 1800 °C, respectively.

A linear portion of calibration plot and corresponding best line equation for ETAAS

system without any MMis given in Figure 3.14.
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Figure 3.14 Linear portion of the calibration plot of ETAAS without MM system. 10.0 uL sample
solution in 1.0 mol/L HCI was used. Ashing and atomization temperatures were set as 300 °C and

1800 °C, respectively.
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A linear portion of calibration plot in mass units and corresponding best line equation
for ETAAS system without any MM is given in Figure 3.15.

0.5000
y =0.2057x + 0.0326

, 0-4000 R>=10.9943 /
[S]
S 0.3000
2
2 0.2000 *
< /

0.1000 4

0.0000 T . T . )

0.0 0.5 1.0 15 2.0 2.5
Bi, ng

Figure 3.15 Linear portion of the calibration plot of ETAAS system without MM in mass units. 10.0
pL sample solution in 1.0 mol/L HCI was used. Ashing and atomization temperatures were set as 300

°C and 1800 °C, respectively.

As can be seen in Figure 3.15 for this system linear range is from 0.2 ng to 2.0 ng

meaning that total amount of Bi in sample solutions varies in this range.

3.2.1.4. Analytical Figures of Merit

LOD, LOQ and RSD for 10 ng/mL Bi in 1.0 mol/L HCI were calculated and are
given in Table 12.
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Table 12 Analytical figures of merit for 10 ng/mL Bi in 1.0 mol/L HCI using ETAAS without MM
system.

Concentration Limit of Detection 15
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 51
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation 1.2%
(RSD)(N=5)
Linear Range, ng/mL 20 - 200

3.2.2. ETAAS system with Pd

10.0 uL sample solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Pd solution in 1.0%
(v/v) HNOg3were directly introduced into the graphite tube with the help of PSD.
Ashing and atomization temperature were optimized and set as 400 °C and 2000 °C,

respectively.

3.2.2.1. Optimization of Volume and Concentration of MM

10.0 pyL 200 ng/mL Bi solution in 1.0 mol/L HCI was used for optimization. Volume
of MM was optimized in the range of 5.0 pL to 20.0 uL and concentration of MM in
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1.0% (v/v) HNO3 was optimized in the range of 1.0 mg/L to 1000 mg/L. Results are
given in Table 13.

Table 13 Optimization of volume and concentration of MM with 10.0 pL 200 ng/mL Bi solution in

1.0 mol/L HCI. Each datum point represents the average value of three replicate measurements.

Volume, il 5 10 15 20
Conc, mg/D
1 0.1914 0.1962 0.1873 0.1828
5 0.1972 0.2145 0.2017 0.1809
10 0.1940 0.1984 0.1955 0.1910
100 0.1806 0.1853 0.1844 0.1921
1000 0.1853 0.1846 0.1829 0.1847

As can be seen from the Table 13, MM gives higher absorbance value with volume
of 10.0 yL and concentration of 5.0 mg/L. Higher MM volumes cause dilution and
reduce the analyte signal. For higher MM concentrations there is no significant
change in analyte signal magnitude. In order to provide the same conditions, same

volume and concentration of MM will be used for each case.

3.2.2.2. Ashing Temperature
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10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Pd solution
in 1.0% (v/v) HNO3 was introduced into the graphite tube with the help of PSD.

Ashing temperature curve is given in Figure 3.16.
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Figure 3.16 Ashing temperature curve for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCl and 10.0
uL 5.0 mg/L Pd solution in 1.0% (v/v) HNOs. Atomization temperature was set at 2000 °C.

400 °C was chosen as ashing temperature. 200 °C or 600 °C were not chosen since
little change in temperature at these points causes significant difference on the signal

of analyte.

3.2.2.3. Atomization Temperature
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10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Pd solution
in 1.0% (v/v) HNO3 were introduced into the graphite tube with the help of PSD.

Atomization temperature curve is given in Figure 3.17.
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Figure 3.17 Atomization temperature curve for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and
10.0 pL 5.0 mg/L Pd solution in 1.0% (v/v) HNOj. Ashing temperature 400°C.

2000 °C was chosen as ashing temperature, since it is in the middle of the plateau.

3.2.2.4. Linear Range and Calibration Plot of ETAAS system with Pd

A set of solutions ranging from 10.00 to 5000 ng/mL Bi in 1.0 mol/L HCI was
prepared and 10.0 uL 5.0 mg/L Pd solution in 1.0% (v/v) HNO3 were introduced into
the graphite tube with the help of PSD. By using software of the instrument ashing
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and atomization temperatures were set as 400 °C and 2000 °C, respectively.

Calibration plot is obtained and given in Figure 3.18.
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Figure 3.18 Calibration plot of ETAAS system with Pd. 10.0 uL sample solution in 1.0 mol/L HCI
and 10.0 uLL 5.0 mg/L Pd solution in 1.0% (v/v) HNO3 were used. Ashing and atomization

temperatures 400 °C and 2000 °C, respectively.

A linear portion of calibration plot and corresponding best line equation for ETAAS

system with Pd is given in Figure 3.19.
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Figure 3.19 Linear portion of the calibration plot of ETAAS system with Pd. 10.0 uL sample solution
in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Pd solution in 1.0% (v/v) HNOj3 were used. Ashing and

atomization temperatures 400 °C and 2000 °C, respectively.

A linear portion of calibration plot in mass unit and corresponding best line equation

for ETAAS system with Pd is given in Figure 3.20.
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Figure 3.20 Linear portion of the calibration plot of ETAAS system with Pd in mass unit. 10.0 uL
sample solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Pd solution in 1.0% (v/v) HNO3; were used.
Ashing and atomization temperatures 400 °C and 2000 °C, respectively

As can be seen from the Figure 3.20 linear range for ETAAS system with Pd is from
0.1 ng to 2.0 ng, meaning that total amount of Bi in sample solutions varies in this

range.

3.2.2.5. Analytical Figures of Merit

LOD, LOQ and RSD values for 10 ng/mL Bi in 1.0 mol/L HCI were calculated and
given in Table 14.
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Table 14 Analytical figures of merit for 10 ng/mL Bi in 1.0 mol/L HCI using ETAAS system with Pd.

Concentration Limit of Detection 0.53
(LOD), 3s/m (N=6), ng/mL

Concentration Limit of Quantification 1.8
(LOQ),10s/m (N=6), ng/mL

Relative Standard Deviation 5.3%
(RSD)(N=6)
Linear Range, ng/mL 10 - 200

The optimum parameters of ETAAS system with Pd found by using 200 ng/mL Bi in
1.0 mol/L HCl are given in Table 15.

Table 15 The optimum parameters of ETAAS system with Pd found by using 200 ng/mL Bi in 1.0
mol/L HCI.

Parameters Value

Tash, °C 400

Tatom, °C 2000
Sample volume, pL 10
MM volume, pL 10
MM concentration, mg/L 5.0
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3.2.3. ETAAS system with Ni

10.0 uL sample solution in 1.0 mol/L HCI and 10.0 L 5.0 mg/L Ni solution in 1.0%
(v/v) HNOswere directly introduced into the graphite tube with the help of PSD.

Ashing and atomization temperature were set as 600 °C and 2200 °C, respectively.

3.2.3.1. Ashing Temperature

10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Ni solution
in 1.0% (v/v) HNO3 were introduced into the graphite tube with the help of PSD.
Ashing temperature curve is given in Appendix Figure 1A. 600 °C was chosen as

ashing temperature since it is on a plateau.

3.2.3.2. Atomization Temperature

10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 uL 5.0 mg/L Ni solution
in 1.0% (v/v) HNO3 were introduced into the graphite tube with the help of PSD.
Atomization temperature curve is given in Appendix Figure 2A. Even though higher
temperatures gave similar absorbance values, 2200 °C was chosen as atomization

temperature to extend the life of the graphite tube.

3.2.3.3. Linear Range and Calibration Plot of ETAAS system with Ni

A set of solutions ranging from 20.0 to 5000 ng/mL Bi in 1.0 mol/L HCI was
prepared and 10.0 uL 5.0 mg/L Ni solution in 1.0% (v/v) HNOj3 were introduced into
the graphite tube with the help of PSD. By using software of the instrument ashing

and atomization temperatures were set as 600 °C and 2200 °C, respectively.
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Calibration plot is obtained and given in Appendix Figure 3A. A linear portion of

calibration plot and corresponding best line equation for ETAAS system with Ni is
given in Appendix Figure 4A. A linear portion of calibration plot in mass unit and
corresponding best line equation for ETAAS system with Ni is given in Appendix
Figure 5A. Linear range for ETAAS system with Ni is from 0.2 ng to 10.0 ng,

meaning that total amount of Bi in sample solutions varies in this range.

3.2.3.4. Analytical Figures of Merit

LOD, LOQ and RSD values for 20 ng/mL Bi in 1.0 mol/L HCI were calculated and

are given in Table 16.

Table 16 Analytical figures of merit for 20 ng/mL Bi in 1.0 mol/L HCI using ETAAS system with Ni.

Concentration Limit of Detection 6.3
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of 21
Quantification (LOQ),10s/m (N=5),
ng/mL
Relative Standard Deviation 4.2%
(RSD)(N=5)
Linear Range, ng/mL 50 - 1000
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The optimum parameters of ETAAS system with Ni found by using 200 ng/mL Bi in
1.0 mol/L HCl are given in Table 17.

Table 17 The optimum parameters of ETAAS system with Ni found by using 200 ng/mL Bi in 1.0
mol/L HCI.

Parameters Value
Tasn, °C 600

Tatom, °C 2200
Sample volume, pL 10
MM volume, pL 10
MM concentration, mg/L 5.0

3.2.4. ETAAS system with Au

10.0 pL sample solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Au solution in 1.0%
(v/v) HNOg3 were directly introduced into the graphite tube with the help of PSD.

Ashing and atomization temperature were set as 800 °C and 1800 °C, respectively.

3.2.4.1. Ashing Temperature

10.0 pL 200 ng/mL Bi solution in 1.0 mol/L HC1 and 10.0 L 5.0 mg/L Au solution
in 1.0% (v/v) HNO3 were introduced into the graphite tube with the help of PSD.
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Ashing temperature curve is given in Appendix Figure 6A. 800 °C was chosen as

ashing temperature.

3.2.4.2. Atomization Temperature

10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 uL 5.0 mg/L Au solution
in 1.0% (v/v) HNO3 were introduced into the graphite tube with the help of PSD.
Atomization temperature curve is given in Appendix Figure 7A. Although the
highest absorbance value was obtained at 2200 °C, atomization temperature 1800 °C
was chosen because absorbance values change even in small temperature differences
around 2200 °C.

3.2.4.3. Linear Range and Calibration Plot of ETAAS system with Au

A set of solutions ranging from 20.00 to 2000 ng/mL Bi in 1.0 mol/L HCI was
prepared and 10.0 uL 5.0 mg/L Au solution in 1.0% (v/v) HNO3 were introduced
into the graphite tube with the help of PSD. By using software of the instrument
ashing and atomization temperatures were set as 800 °C and 1800 °C, respectively.
Calibration plot is obtained and given in Appendix Figure 8A. A linear portion of
calibration plot and corresponding best line equation for ETAAS system with Au is
given in Appendix Figure 9A. A linear portion of calibration plot in mass unit and
corresponding best line equation for ETAAS system with Au is given in Appendix

Figure 10A. The linear range for ETAAS system with Au is from 0.2 ng to 5.0 ng.

3.2.4.4. Analytical Figures of Merit

LOD, LOQ and RSD values for 20 ng/mL Bi in 1.0 mol/L HCI were calculated and

are given in Table 18.
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Table 18 Analytical figures of merit for 20 ng/mL Bi in 1.0 mol/L HCI using ETAAS system with
Au.

Concentration Limit of Detection 1.8
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 6.2
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation 2.2%
(RSD)(N=5)
Linear Range, ng/mL 20 - 500

The optimum parameters of ETAAS system with Au found by using 200 ng/mL Bi
in 1.0 mol/L HCl are given in Table 19.

Table 19 The optimum parameters of ETAAS system with Au found by using 200 ng/mL Bi in 1.0
mol/L HCI

Parameters Value

Tash, °C 800

Tatom, °C 1800
Sample volume, pL 10
MM volume, pL 10
MM concentration, mg/L 5.0
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3.2.5. ETAAS system with Pt

10.0 pL sample solution in 1.0 mol/L HCl and 10.0 pL 5.0 mg/L Pt solution in 1.0%
(v/v) HNOg3 were directly introduced into the graphite tube with the help of PSD.

Ashing and atomization temperature were set as 1000 °C and 2500 °C, respectively.

3.2.5.1. Ashing Temperature

10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 uL 5.0 mg/L Pt solution
in 1.0% (v/v) HNOj3 were introduced into the graphite tube with the help of PSD.
Ashing temperature curve is given in Appendix Figure 11A. 1000 °C was chosen as
ashing temperature since at other points around absorbance values vary by small

changes in temperature.

3.2.5.2. Atomization Temperature

10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0 uL 5.0 mg/L Pt solution
in 1.0% (v/v) HNO3 were introduced into the graphite tube with the help of PSD.
Atomization temperature curve is given in Appendix Figure 12A. Although higher
absorbance value was obtained at 2800 °C, 2500 °C was chosen as atomization

temperature to extend the life of graphite tube.

3.2.5.3. Linear Range and Calibration Plot of ETAAS system with Pt

A set of solutions ranging from 20.00 to 2000 ng/mL Bi in 1.0 mol/L HCI was
prepared and 10.0 uL 5.0 mg/L Pt solution in 1.0% (v/v) HNOj3 were introduced into
the graphite tube with the help of PSD. By using software of the instrument ashing

and atomization temperatures were set as 1000 °C and 2500 °C, respectively.
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Calibration plot is obtained and given in Appendix Figure 13A. A linear portion of
calibration plot and corresponding best line equation for ETAAS system with Pt is
given in Appendix Figure 14A. A linear portion of calibration plot in mass units and
the corresponding best line equation for ETAAS system with Pt is given in Appendix
Figure 15A. Linear range for ETAAS system with Pt is from 0.5 ng to 5.0 ng,

meaning that total amount of Bi in sample solutions varies in this range.

3.2.5.4. Analytical Figures of Merit

LOD, LOQ and RSD values for 20 ng/mL Bi in 1.0 mol/L HCI were calculated and

are given in Table 20.

Table 20 Analytical figures of merit for 20 ng/mL Bi in 1.0 mol/L HCI using ETAAS system with Pt.

Concentration Limit of Detection 9.3
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 31
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation (RSD) 12%
(N=5)
Linear Range, ng/mL 50 - 500
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The optimum parameters of ETAAS system with Pt found by using 200 ng/mL Bi in
1.0 mol/L HCl are given in Table 21.

Table 21 The optimum parameters of ETAAS system with Pt found by using 200 ng/mL Bi in 1.0
mol/L HCI.

Parameters Value

Tash, °C 1000

Tatom, °C 2500
Sample volume, pL 10
MM volume, pL 10
MM concentration, mg/L 5.0

Application of matrix modifier to ETAAS system has some advantages over ETAAS
without MM system. The most important contribution of MMs to the system is to
stabilize the analyte in graphite tube, allowing the use of higher temperatures during
the ashing stage. Comparison of ashing and atomization temperatures is given in
Table 22.
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Table 22 Comparison of ashing and atomization temperatures of systems with and without MM.

ETAAS System Tashing, °C Tatomization, °C
without MM 300 1800
with Pd 400 2000
with Ni 600 2200
with Au 800 1800
with Pt 1000 2500

Comparison of LOD and LOQ of systems investigated in this study are given in

Table 23.
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Table 23 Comparison of LOD, LOQ and range of systems.

System LOD LOQ Range Concentration
ng/mL ng/mL ng/mL ng/mL

HGAAS 1.0 3.4 5.0-40 5.0
Continuous flow
HGAAS 0.13 0.43 0.50 - 50 0.20
Batch
ETAAS 1.5 5.1 20 - 200 10
ETAAS-Pd 0.53 1.8 10 - 200 10
ETAAS-Ni 6.3 21 50 - 1000 20
ETAAS-Au 1.8 6.2 20 - 200 20
ETAAS-Pt 9.3 31 50 - 500 20

By using Pd as a matrix modifier, ETAAS system with lower LOD was obtained.
ETAAS system with Pd is more sensitive than ETAAS system without MM.
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3.3. Head-Space Single-Drop Microextraction (HS-SDME)

For HS-SDME system, parameters optimized in hydride generation in batch system
were applied for formation of hydride. 5.0 mL sample solution in 1.0 mol/L HCI and
1.0 mL of 0.5% (w/v) NaBH,stabilized in 0.2% (w/v) NaOH were used. Reaction
time was 30.0 s. Formed hydride was preconcentrated in a single-drop that is 3.0 L
of 10.0 yL matrix modifier exposed at the tip of a 10.0 gL microsyringe. After
reaction was completed, 3.0 pL drop was sucked into microsyringe and all of 10.0
ML MM in 1.0% (v/v) HNO3 was injected into graphite tube. Temperature program
which was optimized in ETAAS with the related MM system was applied. It was

observed that each MM system has different ashing and atomization temperatures.

3.3.1. HS-SDME System with Pd

5.0 mL sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were
used. 30.0 s was set as reaction time. 3.0 of 10.0 uL 5.0 mg/L Pd solution in 1.0%
(v/v) HNOj3 formed the single-drop. Ashing and atomization temperatures were set as

400 °C and 2000 °C, respectively.

3.3.1.1. Optimization of Volume of Single-Drop

Volume of the single-drop exposed to the tip of microsyringe was optimized.
Optimization was done by exposing 1.0 of 3.0 pL, 1.0 of 5.0 yL and 1.0 of 10.0 pL
and also 3.0 of 3.0 pL, 3.0 of 5.0 pL and 3.0 of 10.0 pL of matrix modifier. Results

are given in Figure 3.21.
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Figure 3.21 Optimization of volume of single-drop exposed to the tip of microsyringe. 5.0 mL 0.50
ng/mL sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. Reaction time
30.0s.

When the volume of single-drop was set as 1.0 pL, similar absorbance values were
obtained even if the total volume was changed. Saturation of single-drop with

hydride formed could be the reason for this situation.

In the case of 3.0 of 3.0 uL and 3.0 of 5.0 yL Pd, hydride formed diffuses into the
microsyringe and hangs on to the surface of microsyringe instead of preconcentrating
in single-drop and this causes low absorbance values. This drawback was overcome
by using all the capacity of microsyringe which was 10.0 yL. When the 3.0 of 10.0

ML of Pd was used higher absorbance values were obtained.

If the single-drop volume was increased, it could not stay at the tip of microsyringe

and dripped.

Considering all these cases, 3.0 of 10.0 pL of Pd in 1.0% (v/v) HNO3 was chosen
and used throughout the study.
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In order to provide the same conditions, same volume of MM will be used for each

case with other MMs.

3.3.1.2. Linear Range and Calibration Plot for HS-SDME System with Pd

A set of solutions ranging from 0.02 to 10.0 ng/mL Bi in 1.0 mol/L HCI was
prepared and 3.0 of 10.0 uL 5.0 mg/L Pd solution in 1.0% (v/v) HNO3; was used as
single-drop. Ashing and atomization temperatures were set as 400 °C and 2000 °C,

respectively. Calibration plot was obtained and is given in Figure 3.22.
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Figure 3.22Calibration plot of HS-SDME system with Pd. 5.0 mL sample solution in 1.0 mol/L HCI
and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time.3.0 of 10.0 uL 5.0 mg/L Pd solution
in 1.0% (v/v) HNOs was used as single-drop. Ashing and atomization temperatures 400 °C and 2000

°C, respectively.
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A linear portion of calibration plot and corresponding best line equation for HS-

SDME system with Pd is given in Figure 3.23.
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Figure 3.23Linear portion of the calibration plot of HS-SDME system with Pd. 5.0 mL sample
solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time.3.0 of
10.0 pL 5.0 mg/L Pd solution in 1.0% (v/v) HNO3; was used as single-drop. Ashing and atomization
temperatures 400 °C and 2000 °C, respectively.

A linear portion of calibration plot in mass unit and corresponding best line equation

for HS-SDME system with Pd is given in Figure 3.24.
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Figure 3.24 Linear portion of the calibration plot of HS-SDME system with Pd in mass unit.5.0 mL
sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction
time.3.0 of 10.0 pL 5.0 mg/L Pd solution in 1.0% (v/v) HNO3 was used as single-drop. Ashing and

atomization temperatures 400 °C and 2000 °C, respectively.

As can be seen from the Figure 3.24 linear range for HS-SDME system with Pd is
from 0.5 ng to 4.0 ng, meaning that total amount of Bi in sample solutions varies in

this range.

3.3.1.3. Analytical Figures of Merit

LOD, LOQ and RSD values for 0.020 ng/mL Bi in 1.0 mol/L HCI were calculated

and are given in Table 24.
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Table 24 Analytical figures of merit for 0.020 ng/mL Bi in 1.0 mol/L HCI using HS-SDME system
with Pd.

Concentration Limit of Detection 0.013
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 0.044
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation (RSD) 7.0%
(N=5)
Linear Range, ng/mL 0.10-0.80

The optimum parameters of HS-SDME system with Pd found by using 0.5 ng/mL Bi

solution in 1.0 mol/L HCI are given in Table 25.
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Table 25 The optimum parameters of HS-SDME system with Pd found by using 0.5 ng/mL Bi
solution in 1.0 mol/L HCI.

Parameter Value
Volume of drop, pL 3.00f10

Concentration of drop, mg/L 5.0
Volume of sample, mL 5.0
Volume of NaBH,4, mL 1.0
Reaction time, s 30
Tash, °C 400

Tatom, °C 2000

3.3.2. HS-SDME System with Ni

5.0 mL sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were
used. 30.0 s was set as reaction time. 3.0 of 10.0 uL 5.0 mg/L Ni solution in 1.0%
(v/v) HNOj3 formed the single-drop. Ashing and atomization temperatures were set as
600 °C and 2200 °C, respectively.

3.3.2.1. Linear Range and Calibration Plot for HS-SDME System with Ni

A set of solutions ranging from 0.1 to 10.0 ng/mL Bi in 1.0 mol/L HCI was prepared
and 3.0 of 10.0 uL 5.0 mg/L Ni solution in 1.0% (v/v) HNO3 was used as single-
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drop. By using software of the instrument, ashing and atomization temperatures were
set as 600 °C and 2200 °C, respectively. Calibration plot is obtained and given in
Appendix Figure 16A. A linear portion of calibration plot and corresponding best
line equation for HS-SDME system with Ni is given in Appendix Figure 17A. A
linear portion of calibration plot in mass unit and corresponding best line equation
for HS-SDME system with Ni is given in Appendix Figure 18A. Linear range for
HS-SDME system with Ni is from 0.5 ng to 10.0 ng, meaning that the total amount

of Bi in sample solutions varies in this range.

3.3.2.2. Analytical Figures of Merit

LOD, LOQ and RSD values for 0.010 ng/mL Bi in 1.0 mol/L HCI were calculated
and are given in Table 26.

Table 26 Analytical figures of merit for 0.010 ng/mL Bi in 1.0 mol/L HCI using HS-SDME system
with Ni.

Concentration Limit of Detection 0.051
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 0.17
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation (RSD) 12%
(N=5)
Linear Range, ng/mL 0.20-2.0
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The optimum parameters of HS-SDME system with Ni found by using 0.5 ng/mL Bi
solution in 1.0 mol/L HCI are given in Table 27.

Table 27 The optimum parameters of HS-SDME system with Ni found by using 0.5 ng/mL Bi
solution in 1.0 mol/L HCI.

Parameter Value
Volume of drop, pL 3.00f10

Concentration of drop, mg/L 5.0
Volume of sample, mL 5.0
Volume of NaBH4, mL 1.0
Reaction time, s 30
Tasn, °C 600

Tatom, °C 2200

3.3.3. HS-SDME System with Au

5.0 mL sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were
used. 30.0 s was set as reaction time. 3.0 of 10.0 uL 5.0 mg/L Au solution in 1.0%
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(v/v) HNOj3 formed the single-drop. Ashing and atomization temperatures were set as
800 °C and 1800 °C, respectively.

3.3.3.1. Linear Range and Calibration Plot for HS-SDME System with Au

A set of solutions ranging from 0.020 to 5.0 ng/mL Bi in 1.0 mol/L HCI was
prepared and 3.0 of 10.0 uL 5.0 mg/L Au solution in 1.0% (v/v) HNO3 was used as
single-drop. Ashing and atomization temperatures were set as 800 °C and 1800 °C,
respectively. Calibration plot is obtained and given in Appendix Figure 19A.A linear
portion of calibration plot and corresponding best line equation for HS-SDME
system with Au is given in Appendix Figure 20A. A linear portion of calibration plot
in mass unit and corresponding best line equation for HS-SDME system with Au is
given in Appendix Figure 21A. Linear range for HS-SDME system with Au is from
0.1 ng to 4.0 ng, meaning that total amount of Bi in sample solutions varies in this

range.

3.3.3.2. Analytical Figures of Merit

LOD, LOQ and RSD values for 0.020 ng/mL Bi in 1.0 mol/L HCI were calculated

and are given in Table 28.
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Table 28 Analytical figures of merit for 0.020 ng/mL Bi in 1.0 mol/L HCI using HS-SDME system
with Au.

Concentration Limit of Detection 0.0050
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 0.019
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation (RSD) 6.7%
(N=5)
Linear Range, ng/mL 0.020-0.80

The optimum parameters of HS-SDME system with Au found by using 0.5 ng/mL Bi

solution in 1.0 mol/L HCI are given in Table 29.
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Table 29 The optimum parameters of HS-SDME system with Au found by using 0.5 ng/mL Bi
solution in 1.0 mol/L HCI.

Parameter Value
Volume of drop, pL 3.00f10

Concentration of drop, mg/L 5.0
Volume of sample, mL 5.0
Volume of NaBH,4, mL 1.0
Reaction time, s 30
Tasn, °C 800

Tatom, °C 1800

3.3.4. HS-SDME System with Pt

5.0 mL sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were
used. 30.0 s was set as reaction time. 3.0 of 10.0 yL 5.0 mg/L Pt solution in 1.0%
(v/v) HNOj3 formed the single-drop. Ashing and atomization temperatures were set as
1000 °C and 2500 °C, respectively.

3.3.4.1. Linear Range and Calibration Plot for HS-SDME System with Pt

A set of solutions ranging from 0.02 to 5.0 ng/mL Bi in 1.0 mol/L HCI was prepared
and 3.0 of 10.0 uL 5.0 mg/L Pt solution in 1.0% (v/v) HNO3 was used as single-
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drop. Ashing and atomization temperatures were set as 1000 °C and 2500 °C,
respectively. Calibration plot is obtained and given in Appendix Figure 22A.A linear
portion of calibration plot and corresponding best line equation for HS-SDME
system with Pt is given in Appendix Figure 23A. A linear portion of calibration plot
in mass unit and corresponding best line equation for HS-SDME system with Pt is
given in Appendix Figure 24A. Linear range for HS-SDME system with Pt is from
0.5 ng to 10.0 ng Bi.

3.3.4.2. Analytical Figures of Merit

LOD, LOQ and RSD values for 0.020 ng/mL Bi in 1.0 mol/L HCI were calculated
and are given in Table 30.

Table 30 Analytical figures of merit for 0.020 ng/mL Bi in 1.0 mol/L HCI using HS-SDME system
with Pt.

Concentration Limit of Detection 0.053
(LOD), 3s/m (N=5), ng/mL

Concentration Limit of Quantification 0.18
(LOQ),10s/m (N=5), ng/mL

Relative Standard Deviation (RSD) 14%
(N=5)
Linear Range, ng/mL 0.20-2.0
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The optimum parameters of HS-SDME system with Pt found by using 0.5 ng/mL Bi
solution in 1.0 mol/L HClI are given in Table 31.

Table 31 The optimum parameters of HS-SDME system with Pt found by using 0.5 ng/mL Bi
solution in 1.0 mol/L HCI.

Parameter Value
Volume of drop, pL 3.00f10

Concentration of drop, mg/L 5.0
Volume of sample, mL 5.0
Volume of NaBH,, mL 1.0
Reaction time, s 30

Tasn, °C 1000

Tatom, °C 2500

3.3.5. Improvement in LOD for Bi

The preconcentration of hydride form of Bi in single-drop and detection by
electrothermal atomic absorption spectrometry was achieved successfully. Lower
LOD values were obtained by the HS-SDME method as compared with ETAAS and
batch-HGAAS values. Comparison of LOD values of ETAAS and HS-SDME

systems and improvement factors are given in Table 32.
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Table 32 Improvement in LOD for ETAAS and HS-SDME systems.

System LODegtanas LODus-spme Improvement
ng/mL ng/mL Factor
without MM 1.5 - -
with Pd 0.53 0.013 41
with Ni 6.3 0.051 124
with Au 1.8 0.0050 360
with Pt 9.3 0.053 175

Improvement factor was calculated according to the equation below:
Improvement factor = LODgraas / LODgs.spme
LODus-spme: limit of detection of HS-SDME with related MM

LODegranas: limit of detection of ETAAS with related MM

As can be seen from Table 32 most sensitive method is HS-SDME with Au system

which has the lowest LOD value, 0.005 ng/mL.

3.3.6. Transfer Efficiency of HS-SDME Systems with related MM

Transfer efficiency can be defined as transportation of amount of bismuth from

sample solution to drop which is related MM. %transfer efficiency for each HS-
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SDME system is given in Table 33. This LOD obtained is also superior to LOD by
batch HGAAS which was 0.13 ng/mL.

Table 33 Transfer efficiencies of HS-SDME systems.

System METAAS MHs-SDME Transfer
Absorbance/(ng/mL) | Absorbance/(ng/mL) Efficiency (%)

with Pd 0.0992 0.0742 75

with Ni 0.0638 0.0515 81

with Au 0.1107 0.0981 89

with Pt 0.0978 0.0622 64

Metaas: Slope of calibration plot, absorbance versus nganalyte for ETAAS system
with related MM.

mus-some: Slope of calibration plot, absorbance versus ng analyte for HS-SDME

system with related MM.
% Transfer efficiency was calculated according to the equation below:

%Transfer Efficiency= (Mys.some/ MeTaas)*100

The highest % transfer efficiency was obtained using the HS-SDME system with Au
as MM.
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3.4. Interference Study

An interference study was performed with the HS-SDME system with Au as MM.
5.0 mL 0.4 ng/mL sample solution in 1.0 mol/L HCl and 1.0 mL of 0.5% (w/v)
NaBH, were used. 30.0 s was set as the reaction time. 3.0 of 10.0 yL 5.0 mg/L Au
solution in 1.0% (v/v) HNO; formed the single-drop. Ashing and atomization

temperatures were set at 800°C and 1800°C, respectively.

Interference studies were investigated under three headings which are effects of

hydride forming elements, transition elements and ubiquitous ions on sample signal.

3.4.1. Effects of Hydride Forming Elements

To see the effects of hydride forming elements on sample signal, Bi solutions were
prepared as 1to 1, 1to 10, 1 to 100 and 1 to 1000 mass ratio of analyte/interferant
for As(I11), Se(1V), Sb(l11), Sn(1V), Te(V1), Pb(ll) interferants. 0.4 ng/mL Bi in 1.0

mol/L HCI was used and the results are given in Figure 3.25 and Figure 3.26.
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Figure 3.25 Effects of hydride forming elements on the analytical signal of 0.4 ng/mL Bi solution
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Figure 3.26 Effects of hydride forming elements on the analytical signal of 0.4 ng/mL Bi solution
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As can be seen from the Figure 3.26 Sb decreases the Bi signal almost 40% at 1000-
fold excess and for As and Se it is 50% at the same excess. It can be said that Sb, Se
and As can form hydride more easily than Bi. However Pb, Sn and Te do not have
significant effects on sample signal at any values used.

3.4.2. Effects of Transition Elements

To see the effects of transition elements on sample signal, Bi solutions were prepared
asltol,1to 10, 1to 100 and 1 to 1000 mass ratio of analyte/interferant for Cr, Mn,
Fe, Co, Cu, Zn. 0.4 ng/mL Bi in 1.0 mol/L HCI was used and the results are given in
Figure 3.27 and Figure 3.28.
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Figure 3.27 Effects of transition elements on the analytical signal of 0.4 ng/mL Bi solution
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Figure 3.28 Effects of transition elements on the analytical signal of 0.4 ng/mL Bi solution

It was observed that from Figure 3.27 Cr, Mn and Fe did not have a significant effect

on analyte signal for the ratios used.

On the contrary, as represented on Figure 3.28 Co decreases the signal of Bi almost
50% at 100-fold excess; Cu and Zn also reduce the signal of Bi almost by 40% at the

Same eXcCess.

3.4.3. Effects of Ubiquitous lons

To see the effects of some ubiquitous ions on sample signal, Bi solutions were
prepared as 1to 1, 1to 10, 1 to 100 and 1 to 1000 mass ratio of analyte/interferant
for Ca, Na, Al, P and Mg. 0.4 ng/mL Bi in 1.0 mol/L HCI was used and the results
are given in Figure 3.29 and Figure 3.30.
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Figure 3.29 Effects of ubiquitous ions on the analytical signal of 0.4 ng/mL Bi solution
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Figure 3.30 Effects of ubiquitous ions on the analytical signal of 0.4 ng/mL Bi solution
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As can be seen from Figure 3.29 and Figure 3.30, Ca and Mg have no significant
effect on sample signal. However Na, Al and P reduce the sample signal by almost
20% at 1000-fold excess.

3.5. Method Validation

Method validation was done with NIST 1643¢ “Trace elements in water” SRM.SRM
was diluted 25 times to bring the concentration down to the linear range of the
technique employed. SRM was analyzed using two parallel samples. Results
obtained from direct calibration method are given in Table 34. Student t-test at 95%

confidence level shows no significant difference between the values.

Table 34 Results of method validation for HS-SDME system with Au and NIST 1643e “Trace

elements in water” SRM.

Meantstandard deviation, ng/mL, Total Bi

Certified Value Found Value

14.09 +0.15 13.9+0.05

3.6. Application to Real Samples

HS-SDME-Au method was applied on different kinds of water samples such as tap

water, bottled water and mineral water.
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5.0 mL of sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH,4
stabilized in 0.2% (w/v) NaOH were used. 30.0 s was set as reaction time. 3.0 of 10.0
ML 5.0 mg/L Au solution in 1.0% (v/v) HNO3 used as the single-drop. Results were
found as smaller than LOQ values of ICPMS and HS-SDME-Au systems.

I—OQICPMS =0.10 ng/mL
LOQspme-au = 0.02 ng/mL

In addition to these experiments, spiked samples were analyzed with HS-SDME-Au
system. The samples were prepared by spiking 0.050, 0.10 and 0.15 ng/mL Bi
solutions in 1.0 mol/L HCI. Two parallel samples were analyzed. At the end of the
analysis recovery of Bi in sample solutions were calculated for each sample and
results are given in Table 35. These results have been obtained by using a calibration
plot and external calibration.
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Table 35 Recovery of Bi in sample solutions using external calibration.

Sample ng/mL Bi
Added Found % Recovery

Tap water 0.050 0.043 +0.002 85
Tap water 0.100 0.085 +0.010 85
Tap water 0.150 0.126 +0.002 84
Bottled water 0.050 0.043 +0.001 86
Bottled water 0.10 0.085 +0.004 85
Bottled water 0.150 0.128 +0.001 85
Mineral water A 0.050 0.041 +0.004 81
Mineral water A 0.10 0.083 +0.007 83
Mineral water A 0.150 0.124 +0.002 83
Mineral water B 0.050 0.0432 +0.0004 86
Mineral water B 0.10 0.087 +0.002 87
Mineral water B 0.15 0.13 £0.01 88

% Recovery = (ng/mL Bi found / ng/mL Bi added) *100
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It has been observed that when external calibration is used, probably due to the
interference effects of the matrix components in samples, recovery varies between 81
and 88%. In order to correct this effect the calibration plots were constructed by
using the spiked sample solutions. The results are given in Table 36. When the
nonspectral interference effects are corrected by the use of calibration in the sample

matrix, accuracy is improved.
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Table 36 Recovery of Bi in sample solutions using matrix corrected calibration.

Sample ng/mL Bi
added found % Recovery

Tap water 0.050 0.049 £ 0.002 98
Tap water 0.10 0.10 £ 0.01 100
Tap water 0.150 0.150 £ 0.002 100
Bottled water 0.0500 | 0.0495 + 0.0005 99
Bottled water 0.10 0.099 + 0.004 99
Bottled water 0.150 0.151 +0.001 101
Mineral water A 0.050 0.049 + 0.004 98
Mineral water A 0.10 0.010 + 0.007 100
Mineral water A 0.150 0.150 + 0.002 100
Mineral water B 0.0500 | 0.0454 +0.0004 91
Mineral water B 0.10 0.099 + 0.002 99
Mineral water B 0.15 0.15+0.01 101

The best line equations for calibration plots in different matrices are given in Table

37. The differences in slope values reflect the matrix interference effects.

93



Table 37 Best line equations for different matrices.

Matrix Best line equation; y is absorbance and
X is concentration in ng/mL
Pure water y =0.8059x+0.00021
Tap water y =0.6589x+0.00157

Bottled water

y =0.6774x+0.00132

Mineral water A

y =0.6665x+0.000375

Mineral water B

y =0.6645x+0.00490
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4. CONCLUSIONS

The main purpose of this study was to develop a preconcentration technique on a
single-drop for bismuth detection. In the literature there are limited preconcentration
techniques reported for determination of bismuth. For instance, ultra trace amounts
of bismuth have been studied with solid phase extraction followed by ETAAS (SPE-
ETAAS) at 2002 by Yamini [40]and with cloud point extraction followed by ETAAS
(CPE-ETAAS) at 2005 by Shemirani and his friends [41]. The comparison of these
systems with the present study is given in Table 39.

Table 38 The comparison of systems for Bi determination.

LOD Linear %RSD | Concentration | Reference
ng/mL Range (N=5) used for
ng/mL LOD, RSD
calculations
ng/mL
SPE-ETAAS 0.010 1.0-20 15 unknown [40]
CPE-ETAAS 0.020 | 0.040-0.60 4.3 blank [41]
HS-SDME-Au | 0.0050 | 0.020-0.80 6.7 0.02 This
study
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Shemirani and his friends have studied the interference effects of the foreign ions,
includingTI¥*, Cd** Pt**, Pd**, Au®", Ag*, Hg*", Cu®, Sn**, Zn**, Pb**, PO, NO",
CIO, CI',I". The extraction recoveries were higher than 95% with the presence of
foreign ions [41]. In this study, interference effects of foreign ions were observed and
reported as suppression in the analyte signal instead of extraction recovery. In fact,
any suppression in signal may be directly related to insufficient analyte hydride
formation in presence of interferant. In both of the studied mentioned above,
interferant/analyte mass ratio was as high as 1000.

As a summary, a novel preconcentration on a single-drop technique was developed
and applied for bismuth determination, successfully. It has been observed that several

matrix modifiers can be used for this purpose with high transfer efficiencies.

97



[1]

[2]

3]

[4]

[5]

[6]

[7]

8]

REFERENCES

B. Welz and M. Sperling, Atomic Absorption Spectrometry. Weinheim,
Germany: Wiley-VCH Verlag GmbH, 1998.

M. Burguera, J. L. Burguera, C. Rondon, M. I. Garcia, Y. P. de Pena, and L.
M. Villasmil, “Determination of bismuth in biological tissues by
electrothermal atomic absorption spectrometry using platinum and tartaric
acid as chemical modifier,” J. Anal. At. Spectrom., vol. 16, no. 10, pp. 1190-
1195, Oct. 2001.

R. L. Bertholf and B. W. Renoe, “The determination of bismuth in serum and
urine by electrothermal atomic absorption spectrometry,” Anal. Chim. Acta,
vol. 139, pp. 287-295, Jan. 1982.

S. Itoh, S. Kaneco, K. Ohta, and T. Mizuno, “Determination of bismuth in
environmental samples with Mg—W cell-electrothermal atomic absorption
spectrometry,” Anal. Chim. Acta, vol. 379, no. 1-2, pp. 169-173, Jan. 1999.

M. Teepker, H. Hamer, S. Knake, O. Bandmann, W. Oertel, and F. Rosenow,

“Myoclonic encephalopathy caused by chronic bismuth abuse,” EPILEPTIC
Disord., vol. 4, no. 4, pp. 229-233, Dec. 2002.

C. G. Magalhaes, B. R. Nunes, M. B. Oss Giacomelli, and J. B. B. da Silva,
“Direct determination of bismuth in urine samples by electrothermal atomic

absorption spectrometry: study of chemical modifiers,” J. Anal. At. Spectrom.,
vol. 18, p. 787, 2003.

M. Pinta, K. M. GREENLAND, and F. LAWSON, Atomic Absorption
Spectrometry. Edited by Maurice Pinta. Translated by K.M. Greenland and F.
Lawson. 1975.

J. Dédina and D. L. Tsalev, “Hydride generation atomic absorption
spectrometry,” Chichester [England] ; New York : Wiley, c1995., 1995.
[Online]. Available: http://library.metu.edu.tr/search. [Accessed: 21-Jul-2015].

98



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

J. Agterdenbos and D. Bax, “A study on the generation of hydrogen selenine
and decomposition of tetrahydroborate in hydride-generation atomic
absorption spectrometry,” Anal. Chim. Acta, vol. 188, pp. 127-135, Jan. 1986.

A. D’Ulivo, Z. Mester, and R. E. Sturgeon, “The mechanism of formation of
volatile hydrides by tetrahydroborate(I11) derivatization: A mass spectrometric
study performed with deuterium labeled reagents,” Spectrochim. Acta Part B
At. Spectrosc., vol. 60, no. 4, pp. 423-438, Apr. 2005.

B. L’vov, “Fifty years of atomic absorption spectrometry,” vol. 60, no. 4, pp.
382-382, 2005.

C. W. Fuller, Electrothermal Atomization for Atomic Absorption
Spectrometry. Chemical Society, 1977.

0. Reza¢ova and J. Dédina, “Modular L-design of hydride atomizers for
atomic absorption spectrometry,” Spectrochim. Acta - Part B At. Spectrosc.,
vol. 64, no. 7, pp. 717720, 20009.

O. Acar, a. R. Tiirker, and Z. Kilig, “Direct determination of bismuth, indium
and lead in sea water by Zeeman ETAAS using molybdenum containing
chemical modifiers,” Talanta, vol. 49, pp. 135-142, 1999.

I. L. Shuttler, M. Feuerstein, and G. Schlemmer, “Long-term stability of a
mixed palladium iridium trapping reagent for in situ hydride trapping within a
graphite electrothermal atomizer,” J. Anal. At. Spectrom., vol. 7, no. 8, p.
1299, Jan. 1992.

R. M. Mofolo, D. a. Katskov, P. Tittarelli, and M. Grotti, “Vaporization of
indium nitrate in the graphite tube atomizer in the presence of chemical
modifiers,” Spectrochim. Acta - Part B At. Spectrosc., vol. 56, no. 4, pp. 375—
391, 2001.

A. L. Rosen and G. M. Hieftje, “Inductively coupled plasma mass
spectrometry and electrospray mass spectrometry for speciation analysis:
applications and instrumentation,” Spectrochim. Acta Part B At. Spectrosc.,
vol. 59, no. 2, pp. 135-146, Feb. 2004.

E. Boyaci, A. Rodriguez-Lafuente, K. Gorynski, F. Mirnaghi, E. a. Souza-
Silva, D. Hein, and J. Pawliszyn, “Sample preparation with solid phase
microextraction and exhaustive extraction approaches: Comparison for
challenging cases,” Anal. Chim. Acta, vol. 873, pp. 14-30, 2014.

J. Pawliszyn, “Sampling and Sample Preparation in Field and Laboratory |
Elsevier,” 2002. [Online]. Available:

99



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

http://www.elsevier.com/books/sampling-and-sample-preparation-in-field-
and-laboratory/pawliszyn/978-0-444-50511-8. [Accessed: 20-Jul-2015].

H. Lord and J. Pawliszyn, “Evolution of solid-phase microextraction
technology,” J. Chromatogr. A, vol. 885, no. 1-2, pp. 153-193, Jul. 2000.

B. Bojko, E. Cudjoe, J. Pawliszyn, and M. Wasowicz, “Solid-phase
microextraction. How far are we from clinical practice?,” TrAC Trends Anal.
Chem., vol. 30, no. 9, pp. 1505-1512, Oct. 2011.

A. Jain and K. K. Verma, “Recent advances in applications of single-drop
microextraction: A review,” Anal. Chim. Acta, vol. 706, no. 1, pp. 37-65,
2011.

F. Pena-Pereira, I. Lavilla, and C. Bendicho, “Miniaturized preconcentration
methods based on liquid-liquid extraction and their application in inorganic
ultratrace analysis and speciation: A review,” Spectrochim. Acta - Part B At.
Spectrosc., vol. 64, no. 1, pp. 1-15, 2009.

S. Pedersen-Bjergaard and K. E. Rasmussen, “Liquid—Liquid—Liquid
Microextraction for Sample Preparation of Biological Fluids Prior to Capillary
Electrophoresis,” Anal. Chem., vol. 71, no. 14, pp. 2650-2656, Jul. 1999.

L. Xu, C. Basheer, and H. K. Lee, “Developments in single-drop
microextraction.,” J. Chromatogr. A, vol. 1152, no. 1-2, pp. 184-92, Jun.
2007.

S. Risticevic, V. H. Niri, D. Vuckovic, and J. Pawliszyn, “Recent
developments in solid-phase microextraction.,” Anal. Bioanal. Chem., vol.
393, no. 3, pp. 781-95, Feb. 2009.

S. Gil, M. T. C. de Loos-Vollebregt, and C. Bendicho, “Optimization of a
single-drop microextraction method for multielemental determination by
electrothermal vaporization inductively coupled plasma mass spectrometry
following in situ vapor generation,” Spectrochim. Acta - Part B At. Spectrosc.,
vol. 64, no. 3, pp. 208-214, 2009.

E. M. Martinis and R. G. Wuilloud, “Cold vapor ionic liquid-assisted
headspace single-drop microextraction: A novel preconcentration technique
for mercury species determination in complex matrix samples,” J. Anal. At.
Spectrom., vol. 25, p. 1432, 2010.

S. Fragueiro, I. Lavilla, and C. Bendicho, “Hydride generation-headspace
single-drop microextraction-electrothermal atomic absorption spectrometry
method for determination of selenium in waters after photoassisted
prereduction,” Talanta, vol. 68, pp. 1096-1101, 2006.

100



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

S. Fragueiro, 1. Lavilla, and C. Bendicho, “Headspace sequestration of arsine
onto a Pd(l1)-containing aqueous drop as a preconcentration method for
electrothermal atomic absorption spectrometry,” vol. 59, no. 6, pp. 851-855,
2004.

M. A. Jeannot and F. F. Cantwell, “Mass Transfer Characteristics of Solvent
Extraction into a Single Drop at the Tip of a Syringe Needle,” Anal. Chem.,
vol. 69, no. 2, pp. 235-239, Jan. 1997.

A. L. Theis, A. J. Waldack, S. M. Hansen, and M. A. Jeannot, “Headspace
Solvent Microextraction,” Anal. Chem., vol. 73, no. 23, pp. 5651-5654, Dec.
2001.

M. A. Jeannot, A. Przyjazny, and J. M. Kokosa, “Single drop microextraction-
-development, applications and future trends.,” J. Chromatogr. A, vol. 1217,
no. 16, pp. 2326-36, Apr. 2010.

J. Akhoundzadeh, M. Chamsaz, S. R. Yazdinezhad, and M. H. Arbaz-zavvar,
“Head-space single drop microextraction combined with gas chromatography
with an electron capture detector for determination of iodine in infant
formulas,” Anal. Methods, vol. 5, pp. 778-783, 2013.

M. Rezaee, Y. Assadi, M.-R. Milani Hosseini, E. Aghaee, F. Ahmadi, and S.
Berijani, “Determination of organic compounds in water using dispersive
liquid-liquid microextraction.,” J. Chromatogr. A, vol. 1116, no. 1-2, pp. 1-9,
May 2006.

L. L. Schramm, Emulsions, Foams, and Suspensions: Fundamentals and
Applications. 2006.

M. Droessler and J. Holcombe, “Molecular-Oxygen Absorption in the
Determination of the Selenium by Graphite-Furnace Atomic-Absorption,”
Can. J. Spectrosc., vol. 31, no. 1, pp. 6-10, Feb. 1986.

M. B. . Giacomelli, E. M. Ganzarolli, and A. J. Curtius, “Automated flow
injection system for the preconcentration of bismuth and lead from acid
solutions of alloys and determination by electrothermal atomic absorption
spectrometry,” Spectrochim. Acta Part B At. Spectrosc., vol. 55, no. 5, pp.
525-533, May 2000.

J. B. Borba da Silva, A. J. Curtius, and M. B. Oss Giacomelli, “Determination
of bismuth in aluminium and in steels by electrothermal atomic absorption

spectrometry after on-line separation using a minicolumn of activated carbon,’
Analyst, vol. 124, no. 8, pp. 1249-1253, Jan. 1999.

b

101



[40]

[41]

Y. Yamini, “Solid phase extraction and graphite furnace atomic absorption
spectrometric determination of ultra trace amounts of bismuth in water
samples,” Talanta, vol. 56, pp. 797-803, 2002.

F. Shemirani, M. Baghdadi, M. Ramezani, and M. R. Jamali, “Determination
of ultra trace amounts of bismuth in biological and water samples by
electrothermal atomic absorption spectrometry (ET-AAS) after cloud point
extraction,” Anal. Chim. Acta, vol. 534, pp. 163-169, 2005.

102



A. APPENDIX
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Figure A.1 Ashing temperature curve for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0
pL 5.0 mg/L Ni solution in 1.0% (v/v) HNO3. Atomization temperature 2200 °C.
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Figure A.2 Atomization temperature curve for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and
10.0 uL 5.0 mg/L Ni solution in 1.0% (v/v) HNOs. Ashing temperature 600°C.
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Figure A.3 Calibration plot of ETAAS system with Ni. 10.0 pL sample solution in 1.0 mol/L HCI and
10.0 pL 5.0 mg/L Ni solution in 1.0% (v/v) HNO3 were used. Ashing and atomization temperatures
600 °C and 2200 °C, respectively.
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Figure A.4 Linear portion of the calibration plot of ETAAS system with Ni. 10.0 uL sample solution
in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Ni solution in 1.0% (v/v) HNO3 were used. Ashing and

atomization temperatures 600 °C and 2200 °C, respectively.
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Figure A.5 Linear portion of the calibration plot of ETAAS system with Ni in mass unit.10.0 pL
sample solution in 1.0 mol/L HCI and 10.0 puL 5.0 mg/L Ni solution in 1.0% (v/v) HNO3; were used.

Ashing and atomization temperatures 600 °C and 2200 °C, respectively.
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Figure A.6 Ashing temperature curve for 10.0 pL 200 ng/mL Bi solution in 1.0 mol/L HCl and 10.0
pL 5.0 mg/L Au solution in 1.0% (v/v) HNO3. Atomization temperature 1800 °C.
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Figure A.7 Atomization temperature curve for 10.0 pL 200 ng/mL Bi solution in 1.0 mol/L HCI and
10.0 uL 5.0 mg/L Au solution in 1.0% (v/v) HNOj3. Ashing temperature 800°C.
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Figure A.8 Calibration plot of ETAAS system with Au. 10.0 pL sample solution in 1.0 mol/L HCI
and 10.0 uL 5.0 mg/L Au solution in 1.0% (v/v) HNO3 were used. Ashing and atomization
temperatures 800 °C and 1800 °C, respectively.
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Figure A.9 Linear portion of the calibration plot of ETAAS system with Au. 10.0 pL sample solution
in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Au solution in 1.0% (v/v) HNO3; were used. Ashing and

atomization temperatures 800 °C and 1800 °C, respectively.
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Figure A.10 Linear portion of the calibration plot of ETAAS system with Au in mass unit.10.0 uL
sample solution in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Au solution in 1.0% (v/v) HNO3 were used.

Ashing and atomization temperatures 800 °C and 1800 °C, respectively.
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Figure A.11 Ashing temperature curve for 10.0 pL 200 ng/mL Bi solution in 1.0 mol/L HCI and 10.0
uL 5.0 mg/L Pt solution in 1.0% (v/v) HNO3. Atomization temperature 2500 °C.
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Figure A.12 Atomization temperature curve for 10.0 uL 200 ng/mL Bi solution in 1.0 mol/L HCI and
10.0 puL 5.0 mg/L Pt solution in 1.0% (v/v) HNO3. Ashing temperature 1000 °C.
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Figure A.13 Calibration plot of ETAAS system with Pt. 10.0 uL sample solution in 1.0 mol/L HCI
and 10.0 uL 5.0 mg/L Pt solution in 1.0% (v/v) HNOj3; were used. Ashing and atomization
temperatures 1000 °C and 2500 °C, respectively.
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Figure A.14 Linear portion of the calibration plot of ETAAS system with Pt.10.0 pL sample solution
in 1.0 mol/L HCI and 10.0 pL 5.0 mg/L Pt solution in 1.0% (v/v) HNO3 were used. Ashing and

atomization temperatures 1000 °C and 2500 °C, respectively.

109



0.6000

0.5000
y = 0.0978x + 0.0088 /
0.3000 /
0.2000 /
0.1000
0.0000 . : : : : .
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Absorbance

Bi, ng

Figure A.15 Linear portion of the calibration plot of ETAAS system with Pt in mass unit.10.0 pL
sample solution in 1.0 mol/L HCI and 10.0 puL 5.0 mg/L Pt solution in 1.0% (v/v) HNOj3 were used.
Ashing and atomization temperatures 1000 °C and 2500 °C, respectively.
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Figure A.16 Calibration plot of HS-SDME system with Ni. 5.0 mL sample solution in 1.0 mol/L HCI
and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time. 3.0 of 10.0 pL 5.0 mg/L Ni
solution in 1.0% (v/v) HNO3 was used as single-drop. Ashing and atomization temperatures 600 °C

and 2200 °C, respectively.
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Figure A.17 Linear portion of the calibration plot of HS-SDME system with Ni. 5.0 mL sample
solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time. 3.0 of
10.0 pL 5.0 mg/L Ni solution in 1.0% (v/v) HNO3 was used as single-drop. Ashing and atomization
temperatures 600 °C and 2200 °C, respectively.
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Figure A.18 Linear portion of the calibration plot of HS-SDME system with Ni in mass unit.5.0 mL
sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time.
3.0 of 10.0 uL 5.0 mg/L Ni solution in 1.0% (v/v) HNO; was used as single-drop. Ashing and

atomization temperatures 600 °C and 2200 °C, respectively.
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Figure A.19 Calibration plot of HS-SDME system with Au. 5.0 mL sample solution in 1.0 mol/L HCI
and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time. 3.0 of 10.0 pL 5.0 mg/L Au
solution in 1.0% (v/v) HNO; was used as single-drop. Ashing and atomization temperatures 800 °C

and 1800 °C, respectively.
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Figure A.20 Linear portion of the calibration plot of HS-SDME system with Au. 5.0 mL sample
solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH,4 were used. 30.0 s reaction time. 3.0 of
10.0 puL 5.0 mg/L Au solution in 1.0% (v/v) HNO3 was used as single-drop. Ashing and atomization

temperatures 800 °C and 1800 °C, respectively.
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Figure A.21 Linear portion of the calibration plot of HS-SDME system with Au in mass unit.5.0 mL
sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction
time.3.0 of 10.0 pL 5.0 mg/L Au solution in 1.0% (v/v) HNO3; was used as single-drop. Ashing and

atomization temperatures 800 °C and 1800 °C, respectively.
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Figure A.22 Calibration plot of HS-SDME system with Pt. 5.0 mL sample solution in 1.0 mol/L HCI
and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time. 3.0 of 10.0 pL 5.0 mg/L Pt solution
in 1.0% (v/v) HNO; was used as single-drop. Ashing and atomization temperatures 1000 °C and 2500

9C, respectively.
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Figure A.23 Linear portion of the calibration plot of HS-SDME system with Pt. 5.0 mL sample
solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction time.3.0 of
10.0 pL 5.0 mg/L Pt solution in 1.0% (v/v) HNO3 was used as single-drop. Ashing and atomization
temperatures 1000 °C and 2500 °C, respectively.
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Figure A.24 Linear portion of the calibration plot of HS-SDME system with Pt in mass unit.5.0 mL
sample solution in 1.0 mol/L HCI and 1.0 mL of 0.5% (w/v) NaBH, were used. 30.0 s reaction
time.3.0 of 10.0 uL 5.0 mg/L Pt solution in 1.0% (v/v) HNO3 was used as single-drop. Ashing and

atomization temperatures 1000 °C and 2500 °C, respectively.
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