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ABSTRACT

INTERFERENCE EFFECTS OF HYDRIDE FORMING ELEMENTS ON
BISMUTH DETERMINATION USING TUNGSTEN COIL SYSTEM AS
ELECTROTHERMAL VAPORIZER AND ELECTROTHERMAL
ATOMIZER IN ATOMIC SPECTROMETRY

Mercan, Pinar
Ph. D., Department of Chemistry

Supervisor: Prof. Dr. O. Yavuz Ataman

February 2017, 197pages

Tungsten coil (W-coil) has become an alternative tool for graphite tubes in atomic
spectrometry for its high melting point, good electrical conductivity and low cost.
Tungsten coil systems have been used in atomic spectrometry as both atomizers and
vaporizers. Both approaches include advantages and disadvantages. In this work the
behaviors of both approaches were investigated. Bismuth (Bi), one of the hydride
forming elements, was selected as the analyte. The properties and performances of
both techniques, namely electrothermal atomizer (ETA) and electrothermal vaporizer

(ETV), were studied regarding analytical efficiency, interferences and practicability.

In this study, W-coil was used as an atom trap for preconcentration and
atomization/revolatilization of volatile species of Bi, using hydride generation
technique. In W-coil Atom Trap ETA system, the collected analyte species were
atomized directly, since the W-coil was functioning as atomizer. In the system where

W-coil was used as a vaporizer (W-coil Atom Trap ETV) the collected analyte



species were revolatilized rapidly and sent to quartz T-tube atomizer for

measurement.

The experimental parameters were optimized for Bi with rhodium coated W-coil
Atom Trap ETA and syringe attached rhodium coated W-coil atom trap ETA where
the limits of detection obtained for this system were 0.046 and 0.018 ng/mL for 120 s
trapping, respectively. Moreover, conditions for rhodium coated Atom Trap ETV and
syringe attached rhodium coated W-coil Atom Trap ETV systems were optimized;
the limits of detection for these systems were 0.047 and 0.026 ng/mL for 120 s

trapping, respectively.

In literature, interferences of ETA and ETV systems have been investigated
separately; however, any study regarding the comparison of interferences for both
approaches has not been performed. In this study the interferences were studied by
comparing the trends exhibited by both of the approaches. In order to understand the
nature of the interference, a twin-channel hydride generation system containing two
gas liquid separators was used. For Rh coated W-coil atom trap ETA system, among
the selected interference elements, Te and Sb suppressed significantly the signals.
On the other hand, Rh coated W-coil atom trap ETV system for Bi had a completely
different behavior pattern compared to Rh coated W-coil atom trap ETA system. By
using the twin-channel system, a detailed interference study with Rh coated W-coil
atom trap ETV system was carried out. It was found that As, Se and Sb enhanced the
analytical signal of Bi significantly and the interferences most probably took place in

the revolatilization stage.

Keywords: W-coil, electrothermal atomization, electrothermal vaporization, atom

trap, AAS, bismuth, interference.
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ATOMIK SPEKTROMETRIDE TUNGSTEN SARMAL SISTEMININ
ELEKTROTERMAL ATOMLASTIRICI VE ELETROTERMAL
BUHARLASTIRICI OLARAK UYGULANMASIYLA HiDRUR
OLUSTURAN ELEMENTLERIN BiZMUT TAYININE GIRIiSIM ETKILERI

Mercan, Pinar
Doktora, Kimya Boliimii

Tez Yoneticisi: Prof. Dr. O. Yavuz Ataman

Subat 2017, 197 sayfa

Tungsten sarmali atomik spectrometride yiliksek erime noktasi, iyi elektirik
iletkenligi ve maliyetinin diisiik olmasi sebeplerinden dolay1 grafit tiiplere secenek
olmustur. Atomik spektrometride tungsten sarmal sistemleri hem atomlastirict hem
buharlastiric1 olarak kullanilmaktadir. Bu iki uygulamanin avantaj ve dezavantajlari
vardir. Bu calismada, her iki yaklasim da incelenmistir. Ugucu bilesik olusturan
elementlerden Bizmut (Bi) analit olarak segilmistir. Atomlastirict ve buharlastirict
sistemlerinin  Ozellikleri bu element kullanilarak saptanmistir. Elektrotermal
atomlastirict (ETA) ve Elektrotermal buharlastirici (ETV) sistemleri 6zellik ve
performanslari; analitik verimlilikleri, girisim davranislart ve kullanim kolayliklar

acisindan degerlendirilmistir.

Bu c¢alismada, hidriir olusturma teknigiyle W-sarmal, ugucu bilesiklerin
Onzenginlestirilmesi ve atomlastirilmasi/buharlastirilmast i¢in atom tuzagi olarak
kullanilmistir. W-sarmal atom tuzagi ETA sisteminde, W-sarmal atomlastiric1 olarak
kullanildigindan sarmal iizerinde toplanan analit tiirleri dogrudan buharlasarak
atomlastirilmigtir. W-sarmalinin buharlastirici olarak kullanildigi sistemde ise (W-
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sarmal atom tuzagi ETV), sarmal {izerinde biriktirilen analit tiirleri buharlastirilmis

ve Ol¢iim i¢in kuvars T-tiip atomlastiriciya gonderilmistir.

Deneysel degiskenler rodyum kapli W-sarmal Atom Tuzagi ETA ve siringali rodyum
kapli W-sarmal Atom Tuzagi ETA igin optimize edilmistir; bu iki sistemde
gozlenebilirlik sinirlart 120 s tuzaklama siiresi i¢in 0.046 ve 0.018 ng/mL olarak
bulunmustur. Deneysel degiskenler rodyum kapli W-sarmal Atom Tuzagi ETV ve
siringali rodyum kapli W-sarmal Atom Tuzagi ETV calisilmistir, Bu sistemler igin

gozlenebilirlik sinir1 120 s tuzaklama siiresi i¢in 0.047 ve 0.026 olarak belirlenmistir.

Literatiirde ETA ve ETV sistemleri i¢in girisim caligmalar1 ayr1 ayri incelenmistir;
bununla birlikte her ikisinin girisim davraniglarinin kiyaslanarak incelenmesine ise
yer verilmemistir. Bu ¢alismada, girisim etkileri her iki sistem i¢in de ¢alisilmistir ve
girisim elementlerinin etkileri karsilastirilmistir. Girisim elementlerinin etkilerini
daha 1yi gozlemleyebilmek i¢in ¢ift kanalli hidriir olusturma sistemi kullanilmastir.
Bu sistemde iki tane gaz sivi ayiraci igeren ¢ift kanalli hidriir olusturma aygiti
kullanilmistir. Rodyum kapli W-sarmal Atom Tuzaklayict ETA sisteminde girisim
elementlerinden Te ve Sb, bizmutun analitik sinyalini onemli Olglide azaltmustir.
Rodyum kapli W-sarmal Atom Tuzaklayict ETV sisteminde ise farkli bir tablo ortaya
cikmistir. ETV igin ¢ift kanalli hidriir olusturma aygitiyla ayrintili bir ¢aligma
yapilmistir. Bizmutun analitik sinyali As, Sb ve Se varliginda 6nemli Olgiide
artmistir. Bu artis, biliyiikk ihtimalle tungsten yiizeyinde toplanan bizmut tiirlerinin

tungsten yiizeyinden buharlastirma agsamasinda meydana gelmektedir.

Anahtar kelimeler: W-sarmali, elektrotermal atomlastirici, elektrotermal

buharlastirici, atom tuzaklayici, AAS, bizmut, girisimler.
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CHAPTER 1

INTRODUCTION

Trace element determination gains importance for the last decades since some of the
elements are essential for human beings while some others have toxic effects at trace
levels. Sensitivity of the analytical technique has become crucial for determination of
elements at ultra trace levels. The most critical step in the analysis of a sample is the
sample introduction. In atomic spectrometry, electrothermal atomization (ETA) and
electrothermal vaporization (ETV) are commonly used systems for this purpose.
Most widely used ETA and ETV units are graphite furnaces. Tungsten coil is an
alternative tool for ETA and ETV systems having some advantages over graphite
furnaces. In this chapter, information about ETA and ETV system and the use of
tungsten coil as an ETA and ETV unit will be presented. Moreover, bismuth is

selected as analyte and properties of this element will be listed in this chapter.

1.1.  Electrothermal Atomization (ETA)

In the past, determination of trace elements in an unknown sample with ETA had
some problems during the sample preparation including physical and/or chemical
reactions that could cause the loss of analyte. Moreover, the sample matrix could
affect the absorption signal in the analytical line and this could limit to reach
adequate detection limits. These kind of constraints were limited the use of ETA;
however the improvements done for ETA has solved the limitations and increased
the capacity of ETA that is known as Electrothermal Atomic Absorption
Spectrometry (ETAAS) [1]. This technique provides high sensitivity and selectivity
1



at a reasonable cost and is easily calibrated with the use of aqueous standards. It was
initially used for analysis of solutions, but its application has become widened to
direct solid sampling analysis [2]. Over the last decades, ETAAS has been widely

used for trace element determinations in soil and sediments.

Flame Atomic Absorption Spectrometry (FAAS) offers rapid and easy analysis for
variety of metals, however; its application is limited by its detection limits. ETAAS
became an alternative to FAAS and allows the determination of metallic elements at
ug/L levels. They are commonly operated with graphite tubes having 3 to 6 mm
inner diameter and 20 to 40 mm length. They are resistively heated by a high current
and low voltage AC power supply [3]. Since the nebulization is eliminated, the
residence time of the atoms during atomization is longer than FAAS, and this allows
the higher sensitivity than obtained by FAAS.

L’vov was the first person who introduced the electrically heated furnace as an
atomizer in 1957 [4]. He put a pinch of NaCl into the graphite furnace and heated the
furnace slowly and watched how the radiation of a sodium lamp passing through the
furnace and disappeared upon heating the furnace [5]. Graphite tube designed by
L’vov was heated by a direct current arc before sample introduction into the carbon
electrode. Sample was placed into the carbon electrode that is inserted in atomizer;

and atomization took place in the preheated graphite furnace.

The design of commercial graphite tube atomizers was not based on the design of
L’vov in which atomization took place in a preheated tube. The contribution for
further development of graphite furnace AAS came from Massmann in 1965 [4].
Using a different design than that of L’vov, Massmann changed the system
drastically and rather than introducing the sample into a preheated tube, the contents
were atomized from the wall of tube by rapid heating. Massmann’s graphite furnace
was 5 cm long graphite tube and was heated by passing high current (500 A) and low
voltage (10 V) along the tube.

Despite having some weak points regarding Massmann’s design, all commercial

electrothermal atomizers used in 1970s and 1980s were based on Massmann’s



principle. The first commercial graphite furnace was developed by Perkin Elmer in
1970. The sensitivity obtained by this furnace was two to three orders of magnitude
higher compared to flame techniques. Moreover it was used for the application of
trace analysis of biological samples, natural waters and direct solid analysis [4].
ETAAS has been used widespread for many analyses and this has brought the
requirement of several instrumental developments and analytical protocols. Modern
furnace technology includes employing integrated absorbance and fast electronics to
obtain accurate measurement of absorbance signal; pyrolytically coated graphite
tubes to minimize analyte and graphite interactions; transversely heated graphite
furnace to provide isothermal heating; an autosampler to improve precision; platform

to eliminate interference and chemical modifiers to minimize interferences.

Metal atomizers have become alternatives to graphite tube atomizers since they are
also electrically heated easily to high temperatures. Metals such as W, Mo, Ta are the
metals that are used as atomizers for many years, but they have not been used
commercially yet. The most popular ones are tungsten coil based atomizer. They are

easily obtained from a bulb and suitable for the development of portable ETAAS.

1.1.1. Graphite Atomizer ETAAS

In electrothermal atomization AAS, the most commonly used atomizer is graphite
furnaces. The models were originally proposed by L’vov and by Massmann as
described in previous section. The graphite furnace designed by Massmann is most
widely used. In this design, optical beam is passed through the graphite tube that is
closed at both ends with quartz windows mounted in the cooled tube holders. Sample
aliquots are introduced with micropipettes or computer controlled dispenser through
the sample hole in the middle of the tube. The principal of operation is introducing a
small amount of sample (5-100 pL) through a small opening to the inner surface of a
graphite tube then, evaporating and ashing in the graphite tube. As the temperature is

increased rapidly the sample is completely atomized.

Normal graphite furnaces have a varying temperature profile and there are
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temperature differences along the tube that leads to changes of volatilization
behavior of analyte from one sample to another. Use of transversally-heated furnace
prevents this effect and keeps temperature constant over the whole tube. During
atomization in graphite furnace a specific problem may originate from recombination
of the atomized analyte and oxygen and other non-metals and this can lead to
decrease in free atom concentration that is being measured. This situation occurs
when the volatilized analyte enters to the cool medium that is the case in graphite
tube. This can be prevented by introducing sample into a low-mass graphite platform
located in the furnace. This allows very rapid heating and volatilization of the analyte
into a furnace of having same temperature as the sample carrier, which reduces the

risk of recombination during atomization [6].

The graphite tube is filled with an inert gas such as argon to prevent the entering of
ambient air to the tube. Various stages of heating are required to dry sample, remove
sample matrix and finally atomize the analyte. At the drying stage, the graphite tube
is heated to the boiling point of solvent to remove any residual solvent from the
sample. Ashing process is followed after drying stage to destruct the sample matrix
by heating the tube between 350 and 1200 °C. Finally, the temperature of the
graphite tube is raised to between 2000 and 3000 °C for 2-3 s, allowing the
atomization of analyte atoms. At this stage internal gas flow is stopped to increase
the residence time of analyte atoms in atomization unit. Additional heating cycle can
be applied for the removal of any residual material. The majority of samples are
introduced into graphite tubes in liquid form, including varying concentrations of
dissolved solids [7]. The determination of trace metals in solid samples requires
sample pretreatment including acid digestion [8,9]. This digestion step has some
limitations regarding analyte loss or sample contamination and it ends up with high
blank values. Therefore, direct solid analysis is much more convenient since the
contamination risk is less, sample pretreatment is simpler, analyte loss is minimized,
using dangerous and corrosive reagents used for sample pretreatment is avoided and

it can be applied both organic and inorganic samples [10].

Direct analysis of solids by ETAAS includes two methods namely slurry and solid
sampling. Slurry sampling combines the advantages of solid sampling and liquid
4



sampling. Atomizers and injection system used for the analysis of liquid samples are
used for the slurry samples as well, but special devices are necessary for solid
sampling. Dilution of high concentrated samples is easier with slurry sampling than
that of solid sampling since it requires addition of graphite powder to dilute the solid
sample [10]. Lopez-Garcia et al. [11] discussed the slurry-based procedures for rapid
determination of As and Sb in soil and sediment samples by GFAAS. Slurry
sampling for the determination of Hg in sewage sludge samples with ETAAS was
performed by Baralkiewicz et al. and samples were analyzed by applying both direct
method and method with digestion, resulting in no difference within the methods
[12]. Slurry sampling ETAAS was applied for the determination of Pb in several fish
samples. Palladium and ammonium nitrate were used as the modifier to obtain better
signal. Because of having different sensitivity for lead in various fish slurries and
aqueous solutions, the standard additions method was used for the determination of
lead in these fish samples. The limit of detection of lead obtained from standard

additions curve was about 0.053-0.058 pg/g in different samples [13].

Direct solid sample analysis with graphite furnace atomic absorption spectrometry
was applied for the determination of total As in fish and other seafood. A mixture of
0.1% Pd + 0.06% Mg + 0.06% Triton X-100 was used as the chemical modifier,
added in solution over the solid samples. The results obtained for several certified
reference materials were not different from the certified values [14]. An analytical
method was developed by Jesus et al. [15] for the determination of Sb PET
container samples using direct analysis by graphite furnace atomic absorption

spectrometry.

1.1.2. Metal Atomizer ETAAS

Graphite is the most widely used atomizer material in ETA as it has high purity, high
melting point, inertness at high temperature. However, some limitations regarding
graphite have led to development of metal atomizers and tungsten has been used

predominantly. Tungsten has high melting point (3422 °C) [16]. Tungsten is also a



good electrical conductor; it is ductile and can be formed into different shapes.
Tungsten is relatively inert, stable in both air and water and resistant to high
concentration of many common acids such as hydrochloric, nitric and sulphuric acid.
Moreover, tungsten is relatively inexpensive. All these properties of tungsten make it

valuable material for the production of lamp filaments.

Tungsten finds place in analytical atomic spectrometry in the form of tubes, cups,
boats, ribbons, strips, boards and wires. Among these forms, tungsten tubes (W-
tubes) and tungsten coils (W-coil) have been reported more commonly [17].
Tungsten atomizers are usually purged with a mixture of hydrogen and argon to
prevent the tungsten from oxidation at high temperature and provide a reducing
environment for the atomization of analyte. When tungsten atomizers are compared
with graphite atomizers, tungsten atomizers requires relatively simple power supply.
There is no need for extra cooling system as in graphite atomizers, purge gas is
sufficient for coolant. In graphite atomization, the determination of carbide forming
elements is a limitation. On the other hand, tungsten atomizers are not prone to
carbide formation and allow the determination of carbide forming elements. Heating
rate of tungsten atomizer (30 K/ms) is approximately 10 times faster than that of
graphite atomizer (2 K/ms) [18].

The introduction of tungsten atomizer dates back to 1972 and Williams and
Piepmeier used tungsten filament as an atomizer for the first time in the literature
[19]. Later, in 1986, Berndt and Schaldach proposed an open system operating with
tungsten. In their study, they showed that sensitivity obtained by W-coil atomizer
was similar to the graphite atomizer [20]. Since then usage of tungsten devices has
been extended to other areas of atomic spectrometry such as ETAES [21] and ETA-
LEAFS [22] as an atomizer and ICP-OES [23] and ICP-MS [24] as a vaporizer.

W-coil used as an ETA has been used for the analysis of broad range of samples
including environmental waters, soft drinks, wines, milk, biological samples, clinical
samples, food, high purity metals and compounds, rocks, soil, minerals, sediments,
and even animal feces. Determination of Cd, Cr, Ni, and Pb in synthetic urine

reference materials was performed with W-coil AAS system, where the W-coil
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served as an atomizer. Their results were in good agreement with the certified values
[20]. Silva et al. investigated the use of W-coil as electrothermal atomizer for the
direct determination of barium at low concentrations in water samples [25]. Bruhn et
al. used different chemical modifiers for the determination of As in biological
samples [26]. Ir and Pd were found satisfactory as modifiers and provided better
sensitivity compared to without modifier. lonic liquid based-single drop
microextraction preconcentration was coupled to W-coil ETAAS by Wen et al. [27]
for the determination of ultra-trace cadmium and detection limit of 0.015 ug/L with
10 uL sample on W-coil was achieved. Pb level in blood was determined with W-
coil ETAAS [28] by chelating blood Pb with ammonium pyrrolidine dithio-
carbamate and extracting into methyl iso-butyl ketone. 20 pL of the organic phase

were injected on the W-coil.

As W-coil atomizer in ETAAS, tungsten tubes find an important place in this area
and are applied in analysis of various samples. Tungsten tube atomizers are well-
known under the name of tungsten electrothermal atomization (WETA). Tungsten
tubes are closed atomizers that have been characterized by nearly ideal isothermal
behavior [29]. Aluminum in biological materials [30], beryllium in waste water [31]
and manganese in river and sea-water reference materials [32] with a tungsten tube

atomizer were investigated.

1.1.3. Interferences

Mainly two types of interference may occur in ETAAS studies. These are physical
and chemical interferences. Physical interferences may be originated from
differences in viscosity and surface tension, resulting in different degrees of wetting
of the graphite tube surfaces with the sample solution. Moreover, changes in the
diffusion of the sample solution into the graphite lead to physical interference. The
first can be overcome with using a surfactant in the sample solution. The second

effect can be suppressed by using pyrolytically coated graphite tubes.



The chemical interferences may stem from analyte loss during ashing stage. This
kind of interference occurs specially with volatile elements such as As, Sb, Bi and
Cd and elements forming volatile compounds. The analyte loss can be result from the
formation of thermally stable compounds such as carbides and oxides that cannot be
dissociated further and prevent analyte to atomize, lowering the signal. Pyrolytically
coated graphite tubes can minimize this effect [6]. The non-spectral interferences in
ETAAS have been assigned to gas-phase combination reactions between analyte and
matrix decomposition products in the atomization step, blockage of analyte atoms in
microparticles of matrix in the condensed phase that are gone out of the tube without
decomposing in the atomization stage, formation of volatile compound between
analyte and matrix before atomization and its loss by vaporization during atomization
or pyrolysis stage depending on temperature. All these lead to suppression of the

analyte sensitivity [33].

The usage of matrix modifiers in ETAAS provide analyte to separate from matrix,
therefore physical and chemical interferences can be removed. The matrix modifiers
are applied to decrease the volatility of analyte in order to prevent loss of analyte
during pyrolysis, to transform all chemical forms of analyte species into a single
form to atomize them at once and to volatilize matrix elements to prevent
interference at atomization stage [34]. Many different modifiers have been used in
ETAAS, however Pd+Mg nitrates have been most widely used modifiers that can be
used for most of the analyte [35].

Oliviera et al. [36] investigated the influence of Na, K, Ca and Mg on lead with W-
coil atomizer. The effect of Ca** and Mg®* on atomization of Pb was less than that of
Na" and K*. The interference effects of these elements on the atomization of Al, Ba,
Cd, Co, Cr, Pb and Yb were discussed regarding the effect of protective gas
composition in the atomization process. Ca was found to be the most serious
interferent due to its high thermal stability (up to 1600°C) and to the possibility of
double oxides formation [37]. Chemical modifiers in W-coil atomizer have been
employed firstly for determination of Ba in water samples in 1994. The interference
caused by larger amounts of Ca was minimized by the addition of
ethylenediaminetetraacetic acid (EDTA) [25]. Permanent chemical modifier was
8



used for W-coil atomizer by Hou et al. The coil was treated with Ir with thermal
decomposition and this coated surface was used for the determination of Se[38] .

1.2.  Electrothermal Vaporization (ETV)

In all atomic spectrometric methods, one of the most important steps is sample
introduction technique. The analytical performance of a method is highly dependent
on the employed sample introduction technique. An ‘ideal’ sample introduction
technique has to have high sample introduction efficiency, require low sample mass
and be capable of analyzing different kind of samples having complex matrices [39].
However, it is difficult to meet these requirements even with the nebulization that is

the most popular sample introduction technique in atomic spectrometry.

The most common sample introduction technique is pneumatic nebulization.
However, it has some weak points including low transport efficiency (1-10 %) [40],
large sample mass requirement, risk of blockage in nebulizer especially with
solutions with high dissolved solid content and slurry samples [39]. In addition to
nebulizers, hydride generation and liquid chromatography have served as sample
introduction technique in atomic spectrometry. Laser ablation is also used for the
introduction of solid materials to high temperature ionization source [41].

The electrothermal vaporization (ETV) technique that is developed from the
atomizer source of graphite furnace atomic absorption spectrometry (GFAAS) has
become an important device for the sample introduction to independent detection
systems such as ICP-OES and ICP-MS. It has prominent properties compared with
pneumatic nebulization. Firstly, sample introduction efficiencies are increased,
resulted in lower detection limits. Secondly, the sample volume is minimized with
ETV. The effects of matrix interferences are also decreased with applying
appropriate sample pretreatment procedure. Finally, it can be employed for the direct
analysis solid samples [39]. All these properties make ETV an attractive tool for
sample introduction technique in atomic spectrometry. The most widely used device

for ETV is the graphite tubes. Metal types of atomizers are also used as vaporizers.
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1.2.1. Graphite Furnace ETV

Graphite furnace that is used as an atomizer in GFAAS has been used predominantly
in ETV devices. The first graphite furnace ETV inductively coupled plasma emission
system was introduced by Kirkbright et al. in 1978. Graphite rod vaporizer was used
for the introduction of sample through 20 m distance to ICP-OES [42].

Graphite furnace employed as a vaporizer suffers from memory effect at high
temperature due to analyte transfer into the inner surface of graphite tube and
formation of refractory carbides. Pyrolytically coated graphite tubes or metallic

carbide coated tubes can improve the performance of graphite furnace ETV [43].

The role of graphite furnace in ETAAS and ETV-ICP-OES/MS is completely
different. For ETAAS, graphite furnace is not only a vaporizer but also an atomizer.
The sample is dried, ashed and finally atomized. However, for ETV-ICP-OES/MS
systems, the graphite furnace serves as a vaporizer only, in which sample is dried,
ashed and vaporized. In this case, vaporized species from graphite furnace are
transported into ICP, where excitation/ionization of the analyte takes place, thus

graphite furnace is adjusted as a sample introduction device.

Analyte loss during transport of analyte species from the ETV unit to the
excitation/ionization source is one of the potential disadvantages of ETV sample
introduction technique. Non-linear calibration curves is the indication of analyte loss
during transportation, but they become linear after addition of salt and Pd [44]. The
first theoretical study regarding the analyte transport between ETV and the ICP
source was carried out by Kantor [41]. The transport of analyte vapor from the ETV
surface is dependent on the formation of stable nuclei of size exceeding a critical
diameter. By increasing the analyte masses vaporized in ETV, the critical diameter

decreased and this resulted in enhancement of the transport efficiency.

Inductively coupled plasma mass spectrometry (ICP-MS) coupled with slurry
sampling electrothermal vaporization has been applied to determination of As, Cd,
Hg and Pb in 0.5% (m/v) slurries of several herb samples. 1.0 % (m/v) 8-

Hydroxyquinoline was used as the modifier to enhance the ion signals. The detection
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limits obtained from standard addition curves were about 0.3, 0.1, 0.1 and 0.2 ng/g
for As, Cd, Hg and Pb, respectively, in original herb samples [45]. The determination
of Cu, As, Hg and Pb in vegetable oils was carried out with by ETV-ICP-MS. The
oils were injected in the form of emulsions containing 5.0 % (w/v) vegetable oil, 1.5
% (v/v) Triton X-100 and 50 pg/mL ascorbic acid. Palladium nanoparticles (Pd-NPs)
were used as modifier. The detection limits obtained from standard addition curves
were 0.4, 0.5, 1.1 and 0.4 ng/g for Cu, As, Hg and Pb, respectively, in the original oil
samples [46]. Determination of Cu, Cd, Pb, Bi and Se(IV) in sea-water with on-line
separation using a flow injection system [47] and Co, Cu, Fe, Mn, Ni and V
determination in diesel and biodiesel samples [48] were performed by graphite
furnace ETV ICP-MS.

1.2.2. Metal Vaporizer ETV

Although graphite furnace is predominantly used as ETV devices in atomic
spectrometry, metal vaporizers have also been used. Among the metals tungsten is
more attractive because of its mass production, ease of use and small requirement for
power supply. Tungsten coil ETV (W-coil ETV) has been used as an electrothermal
vaporization sample introduction system in atomic absorption, emission and
fluorescence spectrometry [49]. It has been used for the analysis of liquid, solid and

slurry samples.

Tungsten coil ETV (W-coil ETV) has been used as electrothermal vaporizers for
ICP. Since the vaporization of the sample takes place in the vaporizer, the plasma
energy itself is not required to desolvate the sample; therefore more energy is
available for atomization, ionization and excitation [50]. Simultaneous determination
of 10 elements was achieved with W-coil ETV system coupled to ICP-OES by
Levine et al. [51]. Picogram-level LODs were achieved and linear dynamic ranges
were 3-5 orders of magnitude. W-coil was used for the thermal separation of Pb
from elements, which may cause spectral interference, such as aluminum, manganese
and iron, by use of a temperature ramp [52]. Davis et al. [53] used ETV ICP-AES to
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determine Cd in urine samples. W-coil vaporizer was treated with Pd modifier and a
detection limit of 0.2 pg/L was obtained. Moreover, total carbon in soft drink was

determined using W-coil vaporizer with ICP-AES [54].

As with ICP-OES, ETV is an attractive sample introduction device for also ICP-MS
due to high transport efficiency, potential for separation of matrix interference, being
applicable for microamounts of liquid, solid and slurry samples. Graphite tubes are
the most commonly used atomizers for ETV approaches. However, the disadvantage
of graphite vaporizers include the occurrence of isobaric interferences by carbon
species (i.e. °*Cr and “°Ar*?C), the formation of refractory analyte carbides, and the
limitation to vaporization temperatures below 2600 °C [17]. A tungsten coil is used
to decompose the organic matrix and vaporize biodiesel samples for determination of
P and Si electrothermal vaporization inductively coupled plasma mass spectrometry
(ETV-ICP-MS) [55]. 10.0 uL sample aliquots are introduced manually on the coil
with a micropipette. Limits of detection obtained for P and Si were 0.4 and 0.1

mg/kg, respectively.

The use of W-coil as an ETV device for the sample introduction to AAS is rather
rare in comparison with ICP-MS. In AAS, using W-coil as an ETV device takes the
advantage of formation of hydrides. The gaseous sample is trapped W-coil, with the
release from W-coil, the analyte is liberated from matrix and transferred to atomizer.
Cankur et al. developed a method for the determination of Bi in both water and
geological matrices and W-coil serves as an ETV device in this study [56]. On-line
trapping of Bi hydrides was carried out with W-coil that is placed within the inlet
arm of externally heated quartz T-tube atomizer (EHQTA). The precision of the
analytical system was found to be 5.8% RSD for 0.010 ng/mL. A detection limit of

0.0027 ng/mL (3s) was obtained with 18 ml of sample volume.

W-coil can be employed as sample introduction device also for Atomic Fluorescence
Spectrometry (AFS). W-coil ETV was coupled to an Ar/H, flame atomic
fluorescence spectrometer for the determination of eight traditional hydride-forming
elements (i.e., As, Bi, Ge, Pb, Sb, Se, Sn, and Te) as well as Cd without chemical

vapor generation [50]. 20 uL sample was manually pipetted onto the W-coil and
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followed by a heating program to dry, ash and vaporize the sample. Analyte was
vaporized off the coil surface and transported into the quartz tube atomizer of AFS

for excitation of atomic fluorescence. The atomization took place in Ar/H; flame.

1.2.3. Interferences

The determination of elements at trace level in samples having complicated matrix is
often problematic because of presence of interference. The outcome of matrix effect
is the deterioration of the precision and accuracy of the results. Matrix components
can cause nonspectroscopic interferences that can either suppress or enhance the
signal. ETV devices offer the ability to separate sample matrix components from the
analyte, thus reducing matrix interferences. The first step of analysis done with ETV
is the drying. The next step is thermal decomposition that leads to pyrolysis of the
sample matrix to minimize interferences. In this step modifiers are used generally, in
gaseous, liquid and solid form, to enhance the efficiency of ashing and transport
processes. The last step is evaporation process and transfer of products of
evaporation into the atomizer. Separation of volatilization of the sample matrix and
that of the analyte with the reduction in occurrence of spectral and non-spectral
interferences is achieved by ETV-ICP-MS system [43]. Moreover, it is indicated that
the tolerance towards the interference with ETV-ICP-MS is 10-25 times more than

that is obtained by pneumatic nebulization [39].

1.3.  Vapor Generation

Atomic spectroscopy methods are categorized into three groups regarding the
interaction of radiation with free analyte atoms. These are atomic emission
spectroscopy (AES), atomic fluorescence spectroscopy (AFS) and atomic absorption
spectroscopy (AAS). In AES, the analyte is thermally atomized and free analyte
atoms are excited usually by ICP. The return of excited atoms to lower energy levels

produces emitted radiation and emission spectrum obtained by this way is used for
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gualitative and quantitative analysis. In case of AFS, the analyte is atomized
thermally and atomized analyte is irradiated by monochromatic radiation. Excited
free analyte atoms return to lower energy states and emission occurs. The detection
of emission gives information about concentration of the analyte in a sample. In
AAS, atomization take place thermally; however in some case non-thermal
atomization is also possible. The monochromatic radiation from a line source passes
through the atomized species and the light is absorbed by the free atoms of analyte.
Finally absorption detected by the system is used for the determination of analyte in

the sample quantitatively.

Elements in the samples are determined sensitively by all atomic spectroscopy
methods. AAS is the most popular method used in the atomic spectroscopy, since it
is moderately economical regarding its investment and running costs. Moreover, it is
robust and a well-established technique. AFS, is another method for its relatively low
cost and ease of use. Its sensitivity is higher than that of AAS. ICP-AES is a
multielement method and it requires a rather complicated apparatus compared to
AAS and AFS.

The sensitivity of flame AAS is relatively low as compared to other atomic
spectroscopy methods. The sensitivity problem originates from low efficiency of
sample introduction and short residence time of the free analyte atoms in the
measurement zone. The first problem is arising from nebulization in which the
efficiency is around 1-10%. Therefore, most of the sample is not transferred to the
atomizer. In addition, there is a dilution of sample by flame gases and resulting
analyte concentration in the measurement zone is relatively low. The second
deficiency was the short residence time of the free analyte atoms in the measurement
zone that is few milliseconds. These deficiencies limit the sensitivity of AAS and
improvement is required. ETAAS, cold vapor AAS (CVAAS) and hydride
generation AAS (HGAAS) are introduced as sample introduction techniques and

they provide 100-1000 fold sensitivity improvement compared to flame AAS [40].

In atomic spectroscopy, sample is introduced to the system in liquid, solid and

gaseous phase. Gaseous phase sample introduction is achieved by vapor generation
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(VG) where the analyte from the liquid sample is converted to gaseous phase by a
chemical reaction. The set up of the VG system is relatively simple and the apparatus
used for the set up has low cost. The matrix effects are eliminated by the separation
of analyte from the matrix by VG and resulting in reduced interference. The limit of
detection (LOD) is improved by efficient transportation of gaseous analyte to the
atomizer. Another advantage of VG is its applicability to preconcentration of analyte

[57,58] and elemental speciation analysis [59-61].

Numerous approaches are available for VG such as hydride generation (HG),
alkylation, halide formation, and metal carbonyl generation [62]. HG is the most
popular because of its easy implementation, fast reaction, and high yield. Moreover,
alternative strategies are developed for VG in non-tetrahydroborate media by use
ultraviolet radiation [63]. The use of photochemical vapor generation (photo-CVG),
borane complexes for CVG, alkylation based on Grignard reactions, derivatization
with tetraethylborate, cold vapor generation with stannous chloride, halide
generation, electrochemical hydride generation, oxide generation, and formation of
volatile chelates were reviewed [64]. Photo-CVG has brought an alternative
approach of generation of volatile species for sample introduction in atomic

spectroscopy methods.

1.3.1. Hydride Generation AAS

Hydride generation (HG) is a widely used sample introduction technique in which
the analyte in an acidified sample is converted into volatile compound by a chemical
or electrochemical reaction [65-67]. The first application of hydride generation as a
sample introduction technique in AAS was introduced by Holak in 1969 for the
determination of As [68]. The hydride species from As was produced from addition
of Zn into solution containing hydrochloric acid and formed arsine was collected in a
trap cooled with liquid nitrogen. When the reaction was ended, the trap was heated

and arsine in nitrogen stream was transported to an argon-hydrogen diffusion flame
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to obtain the absorbance measurement. Since then, the advantages of HG have been
applied to all elements capable of forming volatile hydrides.

The earliest method utilized for HG was addition of Zn metal into sulphuric or
hydrochloric acid solution. However, currently it is not used because of the more

convenient reaction with tetrahydroborate (THB).

The most widely used technique for the generation of hydrides from mercury and
cadmium cold vapors are the reaction of THB with in acidic medium due to the
reduction of metal/acid. THB reaction is applicable for its high reduction yield, short
reaction time, low blank contamination and ease of applicability for hydride forming
elements. The most popular hydride forming elements are As, Se, Sb, Bi, Te, Ge, Pb
and Sn [69]. Recently, transition and nobel metals have been involved in HG
following the reaction with THB [70], therefore making HG even more attractive as

a sample introduction method for atomic spectroscopy.

The reaction mechanism between analyte and THB in acidic medium was firstly
proposed by Robbins and Caruso in 1979 regarding the nascent hydrogen mechanism
[71]. This theory is based on the hydrogen production after decomposition of THB in

acidic medium:
BH, +H" + 3H,0 — B(OH); +8H (1.1)
The produced nascent hydrogen reduces analyte to hydride:
A™ + (m+n)H — AH, + mH" (1.2)

where m and n respectively are the valency of the analyte A in the sample solution

and in hydride. Experimental proof for this mechanism has not been provided.

Although the nascent hydrogen mechanism has not been proven, it was generally
accepted until D’Ulivo and coworkers closed out the nascent hydrogen mechanism
persuasively and developed an alternative ‘‘hydrogen-transfer’” theory [72]. The
hydrogen-transfer theory includes two chain reactions. The stepwise hydrolysis of
THB occurs in the first chain reaction and then the reaction keeps on with three
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hydrolytic intermediates to boric acid; the loss of single B-H bond takes place in

each step:
BH4- — HzO-BH3 — HzO-BHzOH — HzO-BH(OH)z — H3BO3 (13)

All hydroboron species can be present at least once in a reaction mixture depending
on the pH of the medium. Each of four hydroboron species can react with the analyte
in the second chain reaction in which hydrogen transfer from hydroboron species to
the analyte occurs. In the following equation (1.4), arsenous acid is converted to
arsine via the chain reaction. It contains three steps and in each step one OH group is
substituted by a H atom:

As(OH); — HAs(OH), — H,As(OH) — HiAs (1.4)

As a sample introduction technique, HG has been applied for the analysis of various
samples and can be coupled to any atomic detection systems. HG coupled to AAS
has been of great importance since it eliminates the low sample transport efficiency
with nebulization systems. Inorganic As species in ground water and synthetic
experimental matrices were determined by Sigrist and Beldomenico [73] with
hydride generation coupled to AAS using a flame-heated quartz atomizer. Elgi et al.
[74] developed a method for the direct determination of Pb in wine and rum samples
by using flow injection HG system coupled to AAS with flame-heated quartz
atomizer. HG coupled to AFS has been used because of its wide linear dynamic
range, low noise level, high sensitivity, speed of analysis, ease of operation, and low
cost [75-77]. This system has been employed for the determination of As, Sh, Se, Te
and Bi in milk sample [78], Se in vegetables [79], As, Bi, Te and Se in tea leaves
[76]. In the last decade, interest has been arised in determining multiple hydride-
forming elements, using ICP-OES [80-82] and ICP-MS [83,84].

As it is written above, the scope of HG has been expanded to several noble and
transition metals [70]. Ag, Au, Cu, Zn, Cd, and As were determined by VG at room
temperature by the addition of sodium tetrahydroborate(l1l) to an acidified solution
of the analytes. LOD was ranging from 1.8 (Zn) to 420 ng (Au). The efficiency of the

generation process is estimated to be 92 + 4% for Au [85]. A vapor generation
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process for the production of volatile species of Ag was developed by using AAS
and ICP-OES detection. A characteristic mass of 0.12 ng was obtained using a
miniature diffusion flame atomizer-AAS system, whereas a 38-fold higher sensitivity

compared with conventional liquid nebulization was obtained with ICP-OES [86].

Electrochemical HG (EcHG) involves an electrochemical reaction yielding
production of volatile species in an acidic medium. It employs electric current
instead of a reducing chemical agent. This technique has been applied for the
generation of hydrides from As, Bi, Cd, Ge, Sb, Se, Sn, and Tl and elemental Hg
vapor in an electrolytic cell for analytical purposes in recent years [69]. The basic
cell for ECHG consists of two compartments that are the anodic and cathodic spaces.
HG takes place with sequential events. The analyte is diffused from solution to the
cathode surface where it is reduced to its elemental state and deposits on the cathode
surface. Hydride formation takes place and hydride species diffuse to the solution.
The marked advantage of EcHG is the elimination of THB which is a potential
source of contamination. Thus, the limit of detection can be improved. Arbab-Zavar
et al. [87] developed a method for the determination of Cd in water samples by using
electrochemical hydride generator. The limit of detection obtained by this system
was 0.61 ng/mL.

1.3.1.1. Atomization in HGAAS

The final step for the determination of elements employing hydride generation is
atomization and detection. Hydride atomization is the conversion of analyte hydrides
into free analyte atoms with maximum efficiency and has to be optimized to obtain

sufficient accuracy and signal-to-noise ratio.

The most frequently employed atomizers are conventional quartz tube atomizers
(QTA), miniature diffusion flame (MDF), flame-in-gas-shield (FIGS), multiple
microflame quartz T-tube atomizers (MMQTA), graphite furnaces, metal atomizers

and metal furnaces.
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Quartz tube atomizers are generally T-tube and horizontal arm is placed in the optical
path of AA spectrometer. Generated hydride species are carried by gas stream
flowing from the hydride generator and are brought to the atomizer from the inlet
arm of the T-tube of the atomizer. QTA can be heated by either electrical resistance
or air-acetylene flame to a temperature between 700 °C to 1100 °C. Thompson and
Thomerson were the first at heating the atomizer with air-acetylene flame [88]. The

first usage of electrically heated atomizer was introduced by Chu et al. [89].

Miniature diffusion flame (MDF) has simple design consisting of vertical quartz tube
from which argon/hydrogen mixture is introduced with the hydrides of analyte to the
atomizer. The temperature of MDF is ranging from 150 °C to 1300 °C. There is
inhomogeneity of temperature between the outer and inner zone of the flame. The
minimum temperature is observed in the lower part of the MDF, whereas the highest
temperature profile is obtained in the outer zone of the flame where the reaction
between hydrogen and ambient oxygen takes place. Hydrogen radicals are generated
in the outer zone of the flame by the reaction between hydrogen and oxygen.
Produced H radicals can diffuse into cooler inner parts of the flame, thus whole
flame contains high concentration of H radicals that promote efficient atomization of
analyte hydrides. The disadvantage of MDF is the short residence time of free atoms

in the optical path and high atomizer noise [90-92].

Flame-in-gas-shield (FIGS) atomizers can be used in AAS and AFS. The design of
FIGS is similar to MDF except the quartz capillary is inserted inside the quartz
support tube. Very low flow of oxygen is introduced to burn the excess hydrogen at
the end of the capillary to generate H radicals. Argon gas was used for shielding to

protect the flame from ambient atmosphere [92].

Despite having some advantages, QTA has also drawbacks such as poor linearity,
low resistance to atomization interference, insufficient H radicals concentration for
hydride atomization. These drawbacks are mainly overcome by the introduction of
new generation quartz tube atomizer that is MMQTA. The MMQTA consists of two
concentric tubes. The inner tube contains small orifices along the tube. Gas

containing oxygen is introduced through the outer tube and it enters from the orifices
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of inner tube to react with the hydrogen present in the inner tube. Thus, microflames
are generated at each orifices resulting the high H radical concentration along the
tube [92,93].

Electrothermal atomizers have been used for on-line atomization of hydrides since
the beginning of HG application. On-line hydride atomization in graphite furnaces
takes place directly in furnace preheated to atomization temperature. On-line hydride
atomization in GF has not been widely used since the coupling HG system to the GF
atomizer is not convenient. In addition, in situ trapping of hydrides in the GF has
been exclusively used for hydride atomization [94]. In-situ trapping in GF will be
discussed in the following section.

Tungsten coil has been used as a substitution for GF in atomization of liquid samples
and detailed information regarding W-coil as ETA was given in section 1.1.2. It has
found place in literature for hydride atomization since it has advantages over GF.
Ribeiro et al. used W-coil placed in quartz T-tube for atomization of arsine [95] and
bismuthine [96].

Flame heated metal furnace made of Ni, Cr and Fe was used as a hydride atomizer
[97,98]. Flame heated metal furnace was used for the Sb determination in
environmental and pharmaceutical samples [98]. The detection limit obtained for Sb
was 0.23 ng/mL. It is reported that metal has low cost and long lifetime compared to
QTA.

1.4.  Insitu Atom Trapping Techniques

In situ trapping of hydrides is a valuable tool for preconcentration of analyte that
makes possible to perform trace and ultrace analysis. In situ trapping is basically
collection of analyte atoms on an appropriate surface/medium followed by transport
of analyte to the detecting system as fast as possible. The trapping medium should
fulfil the requirements including efficient trapping and easy releasing for the trapped
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analyte atoms with minimum loss. Graphite, quartz and tungsten have served as

trapping materials.

1.4.1. Graphite Furnace Trap

Trapping hydride species on the graphite tube surface is an easy and efficient way
applied in the literature. Drasch et al. described the method of trapping hydrides in
atomizer and subsequent atomization [99]. In this method, arsine was carried by a
carrier to the GF heated to certain trapping temperature. Analyte adsorbed on the

graphite surface was released and atomized at about 2000 °C.

Hydride introduction to the graphite tube is a critical step in terms of trapping
efficiency; analyte should be introduced with minimum loss. There has to be an
interface between hydride generator and GF. The most exclusively employed
interface between hydride generator and GF is quartz capillary. It is inserted via
sample port into the graphite tube [94]. The schematic representation of graphite

furnace atom trapping system is given in Figure 1.1.
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Figure 1.1 The schematic representation of GF atom trapping system [100].
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It is recommended that quartz capillary should be positioned on the graphite inner
surface as close as possible [92]. The first step of the in situ atom trapping in a GF is
the introduction of generated hydrides from a gas-liquid separator via the quartz
capillary interface into the inner surface of GF that is heated to trapping temperature
(200-600 °C). During trapping period, the quartz capillary is kept inside the trapping
medium. Secondly, when trapping period is over, quartz capillary is removed from
the GF and trapped atoms are volatilized and atomized at a temperature greater than
2000 °C. A cleaning step is recommended to purify the graphite tube from water
vapor and hydrogen. There are several studies in the literature regarding in situ atom
trapping in GF. In situ trapping of H,Te in a preheated GF whose surface was
modified with Pd and Ru was performed [101]. 173-fold enhancement with respect
to ETAAS was obtained for Ru coated graphite tube. LOD values 0.0064 and 0.0022
ng/mL for Pd and Ru treated ETAAS systems, respectively, for 180 s collection of
9.6 mL sample solution. Cd determination was performed with its in situ trapping in
a Ir treated graphite furnace atomizer [102]. Volatile Cd species were generated by
electrochemical hydride generation technique and LOD of the system was 1.0
ng/mL. Masrournia and Shadmehri [103] performed determination of Sn(ll) by
electrochemical hydride generation coupled to in situ trapping in graphite tube

atomizer with a detection limit of 0.8 pg/L.

Sensitivity of the system can be improved by surface modification using high boiling
point metals [104] and carbide-forming elements [105-107]. Application of
temporary and permanent modifiers makes the lifetime of graphite tube longer and
lowers the trapping and atomization temperatures. Sturgeon et al. investigated the
applicability of Pd, Pt, Rh and Ru for surface treatment for the efficient trapping of
volatile As, Sb, Se, Bi and Sn [108]. A method has been proposed for the
determination of As by GFAAS with HG and in situ trapping using Pd—Zr chemical
modifier [109]. The highest pyrolysis temperature and adsorption efficiency of arsine
were achieved when Pd-Zr mixture was used as chemical modifier. The
characteristic mass of the method was 18 pg and the absolute detection limit obtained

for the developed method was 15pg.
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1.4.2. Quartz Atom Trap

Another promising approach for atom trapping is the collection of hydrides on a
quartz surface. The trapping medium can be either inlet arm of the quartz T-tube or
crushed quartz pieces inserted in the inlet arm of the quartz T-tube and the
atomization takes place in QTA [110-112]. The trapping medium is heated
externally to trapping temperature. After the trapping period is finished, temperature
is raised to revolatilization temperature. At this temperature, revolatilized species can
be either atoms or molecules. As a result, the atomization of molecular species takes
place. At revolatilization stage, H, gas is introduced to the system to obtain a

reducing environment to make revolatilization of the trapped species easy [113].

Further improvement is performed with the replacement of QTA with MMQTA. One
of the drawbacks of using quartz trap coupled to QTA is the consumption of trace
amount of oxygen required for atomization of analytes such as As, Se, Sb etc. during
trapping. This drawback is avoided by using MMQTA and the advantage of using
MMQTA for atomization of analyte volatilized in the quartz tube trap is that it uses a
separate oxygen supply to the atomization zone. As a result, the production of H
radicals in the optical tube of the multiatomizer is not controlled by the oxygen
contamination of gases introduced into the atomizer but by the supply of oxygen in
the outer gas [114,115].

1.4.3. Metal Atom Traps

Metal surfaces have been used as in the literature. They are preferred because of the
unnecessity of requirement of external heating, heating resistively and high heating

rate that make the control of changing temperature to the desired value easily.

An alternative to quartz and GF, W-coil has been employed most widely among the
other metal traps for in situ trapping applications. W-coil can be resistively heated by
passing electricity directly through the W-coil, whereas quartz trap requires an

external heating system. Thus, higher heating rates can be obtained for W-coil than
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the quartz trap. W-coil is obtained from a commercially available projector lamp, and
thus it is obtained economically and readily. W-coil has first been used at about the
same time as a trap for the determination of Bi and Se by two independent groups.
The first group used W-coil in combination with a T-tube atomizer [56], whereas W-

coil was used as both trapping medium and atomizer by the second group [116].

One of the application of W-coil proposed by Cankur et al. [56], W-coil is utilized in
a way similar to quartz trap. It was placed in the inlet arm of the quartz T-tube of the
QTA and connected to the power supply (Figure 1.2). The process of this system
includes the trapping of generated hydrides on the surface of resistively heated W-
coil, revolatilization of trapped species by increasing coil temperature when trapping
period is over, lastly atomization of revolatilized species transported to atomizer
(QTA) with purge gases. This system was used for the determination of Bi [56] and
Cd with CVAAS [117]. The similar method was used for the determination of Sb
[118] and Se [119]. The W-coil was used as an electrothermal vaporizer in addition
to its usage as a trap in these studies. A separate ETV unit with W-coil coupled to
AFS detection was employed as a sample introduction system for the determination
of Bi [120] and inorganic speciation of As [121]. The use of W-coil was combined
for hydride trapping and ETV sample introduction.

Sem
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Figure 1.2 W-coil atom trap placed inlet arm of the quartz T-tube [56].

24



The other application is the usage of W-coil as both in situ trap and electrothermal
atomizer. Souza et al. determined As and Se in biological and water samples by in
situ hydride trapping in a W-coil atomizer [122]. Moreover, the determination of Sb
[123] and Sn [124] were reported using Ir coated W-coil which served as both the
trap and the atomizer.

W-coil surface can be coated with elements having high boiling and melting points.
Trapping efficiency and interaction between trapped species and tungsten surface can
be improved by surface modification of W-coil. W-coil was treated with Ir for
trapping Sb hydrides [123]. It was stated that uncoated W-coil yielded poor
sensitivity, broad and irreproducible signals. When W-coil was coated with Ir,
significant increase in antimony signal was observed. Moreover, Barbosa et al. used
an Rh coated W-coil for trapping selenium hydride and reported that coating was
stable up to 300 measurements. Approximately, 2000 firings were possible with
same W-coil [116].

For in situ trapping and HG systems, alternative metal traps have been suggested. A
molybdenum foil strip for the determination of Sb and Bi [125], resistively heated
platinum for Cd [126], an externally heated Au wire for Se [127] are studied dealing

with alternative metal atom traps.

1.5. Interferences

HG provides the analyte separation from the matrix and this brings the advantage of
reduced or eliminated interference. Moreover, sensitivity enhancement is achieved
and preconcentration of the analyte is performed with the help of HG. However,
some serious non-spectral interference may occur during hydride formation, transfer
of anayte from solution and atomization. This is the main drawback of the system
[128].

Mainly, source of interference may be categorized into two groups, namely; liquid-

phase interferences and gas-phase interferences. Liquid-phase interferences take
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place during hydride formation and hydride transfer from the solution to gas/aerosol
phase. Volatile form interferent or interferent as a liquid spray causes gas-phase

interferences.

In interference studies, detailed effects of gas phase interferences have been
investigated by using twin-channel continuous flow hydride generator. In this set up
analyte and interferent hydrides are generated separately in different channels.
Analyte and interferent hydride come together upstream of gas liquid separators and
are sent to the atomizer. D’ulivo and Dedina used twin-channel hydride generator to
investigate interferences of As in Se atomization [129]. Twin-channel generator was
used to eliminate liquid phase interference. A twin-channel hydride generation
system was used for independent separate generation and introduction of analyte and
interferent hydrides, i.e. in a simultaneous and/or sequential analyte—interferent and

interferent—analyte mode of operation [130].

1.5.1. Liquid phase interferences

Liquid-phase interferences are observed in two groups; i) compound and ii) matrix
interferences [94]. Both compound and matrix interferences are in the class of non-
spectral interferences.

Compound interferences may result from the different forms of analyte present in the
sample solution that causes the release of hydride to be different in time and amount
for the sample and standard solutions. This situation is generally observed when
organic bonds of the analyte cannot be decomposed completely during sample
pretreatment and when the different valencies of analyte forms hydrides at lower
efficiencies. The most serious inorganic compound that causes matrix interferences
are ions of transition and noble metals e.g. Ni, Cu, Co, Fe, Ag, Au, Pd, Pt, and Rh
[69].

As it is reported above, the most widely used reductant for HG is THB. The liquid-

phase interferences can be originated from the competition between analyte and
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interferent to react with THB at a given time, since there is always time limitation for
analyte to react with THB. Suppression of analyte signal can be observed when
interferent reacts more rapidly with THB than analyte. For instance, Se reacts more
quickly than As with THB, thus the interference effect of Se on As is more effective
than that of As on Se [131].

Analyte/analyte hydride and interferent may form insoluble precipitates that causes
interferences in liquid-phase. The interference effect of Se and Te on Sbh, As on Se,
Te on As, Bi, Se and Sn were explained by formation of precipitates of the type
Bi,Ses, SbsSe; and GeSe, [132]. Generally this effect is observed in case of batch
HG procedures. The usage of dilute hydrochloric acid could remove the precipitates

by preventing the formation of insoluble compounds.

1.5.2. Gas-phase interferences

Gas-phase interferences can be divided into two groups according to the location
they appear; transport and atomization interferences. Transport interferences may
occur through the hydride generator and atomizer and cause delay and/or loss of
analyte hydride. Atomization interferences depend on the hydride atomization
mechanism and on the transfer of analyte to the atomizer [92].

Two mechanisms regarding interferences could be expected for atomization. First
mechanism is related with the radical population in which interferent changes the
hydrogen-free radical population in the atomizer. Interferent competes with analyte
for hydrogen-free radical required for atomization and speeds up the recombination
of analyte atoms resulting in polyatomic species, or particles. Second one is the
analyte decay that takes place when the interferent accelerates the decay of free
analyte atoms through the reaction between analyte and interferent in the gas phase
[92,133]. The analyte decay type of interference takes place dominantly with the
reaction of free analyte atoms in the free space. It occurs at high analyte

concentration that causes formation of polyatomic species or particles by the
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interferent atom recombination. The polyatomic species or particles speeds up the

decay of the free atoms.

1.6. Bismuth

Bismuth is the member or Group VA of the Periodic Table of the elements. It has a
typically metallic character and similar properties with lead, arsenic and antimony.
The metal has an atomic weight 208.98, atomic number 83, density 9.79 g/cm?,
melting point 271.3 °C, boiling point 1560 °C. Bismuth is the most diamagnetic of
all metals, and its thermal conductivity is lower than that of any metal except
mercury. It is known since ancient times but it was usually confused with lead, tin
and antimony. It is naturally occurring as a stable heavy metal. It is less toxic than

lead, that is why the alloys of Bi are replaced for products made from lead [134].

Bismuth is one of the rarest of elements. It was discovered by miners of Saxonia in
the 15™ century. Bismuth was first described in 1527 by the physician and alchemist
Paracelsius (1493-1541). The atomic symbol of Bi was proposed by J. J. Berzelius in
1814. Bismuth occurs less rarely than mercury and also shows a more frequency of
appearance as silver. It is found in its native form, and also in minerals such as
bismuthite (bismuth subcarbonate, Bi,O,(CO3)) and bismite (bismuth(l1l) oxide,
Bi,O3) [135].

1.6.1. Occurrences

Bismuth has low abundance in the Earth’s crust that is about 0.00002%. The
concentration of Bi in argillous sediments is about 0.5 pug/g. The accumulation of Bi
on coals and graphite shales has been reported as 5.0 pg/g [136]. Bismuth is not
detectable in drinking water, soil solutions, or river water, however; it is detectable in
sea water at low concentrations. Bismuth concentrations vary from 10 to 30 ng/L in

seawater and from a few ng to a few pg/L in freshwater [137].
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Bismuth occurs in the environment in the form of minerals bismuth ochre (Bi,S3),
bismuth oxide (Bi,O3) and as native bismuth [Bi(0)]. The major species of bismuth
in seawater is [BiCl,]". Bismuth is found in the form of Bi**, BiOH** and BiO* in
fresh waters according to the pH and E, of the medium. In addition to natural
occurrence of bismuth, compounds of Bi are introduced to the environment from
chemical industry. It is used as a catalyst in the production of acrylonitrile as bismuth
molybdophosphate. Bismuth is predominantly used in cosmetic products as pigments
in eye shadows and lipsticks and as bismuth citrate in hair dye. Bismuth is consumed
as bismuth subgallate in the pharmaceutical market for the treatment of infectious
diseases, bismuth germanium oxide as a contrast substance and bismuth subcitrate
for ulcer therapy. All these substances finally collected in waste water and enhance
bismuth concentration in sewage sludge. Bismuth is found in the range of 5 mg/kg
dry weight of sewage sludge, which is even higher than the amounts of antimony and
arsenic [138].

1.6.2. Application

The main producers of bismuth are Peru, Japan, Mexico, Bolivia and Canada. The
most of the bismuth production is made in USA as a by product while refining lead,
copper, tin, silver and gold ores. About 64.5% of the produced bismuth is consumed
in United States in low-melting alloys and metallurgical additives, including
electronic, photo- and thermoelectronic applications [139,140] in producing
malleable irons, as a thermocouple material, as an oxide catalyst [141] as a catalyst
for making acrylic fibers, as ceramics [142], glasses, and enamels. Bismuth is also

used in pigments in cosmetics and paints include bismuth.

Bismuth is widely used medicinal industry. Bismuth has been used (as tripotassium
dicitratobismuthate) for the treatment of stomach upsets, and is used in combination
with antibiotics to treat some stomach ulcers. Bismuth is also used (as bismuth
oxide) in hemorrhoid creams. Soluble salts such as bismuth subsalicylate, sodium

triglycollamate and trioglycolate have been used parenterally to treat infectious
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diseases. The most current medical application is in the eradication of H. Pylori
during the treatment or prevention of gastric and duodenal ulcers [143] . Three
bismuth derivatives, bismuth subsalicylate, colloidal bismuth subcitrate and
ranitidine bismuth citrate, has been commonly used in combination with antibiotics
for this purpose. Bismuth subsalicylate is an inexpensive and effective compound for
the treatment of traveler’s diarrhea [144].

1.6.3. Human Exposure and Toxicity

Bismuth is not considered to be an essential element for plants and animals. Bismuth
concentrations found in food are low, ranging from 0.1 to 1 pg/kg. Dietary intake of
bismuth in the UK has been found as 0.4-0.7 pg/d. Higher exposures are reported in
other countries like Japan (average 3.3ug/d) [145]. Bismuth exposure from food and
water is in minimal values and the use of medicinal products is the only occasional

cases of intoxication of bismuth.

Bismuth is not toxic if administered orally. The LD-50 is 42000 mg/kg and the no-
observed-adverse-effect level (NOAEL) is 1000 mg/kg [146]. Toxic effects of
bismuth appears in the kidney, liver, skin with large bismuth doses, or with smaller
doses repeated over a long period of time. Toxic effects of prolonged exposure of
bismuth cause anorexia, nausea, vomiting, colicky abdominal pain and diarrhea
[134]. Low amounts of bismuth are taken by healthy gastrointestinal tract, therefore
toxic effects are rarely observed with normal intakes of bismuth. When bismuth in
blood is below 50 pg/mL, toxicity in human is unlikely to take place [147].

1.6.4. Determination of Bi

Determination of Bi in different matrices has been performed with the application of
several analytical techniques. Among the analytical techniques, the most widely
employed techniques are ICP-MS, ICP-OES and ETAAS. Multi-element

determination including Bi in urine samples were performed with ICP-MS and 5.0
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ng/L limit of detection was achieved for Bi in this study [148]. Velitchkova et al.
studied the determination of Bi in environmental samples by using ICP-AES
with a detection limit of 4.0 ng/mL [149]. Barbosa et al. [150] and Magalhaes
et al. [151] used direct determination of Bi in urine and whole blood samples
by using ETAAS. On-line preconcentration coupled to ETAAS was used for
the determination of Bi in urine samples and 13.0 ng/mL detection limit was
obtained for this technique [152]. Shemirani et al. determined Bi by using

cloud point extraction ETAAS in biological and water samples [153].

Hydride generation coupled to atomic spectrometric methods has been used
currently for the determination of Bi in different matrices. Trace amounts of
Bi in metallurgical materials was determined with hydride generation AAS
and detection limit of 16 ng Bi was achieved [154]. Zhang et al. developed a
simple and robust method for determination of Bi with flow injection hydride
generation atomic absorption spectrometry [155]. Diverse matrix effects on
the determination of bismuth in nickel-based alloys and pure copper by flow-
injection hydride generation AAS were investigated. Sodium tetrahydroborate

was used as the reductant [156].

Moreover, atomic fluorescence and plasma sources were used together with
hydride generation for determination of Bi. The preconcentration of bismuth
on a nylon fiber-packed microcolumn was carried out based on the retention of
bismuth complex and on-line separation and preconcentration system coupled
to hydride generation AFS was used for the determination of Bi in water and
urine samples [157]. Feng et al. [158] applied hydride generation system with
ICP-AES to determine Bi in a marine sediment material and the limit of
detection for the developed method was 1.2 ng/mL. Chang and Jiang [159]
introduced vapor generation ETV ICP-MS system for the determination of Bi

in several water reference samples. Bi was converted to its vapor form and
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collected on platinum treated graphite surface and by desorption of collected

Bi species the detection was done with ICP-MS.

1.7.  Purpose of the Study

In this study, W-coil Atom Trap ETA and W-coil Atom Trap ETV systems were
used to evaluate the performance of ETA and ETV systems with W-coil. For this
purpose bismuth (Bi) was selected as the analyte. For the improvement of sensitivity,
atom trapping was used and W-coil was used for this purpose. W-coil was coated
with rhodium (Rh) for surface modification and to make the life-time of W-coil
longer. Both systems were compared with respect to their analytical performance,
practical use and resistance to interference elements. As the interference elements,
the other most common hydride forming elements As, Sh, Se, Te and Sn were

selected.
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CHAPTER 2

EXPERIMENTAL

2.1. Instrumentation

Varian AA140 (Victoria, Australia) atomic absorption spectrometer equipped with a
deuterium arc background correction system was used for absorbance measurements.
Instrument was computer controlled and data were processed by the help of
SpectrAA software (version 5.1). Varian High Intensity UltrAA Coded hollow
cathode lamp operating at 10.0 mA was used for Bi at the analytical line of 223.1 nm

with 0.2 nm spectral bandwidth.

Table 2.1 Operating conditions of Varian AA140

Parameter Value
Measurement wavelength, nm 223.1
Spectral bandpass, nm 0.2
Lamp current, mA 10.0
Read time, s 10.0
Measurement mode Peak height
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Operating conditions presented in Table 2.1 was used for bismuth, in continuous
flow hydride generation, W-coil atom trap ETA, W-coil atom trap ETV and

interference studies.

2.2.  Chemicals and reagents

All reagents used throughout the studies were of analytical grade or higher purity.
1000 mg/L stock solution of Bi was prepared from bismuth(ll)nitrate (Fisher
Scientific) in 1.0 mol/L HCI. The working solutions were prepared with necessary
dilutions from 10.0 mg/L and 1.0 mg/L that were in 1.0 mol/L HCI. For acidification
of working solutions, proanalysis grade HCIl was used (Merck, Darmstadt,

Germany).

For the interference study, 1000 mg/L stock solution for As(I11), Sb(l1l) and Se(IV),
were prepared by dissolving required mass of sodium arsenite (Fisher Scientific,
New Jersey, USA), potassium antimony(lll) tartrate (C4H4sKO;Sb) (Sigma-Aldrich),
sodium selenite (Ventron, Karlsruhe, Germany) respectively, in deionised water.
1000 mg/L Te(IV) stock solution was prepared by dissolving suitable mass of TeO,
(Fisher Laboratory Chemical, U.S.A.) in 10% (v/v) HCI (Merck, Darmstadt,
Germany) solution by means of EIma S40 H ultrasonic water bath (Germany). 1000
mg/L stock solution of Sn(IV) (Merck, Darmstadt, Germany) was used. In the
interference study, transition metals including Fe (High Purity Standards, SC, USA),
Co(Il) (CoCl,, Merck, Darmstadt, Germany), Cu(ll) (Cu(NO3),, Merck, Darmstadt,
Germany), Ni (from Ni metal, High Purity Standards, SC, USA) and Mn(ll)
(Mn(NOs),, Merck, Darmstadt, Germany) were used. Moreover, AI** (AI(NO3)s,
Merck, Darmstadt, Germany), Si (Sigma-Aldrich), Na" (Na,COs, High Purity
Standards, SC, USA) and Ca?* (Ca(NOs),, Merck, Darmstadt, Germany) were used
for the interference studies.

Powdered proanalysis grade NaBHs4 (Merck, Darmstadt, Germany) was used to
prepare 0.5% (w/v) of reductant solution in 0.2% (w/v) NaOH (Merck). The

reductant solution was prepared daily.
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High purity Ar (99.999) and high purity H2 (99.999 %) gases were used (Linde Gaz,
Ankara, Turkey) in this study.

Solutions were diluted by using 18 MQ-cm deionized water obtained from TKA
(Thermo Scientific, Stockland, Germany) Pacific PW reverse osmosis water

purification system.

Prepared solutions are transported and stored in polypropylene bottles. All glassware
and plastic bottles used in the study were immersed in 10% (v/v) HNO3 solution at

least 24 hours and rinsed with deionized water before use.

2.3.  Hydride Generation System

The experiments were carried out in continuous flow using Gilson Minipuls 3
(Villers Le Bell, France) 4-channel peristaltic pumps to transport analyte and
reductant solutions. Two-stop red-red color coded 1.14 mm ID Tygon® peristaltic
pump tubings were employed for pumping analyte and reductant solutions through
the peristaltic pump. In order to remove waste solution from gas liquid separator,
Gilson Minipuls 3 4-channel peristaltic pump was utilized. The schematic
representation of the continuous flow hydride generation system is shown in Figure
2.1.

Solutions were transported by the tubings that were made of polytetrafluoroethylene
(PTFE) with 0.56 mm i.d and supplied from Cole Parmer (USA). The reaction and
stripping coils were also made from the same PTFE tubing in different lengths. For
the junction points of tubing and carrier gas, 3 way T-shaped PTFE connectors (Cole

Palmer, Illinois, USA) were used.

High purity Ar gas was required for stripping of solutions and transportation of
volatile species to the atomization unit. For experimental studies performed with W-
coil, H; gas was also introduced to the system. The flow rates of Ar and H, were
controlled by two separate rotameters (Cole Parmer). The rotameters were calibrated

regularly by a soap bubble flow meter.
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Figure 2.1 The experimental set up for continuous flow hydride generation system

for Bi.

Gas liquid separator (GLS) that is made of borosilicate glass was used for the
separation of gaseous analyte species from the liquid phase. The design of cylindrical

type of GLS used in this study is given in Figure 2.2.

gaseous

phase

from

stripping coil towaste

Figure 2.2 Schematic representation of cylindrical type GLS.



2.4.  Atomization Units and Atom Cell
2.4.1. Continuous Flow Hydride Generation System

An Externally Heated Quartz T-tube Atomizer (EHQTA) is most widely used
atomizer in hydride generation methods. EHQTA, supplied by Calisgkan Cam,
Ankara, served as an atomizer for continuous flow hydride generation and W-coil
Atom Trap ETV systems. It was inserted into a lab-made ceramic electrical heater.
When EHQTA was used for the first time, its surface was saturated by using 100 mL
of 1.0 mg/L analyte solution. The dimensions of the QTA and schematic

representation are shown in Figure 2.3.
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Figure 2.3 The schematic representation of the EHQTA.

QTA can be heated externally on a stoichiometric air acetylene flame or in an
electrical heater. In this study, QTA was heated in a lab-made ceramic electrical
heater (Figure 2.4). This unit was placed to the position of burner head and its
position was aligned with the beam pathway of the spectrometer. A lab-made

resistively heated cylindrical ceramic furnace was designed for the dimensions of
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QTA with 1.8 cm outer diameter and 14 cm length. There were two semi-cylindrical
ceramics inside the heater that can cover the top and the bottom parts of the
horizontal arm of quartz T-tube atomizer. Ceramic part was covered and insulated
with quartz wool and placed inside an aluminum box. In order to control the
temperature of the heater, a GEMO DT109 temperature controller (Giirblizoglu
Elektronik, Ankara, Turkey) was coupled with the heater. A thermocouple was
inserted into the semi-cylindrical part of the ceramic in order to monitor the
temperature. The temperature was measured with thermocouple and the temperature
controller was set to desired atomization temperature (950 °C). The temperature of
QTA was kept constant with this lab-made ceramic electrical heater system.

Figure 2.4 Lab-made ceramic electrical heater used to heat QTA to atomization

temperature [160] .
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EHQTA together with lab-made ceramic electrical heater was as the atomizer used in

continuous flow hydride generation and W-coil Atom Trap ETV systems.

2.4.2. W-coil Atom Trap ETA

As the name implies, W-coil served as both atomizer and atom trap in W-coil Atom

Trap ETA system.

There are two different atomization units used for W-coil Atom Trap ETA system.

The schematic representation of the first atomization unit is given in Figure 2.5.
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Figure 2.5 The atomization unit for W-coil Atom Trap ETA system.

The atomization unit was made of glass (Glass Shop, Department of Chemistry,
METU) and placed on the burner head. W-coil was inserted in the middle of the
atomization unit from an opening hole and fixed with a glass joint that was filled

with silicone. Generated hydride species from the GLS was introduced through a
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glass tube (0.8 cm 0.d.) that was extended as near as possible to the surface of W-coil
(Figure 2.6).

Volatile species + Ar

l

\

Figure 2.6 The side view of W-coil Atom Trap ETA atomization unit.

The second atomization unit that was made of glass (Glass Shop, Department of
Chemistry, METU) and utilized for W-coil atom trap ETA system was different from
the first atomization unit regarding its hydride introduction to the surface of W-coil.
Design of the glass cell used for the atomization is similar to that of first atomization

unit (Figure 2.7). The atomization unit was placed on the 10 cm burner head.

A quartz capillary (Glass Shop, Department of Chemistry, METU) was inserted in a
syringe. The syringe with quartz capillary was placed on top of the atomization unit.
The hydride species transported from GLS was introduced through this quartz
capillary that was brought as close as possible to the W-coil surface. This
configuration was useful when W-coil was used as a trap. The side view of the

syringe attached W-coil Atom Trap ETA atomization unit is given in Figure 2.8.
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Figure 2.7 The atomization unit used for syringe attached W-coil Atom Trap ETA

system.

The resistive heating of W-coil was achieved by applying an ac voltage by using a
750 W transformer and a variable potential power supply (Variac) that is connected
to main electricity through a power switch. The input voltage of variable potential

power supply was 220 V.

In order to protect W-coil against oxidation, H, gas was introduced to provide a
reducing environment. H, gas introduction was achieved from the tube opening in
front of the glass cell. For both of the designs for atomization unit, H, was

introduced.

Volatile species + Ar

|

Figure 2.8 The side view of the syringe attached W-coil Atom Trap ETA

atomization unit.
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2.4.3. W-coil Atom Trap ETV

The atomization unit used for W-coil Atom Trap ETV system was the same with that
of continuous flow hydride generation system. EHQTA was used as the atomizer for
W-coil atom trap ETV. The dimensions of QTA are given in Figure 2.3. EHQTA
was heated with the lab-made ceramic electrical heater and the atomization
temperature (Figure 2.4) was 950 °C. When quartz T-tube was used firstly, its
surface was saturated using the gaseous analyte formed by using 100 mL of 1.0 mg/L

analyte solution.

2.5.  W-coil as a Vaporization Unit

In W-coil Atom Trap ETV system, W-coil was used as both the trap and the
vaporization unit. In other studies regarding W-coil ETV systems, W-coil has been
placed in inlet arm of EHQTA [56,118,119]. In our study, a separate vaporization
unit made of glass was constructed (Glass Shop, Department of Chemistry, METU).
Two different configurations were utilized for W-coil Atom Trap ETV vaporization

unit. The second one is to be used with syringe attached.

The first vaporization unit is shown in Figure 2.9. The heating of W-coil was
achieved by the same process which was used for W-coil Atom Trap ETA system.
W-coil was inserted in a glass joint that was filled with silicone to fix the W-coil.
The position of W-coil was adjusted to provide largest area for maximum trapping

efficiency.
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Figure 2.9 Vaporization unit for W-coil Atom Trap ETV system.

The second vaporization unit used for W-coil Atom trap ETV system was the syringe
attached system. A quartz capillary was inserted inside the syringe. The syringe was
attached to the glass cell (Glass Shop, Department of Chemistry, METU) constructed
for vaporization unit. The hydride species were transferred through the quartz
capillary to the surface of W-coil. The schematic representation of syringe attached

vaporization unit for W-coil Atom Trap ETV is given in Figure 2.10.

For both of the configurations, H, gas was introduced. Different from the first
configuration, in the syringe attached vaporization unit carrier Ar gas was added to
the system. It was used to transfer the revolatilized species to the atomizer. The

atomizer used for both of the system was EHQTA.

Volatile species

AtOmizer QG em— ]) S — +

Ar

\ Carrier Ar

Transformer

Variable potential
power supply

Figure 2.10 The syringe attached vaporization unit for W-coil Atom Trap ETV
system.
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2.6. Trap System

W-coil was the trapping medium for both W-coil Atom Trap ETA and W-coil Atom
Trap ETV systems. W-coil was extracted from a 150 W, 15 V projector bulb (Philips
Focusline, Germany). It is inexpensive and easily handled. It provides a large surface

area for trapping. The dimensions of W-coil are given in Figure 2.11.

In W-coil Atom Trap ETA systems, W-coil is both the trapping and the atomizer,
therefore trapping and atomization take place on the same surface (Figure 2.6, Figure
2.8). For W-coil Atom Trap ETV systems, W-coil was functioning in modes of
trapping and vaporization unit. After the species are released from the trap
atomization takes place in EHQTA. The detailed procedure will be given in the

following sections (2.8.2 and 2.8.3).

1.0 mm 4.5 mm

3.0 mm I ‘ﬂﬂ[ﬂ“ﬂ‘ V s

Sideview Endview  Top view

Figure 2.11 Dimensions of W-coil extracted from a projector bulb.

2.7.  Interference study

The interference study was performed with CF-HG, W-coil Atom Trap ETA and W-
coil Atom Trap ETV systems. The chemicals and reagents used in the interference

study were given in Section 2.2.
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2.7.1. Instrumentation

The same operating conditions of given in Table 2.1 were used during interference
studies performed with CF-HG, W-coil Atom Trap ETA and W-coil Atom Trap ETV

systems.

As, Sh, Se,Te and Sn were selected among the interference elements whose effect on
analytical signal of Bi were observed to investigate the trapping, atomization and
revolatilization profiles with W-coil Atom Trap ETA and W-coil Atom Trap ETV
systems. For As and Sn, a Photron coded hollow cathode lamps were used and the
wavelengths of interest were 193.7 nm and 235.5 nm, respectively. Varian High
Intensity UltrAA Coded hollow cathode lamp was employed for Sb and Se at 217.6
nm and 196.0 nm, respectively. Varian high intensity hollow cathode lamp for Te

operating at 214.3 nm was used.

The operating conditions of the instrument were varied according to the element of
interest. The operating parameters for interference elements are listed in Table 2.2.

Table 2.2 Operating conditions of Varian AA140 for interference elements.

Parameter As Sb Se Te Sn

Measurement
193.7 217.6 196.0 214.3 235.5
wavelength, nm

Spectral

0.5 0.2 1.0 0.2 0.5
bandpass, nm
Lamp current,

12.0 10.0 15 15 8.0
mA
Read time, s 5 5 5 5 5
Measurement Peak Peak Peak Peak Peak
mode height  height  height height  height
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2.7.2. Interference study with W-coil Atom Trap ETA and W-coil Atom Trap
ETV

The preliminary studies regarding interferences were performed with hydride
generation system shown in Figure 2.1. This experimental set up was applied to W-
coil Atom Trap ETA and W-coil Atom Trap ETV systems. The interfering elements
were selected from the hydride forming elements (As, Sb, Se, Te, Sn), transition
metals (Fe, Co, Ni, Cu, Mn) and alkali-earth metals (Na, Ca, Al, Si). The analyte
concentration was selected as 0.3 ng/mL Bi and the interference elements were added

to analyte solution using 1, 10, 50 and 500 mass ratio of interferent/analyte.

Detailed studies regarding interference study were continued with a different
configuration of CF-HG system. Two configurations were used in this part of the
study. They were different in terms of analyte/interference solution transport to the

atomization or vaporization unit.

The first experimental set up for interference study is given in Figure 2.12. The
system was consisting of two separate GLS, therefore the system was called twin-

channel hydride generation system.

EHQTA/ETA/ETV

Rotameter I | Rotameter
: GLS / :

Argas Argas

Analyte
+ interferent
NaBH,

Blank
NaBH,

Waste

PP: Peristaltic Pump RC: Reaction Coil
GLS: Gas Liquid Separator ~ SC: Stripping Coil

Figure 2.12 Experimental set-up for twin-channel hydride generation system in
which analyte and interference elements were transferred together using the same
GLS.
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For this experimental set up for twin-channel hydride generation system, interference
elements were spiked to analyte solutions. Analyte and interference elements were
present in the same solution and pumped through the same channel. From the other
channel blank solution was transferred. Hydrides from analyte/interferent solution
and blank combined down-stream of gas liquid separators and sent to vaporization

and/or atomization units.

Schematic representation of second experimental set up for twin-channel hydride

generation system is given in Figure 2.13.

EHQTA/ETA/ETV

Rotameter I | Rotameter
Argas 3 ;L‘— Ar gas
- GLS GL

S

Analyte ! Eﬁ Interferent
NaBH, 4 NaBH,

‘Waste #E ‘

PP: Peristaltic Pump RC: Reaction Coil
GLS: Gas Liquid Separator ~ SC: Stripping Coil

Figure 2.13 Experimental set-up for twin-channel hydride generation system in

which analyte and interference element were transferred separately.

For this experimental set up (Figure 2.13), analyte and interference element solutions
were prepared separately. They were passing through separate GLS. Hydrides of
analyte and interference elements are combined down-stream of gas liquid separators

and were sent to vaporization and/or atomization units.
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These two experimental set-ups were used in the interference study of CF-HG, W-
coil atom trap ETA and W-coil atom trap ETV studies.

2.8. Procedures

2.8.1. Continuous Flow Hydride Generation System

In continuous flow hydride generation system, acidified analyte solution and
reductant solutions were pumped through peristaltic pumps at a constant flow rate of
3.0 mL/min for the both. The analyte solution was prepared in 1.0 mol/L HCI
solution. The reductant solution was containing 0.5% (w/v) of NaBH, and stabilized
in 0.2% (w/v) NaOH. Ar gas was introduced to CF-HG system to strip the volatile
species. The optimized value for stripping Ar gas was 220 mL/min. The length of
reaction and stripping coils were 15.0 cm and 2.0 cm, respectively. The duration for
one signal at continuous mode was 10 seconds. Each result was the mean of at least

two replicate measurements.

All the optimized values in CF-HG were used for W-coil Atom Trap ETA and W-
coil Atom Trap ETV systems except the flow rate of Ar gas. Ar gas flow rate was
optimized according to the system used.

2.8.2. W-coil Atom Trap ETA

In W-coil Atom Trap ETA studies, the same values for the optimized hydride
generation conditions were used except for Ar gas flow rate. Additionally, H, gas
was introduced to the system. Ar and H, flow rate values were optimized in this
system. The sample and reductant solutions were pumped at a constant flow rate by
the peristaltic pump in CF mode. The generated volatile species were transported to
the W-coil surface that was heated previously to the trapping temperature. After
trapping period was completed, the peristaltic pumps were switched off and all the
48



species collected on W-coil surface were revolatilized and atomized at once by
increasing the temperature of W-coil to atomization temperature. The revolatilization
and atomization take place almost simultaneously at the location. During trapping
and atomization stages, Ar and H, flow rates were kept constant. In these

experiments, syringe attachment was not used.

In the second part of this study, syringe attached configuration was used (Figure 2.8).
The pumps were activated to transport solutions of sample and reductant in CF
mode. The generated hydride species passed through gas liquid separator were
introduced to the W-coil surface via a quartz capillary. The quartz capillary was
pushed to 1.0 mm above the W-coil and kept on the W-coil surface during the
trapping period. When trapping period was completed, the peristaltic pumps were
deactivated and W-coil was switched off. Additionally, quartz capillary was pulled
back. The temperature was raised to atomization temperature for release and
atomization of the collected species on W-coil surface and revolatilization and
atomization took place almost simultaneously at the same location. During trapping

and release stages Ar and H; gas flow rates were kept constant.

For both of the studies, the integration time was kept as 5 seconds. The results
obtained throughout the optimization of the system were the mean of at least two

replicate measurements.

Because the trap signals were transient and very sharp, the integrated absorbance
values were affected by the lamp noise and the very slight drifts in the base line
caused large errors in peak area values. The peak height values are the basis of the
measurements. The optimization of experimental parameters was performed by
changing one variable at a time. While optimizing one parameter, the others were

kept at their optimum value.

49



2.8.3. W-coil Atom Trap ETV

W-coil Atom Trap ETV studies were carried out with CF mode. Hydride generation
parameters optimized for CF-HG system were used for W-coil Atom Trap
ETVsystem except for Ar gas flow rate. The flow rate of Ar was optimized for W-
coil atom trap ETV. H; gas introduction was performed to prevent oxidation of W-
coil.

According to the system with schematic representation in Figure 2.9, sample and
reductant solution were pumped by peristaltic pump in CF mode. Hydrides from the
generator were directed to the surface of W-coil already heated to trapping
temperature. When trapping period was completed, peristaltic pumps were closed,
and the Ar flow rate was increased for releasing stage. Then the temperature of W-
coil was raised to revolatilization temperature and collected species were

revolatilized and carried to EHQTA for the atomization.

The other study regarding W-coil Atom Trap ETV system was performed with the
attachment of syringe to the vaporization unit as shown in Figure 2.10. In this
system, in addition to stripping Ar gas, extra carrier Ar gas was introduced. The
solutions of sample and reductant were pumped by peristaltic pumps in CF mode.
Hydrides from the generator were passed through a quartz capillary inserted in a
syringe. By the help of the piston of syringe, quartz capillary was directed to almost
1.00 mm away from the W-coil surface. W-coil was heated to the optimized
temperature at which analyte was collected on W-coil. Carried Ar gas was turned off
in the trapping period. It is required for revolatilization stage for the transportation of
revolatilized species to the atomizer. When trapping period was over, pumps were
deactivated. The quartz capillary was withdrawn. The carrier Ar gas flow rate was
increased and temperature of W-coil was raised to the revolatilization temperature
and revolatilization took place. Revolatilized species were transported to the
atomizer by the help of carrier Ar gas. Atomization of these species was held on
EHQTA at 950 °C.
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For both of the studies, the integration time was kept as 5 seconds. The results
obtained throughout the optimization of system were the mean of at least two
replicate measurements. The peak height measurement was performed for the signal

evaluation.

2.8.4. Interference Study

The preliminary interference studies were performed by using W-coil Atom Trap
ETA and W-coil Atom Trap ETV systems. The details of the procedure applied are
given in Sections 2.8.2 and 2.8.3. This study was limited to the elements selected

mainly from hydride forming elements that were As, Sh, Se, Te and Sn.

2.8.4.1. Continuous Flow Hydride Generation System

Twin channel hydride generation system was used for detailed interference study.
The first application was done with CF-HG system. In the first experimental set up
(Figure 2.12), analyte/interference and reductant solution were transferred from
peristaltic pumps. From the second hydride generator blank and reductant solutions
were transported by peristaltic pumps. From both of the sides solutions were pumped
in CF mode. Volatile species pass through the gas liquid separators and were

combined after gas liquid separators and sent to the atomizer that was EHQTA.

For the second experimental set up (Figure 2.13) in which analyte solution and
interferent solution were transferred separately, the study was performed in CF
mode. Analyte and reductant solutions were pumped from first channel with
peristaltic pump; interferent and reductant solution were transferred from the second
channel with other peristaltic pump. They combined after the gas liquid separators,
then sent to atomizer that was EHQTA.
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2.8.4.2. W-coil Atom Trap ETA

Twin channel hydride generation system was used in CF mode in W-coil Atom Trap
ETA system. For both of the experimental set-ups for twin channel hydride
generation systems, the procedure applied for W-coil Atom Trap ETA system was
the same. Hydrides generated from both sides of the twin channel hydride generation
met after GLSs and introduced to the surface W-coil that was heated to trapping
temperature. When collection of hydride species was completed, the pumps at the
both sides of twin channel hydride generation systems were deactivated. The
temperature of the W-coil was increased to release and atomize of the trapped
species. The analyte concentration was 2.0 ng/mL and acidified in 1.0 mol/L HCI.
The collection on W-coil was held on for 60 second. Signals were obtained for 5
seconds integration time. After each trapping and atomization cycle one cleaning
step was applied. The signals were transient height and peak height measurement

was taken into account.

The trapping and atomization profiles of the interference elements were studied with
W-coil atom trap hydride generation system. Single channel including single gas
liquid separator hydride generation system was used for this part of the interference
study. The interference elements were acidified with 1.0 mol/L HCI and 0.5 % (w/v)
NaBH, stabilized in 0.2 % (w/v) NaOH reductant solution was used. The optimum
conditions for bismuth for this study except for trapping and atomization temperature
were applied in this part. In Table 2.3 the hydride generation, trapping and release

(atomization) conditions for interference elements are listed.
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Table 2.3 Hydride generation, trapping and release (atomization) conditions for As,

Sb, Se, Te and Sn with Rh coated W-coil Atom Trap ETA.

PARAMETERS As Sb Se Te Sn
Concentration of element, ng/mL 5.0 5.0 10.0 50 100.0
Concentration of HCI, mol/L 1.0 1.0 1.0 1.0 1.0
Concentration of NaBHg, % (w/v),
stabilized in 0.2 % (w/v) NaOH 05 05 05 0505
Flow rate of sample, mL/min 3.0 3.0 3.0 3.0 3.0
Flow rate of NaBH,, mL/min 3.0 3.0 3.0 3.0 3.0
Trapping Ar flow rate, mL/min 125 125 125 125 125
Release Ar flow rate, mL/min 125 125 125 125 125
Trapping H; flow rate, mL/min 150 150 150 150 150
Release H, flow rate, mL/min 150 150 150 150 150
Trapping temperature, °C 1018 544 277 620 620
Release (atomization) temperature, °C 1742 2177 2177 2177 2177

Signals were obtained for 5 seconds integration time. After each trapping and

atomization cycle one cleaning step was applied. The signals were transient and peak

height measurements were used.
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2.8.4.3. W-coil Atom Trap ETV

The interference study performed with W-coil Atom Trap ETV system was carried
out with twin channel hydride generation system. The analyte and interferent
solutions were pumped together in the same solution or separately from different
channels. All the solutions were transferred from peristaltic pumps were in CF mode.
The generated hydride species from both sides of the channels came together after
gas liquid separators. Then they were sent to the W-coil placed as the trapping and
vaporization unit (Figure 2.9). The volatile species coming from generators were
collected on the heated W-coil. When collection period was over, all peristaltic
pumps were switched off. Carrier Ar gas flow rate was increased and temperature of
W-coil was brought to revolatilization temperature. Then release of trapped species

was realized. Released species were carried to EHQTA for atomization.

By using single GLS hydride generation system, the trapping and revolatilization
profiles of the interference elements were obtained. The procedure used for this part
of the study was the same for previous one (2.8.3) used for W-coil Atom Trap ETV
studies. The solutions containing interference elements were acidified with 1.0 mol/L
HCI and the reductant solution was 0.5 % (w/v) NaBH, in 0.2 % (w/v) NaOH.
Hydride generation, trapping and release (revolatilization) conditions for As, Sb, Se,

Te and Sn with W-coil Atom Trap ETV system were summarized in Table 2.4.

The analyte concentration was 2.0 ng/mL and acidified in 1.0 mol/L HCI. The
collection on W-coil was continued for 60 s. The measurement of the signal was
adjusted as 5 s reading time. After each trapping and revolatilization cycle one
cleaning step for W-coil was applied. The signals were transient and peak height

measurement was taken into account.
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Table 2.4 Hydride generation, trapping and release (revolatilization) conditions for
As, Sb, Se, Te and Sn with W-coil atom trap ETV.

PARAMETERS As Sb Se Te Sn
Concentration of element, ng/mL 10.0 10.0 10.0 10.0 1000.0
Concentration of HCI, mol/L 1.0 1.0 1.0 1.0 1.0

Concentration of NaBH,, % (w/v), stabilized
in 0.2 % (w/v) NaOH

05 05 0.5 0.5 0.5

Flow rate of sample, mL/min 30 30 3.0 3.0 3.0
Flow rate of NaBH4, mL/min 3.0 30 30 30 3.0
Trapping Ar flow rate, mL/min 125 125 125 125 125
Release Ar flow rate, mL/min 125 125 125 125 125

Carrier Ar flow rate (revolatilization), L/min 15 15 1.5 1.5 1.5

Trapping H; flow rate, mL/min 150 150 150 150 150
Release H, flow rate, mL/min 150 150 150 150 150
Trapping temperature, °C 620 262 277 262 462
Release (revolatilization) temperature, °C 1696 1696 1742 1742 1742
Atomization temperature, °C 950 950 950 950 950

The last part of interference study performed with W-coil atom trap ETV was
following the signal of interference element in CF-HG, CF-HG during collection on
W-coil and revolatilization. This part of the study was limited to the interference
elements As, Sb and Se.
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2.8.5. Coating of W-coil Surface

W-coil surface was modified with Rh as a permanent modifier. 1000 mg/L Rh stock
solution was used for coating of W-coil surface. 20 uL of Rh solution was injected
manually to the surface of W-coil. A temperature programming given in Table 2.5
was applied. The same procedure was repeated 10 times to increase the coated mass
of rhodium. During the coating procedure Ar and H, flow rates were 125 and 150

mL/min, respectively.

Table 2.5 Temperature program used for W-coil surface with Rh.

Time, s Temperature, °C
1. step 60 462
2. step 30 620
3. step 10 1300
4. step 3 1742

2.8.6. Temperature Measurement of W-coil

The temperature control of W-coil was done manually with variable power supply
(Variac, Simsek Laborteknik, Ankara) that was conneted to main electricity. 750 W
transformer was inserted between the variac and W-coil.

Temperature measurement was performed with thermocouple and infrared
thermometer (Mirage, IRCON, Santa Cruz, USA). Up to 700 °C, the temperature
was measured with thermocouple. The temperature sensing tip of thermocouple was
covered with alumina-glass water mixture to keep this part from deformation with
high temperature. Thermocouple was positioned to W-coil surface as near as possible

to determine W-coil temperature correctly. W-coil temperature above 1000 °C was
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measured with pyrometer. Graphite furnace of the atomic absorption spectrometer
(VARIAN GTA120, Walnut Creek, CA) was used for the calibration of pyrometer.

2.9.  Accuracy Check

In order to verify the accuracy of W-coil Atom Trap ETA and W-coil Atom Trap
ETV, NIST 1643e “Trace Elements in Water” standard was used. The contents of the
SRM are listed in

Table 2.6. The direct calibration method was used for W-coil Atom Trap ETA
system. Standard addition method was employed for W-coil Atom Trap ETV system.
For the analysis of SRM, the appropriate dilutions for the analysis of SRM were

performed.

Table 2.6 Certified values for Trace Elements in SRM 1643e.

Element Mass Fraction Mass Concentration
(ng'kg) (ngl)
Aluminwm 138.33 + 84 1418 + 6
Antimony 36.88 t 0.60 5830 t 0.61
Arzenic 38.98 t 0.70 60.435 t 0.72
Barium 331.0 + 3.6 5442 + 58
Beryllium 13.64 t 0.16 13.98 t 017
Bismuth 13.75 t 0.15 14.09 t 0.13
Boron 154.0 + 18 1579 + 39
Cadmium 6.408 * 0.071 6.568 t 0.073
Calcium 31300 £ 1100 33300 & 1100
Chrominm 19.90 + 0.23 2040 + 024
Cobalt 26.40 s 0.32 27.06 t 032
Copper 222 * 0.31 227 t 031
Iron 957 + 14 981 + 14
Lead 19.15 + 0.20 19.63 + 021
Lithium 17.0 t 1.7 174 t 1.7
Magnesium 7841 + 96 8037 + 98
Manganese 38.02 + 044 38.97 + 0.45
Meolybdenum 118.5 * 13 1214 t 1.3
Niclkel 60.89 + 0.67 62.41 + 0.69
Potassium 1984 + 2 2034 + 2
Fubidium 13.80 * 0.17 14.14 t 0.18
Selenium 11.68 + 0.13 11.97 + 0.14
Silver 1.036 + 0.073 1.062 + 0.075
Sodivm 20230 + 250 20 740 + 260
Strontivm 31532 s i3 3231 t 36
Tellurium 1.07 t 0.11 1.09 t 0.11
Thallium 7263 + 0.094 7445 + 0.096
Vanadinm 36.93 + 057 37.86 + 0.39
Zinc 76.5 t 2.1 785 t 22
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CHAPTER 3

RESULTS AND DISCUSSION

This study deals with the use of tungsten coil as electrothermal atomization and
electrothermal vaporization in atomic absorption spectrometry. In order to

investigate their use, in this scope Bi was selected as the analyte.

In the first part of the study, continuous flow hydride generation conditions for Bi
were investigated and optimum conditions for this system were established. Flow
rates of NaBHa4, sample solutions and carrier Ar gas and concentrations of NaBHa
and HCI were optimized. The linear range and calibration plot were obtained and

analytical figures of merit were calculated for this system.

The second part of the study includes the optimization of W-coil Atom Trap ETA
and W-coil Atom Trap ETV for Bi. The surface of W-coil was modified with Rh
since the signals obtained with bare W-coil were not reproducible. Trapping,
atomization/revolatilization temperatures, Ar and H, gas flow rates for trapping and
atomization/revolatilization stages and trapping period were optimized for both of
the systems. Calibration studies were performed and analytical figures of merit for

both of the systems were obtained.

In the third part of the system, quartz capillary attached W-coil Atom Trap ETA and
also W-coil Atom Trap ETV systems were studied. Quartz capillary was inserted into
a syringe. By the help of the syringe the movement of capillary was easily handled;
in addition, in this set-up, even when the capillary was drawn, airtight conditions

were kept. The surface of W-coil was coated with rhodium as in the previous part.
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Trapping, atomization/revolatilization temperatures, Ar and H, gas flow rates for
trapping and atomization/revolatilization stages and trapping period were optimized
for both of the systems. Linear range and calibration plots for both of the systems
were obtained and analytical figures of merit were evaluated. The accuracy checks

regarding both systems were performed.

The interference study was performed in the fourth part of the study. The
interference study covered continuous flow HGAAS, W-coil Atom Trap ETA and
W-coil Atom Trap ETV systems. Some interference elements had an enhancement
effect on the Bi signal. Therefore detailed studies regarding these elements were
performed. Twin channel CF-HG system was employed for all the systems.
Moreover, the trapping and atomization/revolatilization profiles for interference
elements were carried out. The behavior of the interference elements in CF-HG,
trapping and revolatilization stages were investigated with W-coil Atom Trap ETV
system. The effect of increasing revolatilization temperature on interference elements

were additionally studied in this part.

3.1.  Continuous Flow Hydride Generation System

This part involves the optimization conditions for continuous flow hydride
generation system. The detection was done by AAS using an EHQTA. Optimization

studies are described in the following parts.

3.1.1. Optimization of HCI and NaBH, Concentrations

The reductant and acid concentrations are crucial parameters in hydride generation
systems. Bi in acidified solution reacts with tetrahydroborate to generate bismuthine,
BiH3;. The reaction coil and stripping coil lengths were 15.0 cm and 2.0 cm,
respectively. To determine the optimum HCI and NaBH, concentrations, Bi
concentration was adjusted to 20 ng/mL. During optimization of HCl and NaBH,4

concentrations, the stripping Ar flow rate was 220 mL/min. The flow rates of sample
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and reductant were 3.0 mL/min. All NaBH, solutions were prepared in 0.2 % (w/v)
NaOH in order to prevent hydrolysis and for better stability. The NaBH, solutions
were prepared in the concentration range of 0.3-1.5 % (w/v). In order to find the
optimum HCI concentration, HCI concentration in the analyte solution was varied
between 0.5 and 2.0 mol/L. The optimization of HCIl and NaBH, concentrations were
carried out together. The absorbance value obtained for Bi signal was recorded for
every acid concentration and its corresponding NaBH, concentrations. The results

obtained for varied HCI and NaBH, concentrations are given in Figure 3.1.

dURGIOSqY

Figure 3.1 Variation of CF HGAAS signal with NaBH,4 and HCI concentration for
20 ng/mL Bi sample solution. Sample and reductant flow rates were adjusted to 3.0

mL/min.

The optimum concentration of NaBH, was found to be 0.5% (w/v). The HCI

concentration in sample solution was selected as 1.0 mol/L.
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3.1.2. Optimization of Sample and Reductant Flow Rate

The sample and reductant solutions were pumped separately by peristaltic pumps. In
this section, the effect of sample and reductant flow rates was investigated. For this
optimization Bi concentration was kept at 20 ng/mL and stripping Ar flow rate was
220 mL/min. The sample flow rate was varied between 1.0 to 4.0 mL/min. The
optimum flow rate for sample solution was selected as 3.0 mL/min at which the

highest absorbance value for Bi observed (Figure 3.2).
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Figure 3.2 Effect of sample flow rate on the analytical signal of 20 ng/mL Bi
solution. Sample solution was prepared in 1.0 mol/L HCI and 0.5 % (w/v) NaBH,4

was used.

The variations of Bi signal for NaBH, flow rate was measured within the range of
1.0 to 4.0 mL/min. The optimum flow rate was selected as 3.0 mL/min for NaBH..

Higher the flow rates of NaBH,4 lower the analytical signal of Bi (Figure 3.3).
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Figure 3.3 Effect of reductant flow rate on 20 ng/mL Bi signal. The sample flow
rate was 3.0 mL/min and prepared in 1.0 mol/L HCI. The concentration of NaBH,
was 0.5% (w/v).

3.1.3. Optimization of Stripping Argon Flow Rate

Stripping argon is introduced between the reaction and stripping coils and is used to
separate the volatile species from the liquid phase and transport these species from
GLS to the atomizer. The optimization of flow rate of Ar is critical since it affects the
analyte signal significantly. The effect of Ar flow rate on 20 ng/mL Bi is given in
Figure 3.4. The optimum value for Ar flow rate was adjusted to 220 mL/min.
Although the lower flow rate of Ar has highest signal but the signals obtained for this
value were not stable during measurement time. The higher value for Ar flow rate
resulted in a decrease in signal due to the dilution of the volatile species during
atomization in EHQTA.
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Figure 3.4 Effect of stripping Ar flow rate on analytical signal of 20 ng/mL Bi.
Sample solution was prepared in 1.0 mol/L HCI solution and pumped at 3.0 mL/min

flow rate. 0.5% (w/v) NaBH, was used at a flow rate of 3.0 mL/min.

Finally, optimized parameters for CF-HGAAS system are listed in Table 3.1. These
parameters were used for CF-HG system coupled to W-coil atom trap ETA and W-

coil atom trap ETV systems. Stripping Ar gas optimized in each study.
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Table 3.1 Optimized parameters for CF-HGAAS system.

PARAMETERS RESULTS
Concentration of HCI, mol/L 1.0
Concentration of NaBH,, % (w/v), stabilized 0.5

in 0.2 % (w/v) NaOH

Flow rate of sample, mL/min 3.0
Flow rate of NaBH,, mL/min 3.0
Length of reaction coil, cm 15
Length of stripping coil, cm 2.0
Stripping gas (Ar), mL/min 220
Atomization temperature, °C 950

3.1.4. Calibration Plot and Linear Range for CF-HGAAS system

The calibration plot for Bi was obtained for the solutions ranging from 5.0 ng/mL to
150 ng/mL (Figure 3.5). It was observe that the calibration plot was linear between
5.0 ng/mL to 70 ng/mL (Figure 3.6). After this point deviation from linearity was
observed. The best line equation obtained for the calibration plot and correlation
coefficient were y = 0.0052x + 0.0006 and 0.9992, respectively; x is analyte
concentration in ng/mL and y is the absorbance value.

LOD and LOQ values for the system were 1.1 and 3.6 ng/mL, respectively. LOD and
LOQ values were calculated from 5 replicate measurements of smallest

concentration of 5.0 ng/mL Bi. Characteristic concentration was found as 0.80
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ng/mL and calculated from the absorbance value of 20 ng/mL Bi. Analytical figures
of merit of CF-HGAAS are given Table 3.2.
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Figure 3.5 Calibration plot for CF-HGAAS system for Bi solutions. Sample solution
was prepared in 1.0 mol/L HCI solution and pumped at 3.0 mL/min flow rate. 0.5 %

(w/v) NaBH, was used at a flow rate of 3.0 mL/min.
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Figure 3.6 Linear portion calibration plot of the calibration plot obtained for CF-
HGAAS system.

Table 3.2 Analytical figures of merit for CF-HGAAS system.

Limit of Detection, LOD, 36/m (N=5) ng/mL 1.10
Limit of Quantification, LOQ, 106/m (N=5) ng/mL 3.60
Characteristic Concentration, Cy ng/mL 0.80
Linear Range, ng/mL 5-70
Precision, % RSD (N=5) for 5.0 ng/mL Bi 3.36

3.2.  Rh coated W-coil Atom Trap Electrothermal Atomization System

In this part of the study, W-coil was functioning as both the atom trap and the

atomizer. This operation is called as electrothermal atomization (ETA). In this

system the gaseous bismuthine (BiH3) was transported to the surface of W-coil,
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preheated to collection temperature, and the species were collected on the W-coil
surface for a certain period of time. When collection period was completed,
temperature of W-coil was raised rapidly to the atomization temperature and a

transient signal was obtained. The detection was done with AAS instrument.

The surface of W-coil was modified with Rh. Studies based on uncoated W-coil and
Rh coated W-coil were carried out. It was observed that data obtained with bare W-
coil were not sufficiently reproducible. Surface modification of W-coil with Rh
improved the sensitivity and results were reasonable. The coating procedure was

represented in section 2.8.5.

For the Rh coated W-coil Atom Trap ETA system, optimizations were made for Ar
and H, gas flow rates, temperatures at trapping and atomization stages and the

collection period.

3.2.1. Optimization of Argon Flow Rate at Trapping and Atomization Stages

The optimum Ar flow rates at trapping and atomization stages were determined and
optimization graphs were given in Figure 3.7 and Figure 3.8, respectively. During
these stages only Ar flow rate was varied for the determination of optimum gas flow
rate for collection and atomization stages while H; flow rate was kept constant at 150

mL/min for both collection and atomization stages.

Ar was introduced to the system in order to strip the volatile species from solution
flow and transport them to trapping and atomization mediums. For the trapping and
atomization stages stripping Ar flow rate is important for both transportation
efficiency and residence time of analyte atoms in the atomizer. As the Ar flow rate
increases transport of analyte is achieved more sufficiently, but dilution of analyte
atoms during atomization takes place at high flow rates. As the flow rate decreases
residence time increases, hence the trapping efficiency is enhanced as analyte atoms
stay for a long time in the atomization zone. As a result, stripping Ar flow rate has to

be high enough to transport volatile species to atomizer and be as low as possible to
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increase the residence time. Moreover, cooling effect of H, causes changes in W-coil
temperature during collection period at low Ar flow rates. Therefore Ar flow rate
should be high enough also for keeping the temperature of W-coil constant during

the collection stage.

As the flow rate of Ar was raised for trapping and atomization stages, the signals
were dropped drastically because of the reasons stated above. Therefore, for
convenient application, 125 mL/min was selected as an appropriate flow rate of Ar

gas for both trapping and atomization steps.
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Figure 3.7 Effect of Ar flow rate at trapping stage on signal of 5.0 ng/mL Bi solution
trapped over 60 s time period with Rh coated W-coil Atom Trap ETA system.
Sample solution was pumped at 3.0 mL/min. Trapping temperature and atomization

temperatures were adjusted to 1064 °C and 1960 °C, respectively.

69



0.290

0.270

@ ¢=uum

0.250 'Y ®
0.230

0.210

Absorbance

0.190
0.170

0.150
0 50 100 150 200
Ar, mL/min

Figure 3.8 Effect of Ar flow rate at atomization stage on signal of 5.0 ng/mL Bi
solution trapped over 60 s time period with Rh coated W-coil Atom Trap ETA
system. Sample solution was pumped at 3.0 mL/min. Trapping temperature and

atomization temperatures were adjusted to 1064 °C and 1960 °C, respectively.

3.2.2. Optimization of Hydrogen Flow Rate at Trapping and Atomization
Stages

In studies related with W-coil, the introduction of H; gas is crucial, since to prevent
oxidation of W-coil, reducing environment is required and H, gas provides a
reducing environment and prevents W-coil from oxidation. In this study, CF-HG
system was coupled with W-coil Atom Trap ETA system. Although production of H,
takes place during HG process, this production was not enough to prevent the
oxidation of W-coil. Therefore additional H, gas was introduced. While varying the
H, flow rate, Ar flow rate was 125 mL/min at both trapping and atomization stages.

The effect of H, flow rate on analytical signal for trapping stage and atomization is
shown in Figure 3.9. For the trapping period, flow rates higher than 150 mL/min
resulted in lower signals. The first reason for this decrease may be the cooling effect
of H, on the temperature of W-coil. This cooling effect was due to the higher thermal

conductivity of Hy, 446x10° (cal/s.cm)(°C/m), which is approximately 10 times
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higher than that of Ar, 43x107® (cal/s.cm)(°C/m) [161]. At higher temperatures of W-
coil cooling effect of H, was diminished. The second reason of low signals at high

flow rates may be the dilution of volatile species during trapping period.

At the atomization stage, analytical signal was dropped as the flow rate of H, was
increased. The high flow rate of gas decreases the residence time of the atoms during
atomization; in addition, the cooling effect as discussed above should be also
effective. The flow rate of H, was adjusted to 150 mL/min for both trapping and
atomization stages. The same flow rate was used for trapping and atomization stages
since it was not practical to adjust gas flow rates at each cycle. Lower flow rates of
H, resulted in oxidation of W-coil, therefore were not preferred. The plot for the

variation of analytical signal versus H, flow rate is given in Figure 3.10.
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Figure 3.9 Effect of H, flow rate at trapping stage on signal of 5.0 ng/mL Bi solution
trapped over 60 s time period with Rh coated W-coil Atom Trap ETA system.
Sample solution was pumped at 3.0 mL/min. Trapping temperature and atomization

temperatures were adjusted to 1064 °C and 1960 °C, respectively.

71



0300

0.250 o o

0.200 °
0.150

0.100

0.050

0.000
0 50 100 150 200 250 300

H,, mL/min

Absorbance

Figure 3.10 Effect of H, flow rate at atomization stage on signal of 5.0 ng/mL Bi
solution trapped over 60 s time period with Rh coated W-coil Atom Trap ETA
system. Sample solution was pumped at 3.0 mL/min. Trapping temperature and

atomization temperatures were adjusted to 1064 °C and 1960 °C, respectively.

3.2.3. Optimization of Trapping and Atomization Temperatures

The relationship between analytical signal and trapping and atomization temperatures
are indicated in Figure 3.11. For the selection of optimum trapping temperature the
signal was evaluated after each atomization cycle. The optimum trapping
temperature range was narrow and sharp decrease was observed for temperatures
higher than 1000 °C. This sharp decrease can be attributed to the release of trapped
species during trapping period. The optimum trapping temperature was selected as
462 °C (1.60 V).

Atomization stage temperature was selected at the point where complete atomization
was achieved. The peak height of signal obtained at low temperatures was low due to
the slow rate of analyte release and thus broadening of the analytical signal was
observed. As the temperature was getting higher, increase in analytical signal was
observed and optimum value was chosen as 2177 °C (10.65 V). There was no

significant change in the analytical signal for higher temperature (2300 °C). At this
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temperature (2177 °C) analyte species could be released completely from W-coil
surface and therefore memory effect was not observed after atomization cycle. The

results obtained for the optimization of temperature are also given in Figure 3.11.
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Figure 3.11 The effect of temperature at trapping and atomization stages on 5.0

ng/mL Bi trapped over 60 s.
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3.2.4. Optimization of Collection Period

The correlation between trapping time and analytical signal was observed by varying
the trapping period between 30-150 seconds and the results are given in Figure 3.12.
The analytical signal increased linearly between 30 seconds and 120 seconds. As the
collection period was increased, the signal did not further increase. 120 seconds was
selected as the proper collection period and calibration plot was obtained by using

this value.
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Figure 3.12 Effect of trapping period on 5.0 ng/mL Bi signal. Sample was pumped at
3.0 mL/min. Trapping and atomization temperature were adjusted to 462 °C and

2177 °C, respectively.

74



The optimum conditions for Rh coated W-coil atop trap ETA system are given in
Table 3.3.

Table 3.3 Optimum conditions used for Rh coated W-coil atom trap ETA system.

PARAMETERS RESULTS

Concentration of HCI, mol/L 1.0

Concentration of NaBHa, % (w/v),

stabilized in 0.2 % (w/v) NaOH 0
Flow rate of sample, mL/min 3.0
Flow rate of NaBH,4, mL/min 3.0
Length of reaction coil, cm 15
Length of stripping coil, cm 2.0
Trapping Ar flow rate, mL/min 125
Release Ar flow rate, mL/min 125
Trapping H; flow rate, mL/min 150
Release H, flow rate, mL/min 150
Trapping temperature, °C 462
Release (atomization) temperature, °C 2177
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3.2.5. Calibration Plot and Linear Range for Rh coated W-coil Atom Trap
ETA System

The calibration plot was obtained for Bi standard solutions ranging from 0.2 ng/mL
to 20 ng/mL. The plot of concentration versus signal is given in Figure 3.13. The
measurements were based on peak height of the analytical signal. It was found that
the plot was linear between the concentrations of 0.2 ng/mL and 2.0 ng/mL Bi with a
collection period of 120 seconds. Above this value, deviation from linearity was
observed. The best line equation and determination coefficient were, y = 0.1453x +
0.0333 and 0.9991, respectively (Figure 3.14); x is analyte concentration in ng/mL
and y is the absorbance value.
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Figure 3.13 Calibration plot obtained for Bi collected over 120 s. The sample flow
rate was 3.0 mL/min; trapping and atomization temperatures were 462 °C and 2177

°C, respectively.
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Figure 3.14 Linear portion of the calibration plot obtained for Bi trapped over 120 s.
Sample flow rate was 3.0 mL/min; trapping and atomization temperatures were 462
°C and 2177 °C, respectively.

Peak profile of the analytical signal from a trap measurement is shown in Figure

3.15; it can be noticed that the half width of the transient signal was less than 0.5 s.
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Figure 3.15 The analytical signal obtained by Rh coated W-coil atom trap ETA

method for Bi; 6.0 mL of sample solution of 0.5 ng/mL Bi were collected for 120 s.
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3.2.6. Analytical Figures of Merit

LOD, LOQ, characteristic concentration, Cy, and characteristic mass, my, relative
standard deviation (RSD) values for peak height were calculated as given in Table

3.4. Collection period was 120 s and 3.0 mL/min was used for sample flow rate.

Table 3.4 Analytical figures of merit for Rh coated W-coil Atom Trap ETA. Volatile
Bi species were trapped for 120 s at a flow rate of 3.0 mL/min.

Limit of Detection, LOD, 36/m (N=8) ng/mL 0.046
Limit of Quantification, LOQ, 106/m (N=8) ng/mL 0.152
Linear Range, ng/mL 0.2-2.0
Characteristic Concentration, Cy ng/mL 0.025
Characteristic mass, mg pg 150
Precision, % RSD (N=8) for 0.20 ng/mL Bi 3.48

3.3. Syringe Attached Rh Coated W-coil Atom Trap Electrothermal

Atomization System

In this part W-coil was used as the trapping medium and atomizer. The atomization
unit, made of glass, used in this part was same as the one used in the previous part
(Section 3.2) in its shape and size. In this configuration volatile species were
introduced on W-coil surface via a quartz capillary inserted in a syringe. The aim of
using syringe was to handle the movement of quartz capillary. Quartz capillary was
kept on the surface of W-coil during trapping period. When the trapping period was
over, capillary was pulled back by the help of the piston of syringe.
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The parameters that were optimized in CF-HGAAS (Table 3.1) were used directly
except that the flow rate of stripping Ar. Additionally, H, gas was introduced and
optimization of flow rate at trapping and atomization stages were performed.
Trapping and atomization temperatures were established and linear calibration plot

was obtained.

3.3.1. Optimization of Argon Flow Rate at Trapping and Atomization Stages

The Ar flow rate was established for trapping and atomization stages. During
optimization of Ar flow rate, H, gas was introduced to the system at 100 mL/min at
both trapping and atomization stages. The trapping and atomization temperatures
were adjusted to 462 °C and 2177 °C, respectively.

For the trapping stage, stripping Ar flow rate is important for the reasons that were
stated in the section 3.2.1. In Figure 3.16, the effect of Ar flow rate at trapping period
on analytical signal is shown. The flow rates lower than 75 mL/min was probably
not sufficient to transport the volatile species to the trapping medium causing an
inefficient hydride separation from the liquid phase. The signals remained nearly
constant for the flow rates between 75 and 160 mL/min. The signal dropped
significantly after 160 mL/min Ar. The reasons could be the dilution of volatile
species during collection and/or insufficient time for volatile species to interact and
be captured by W-coil. Therefore, 75 mL/min was selected as an optimum Ar flow

rate at the trapping period.

For the atomization stage, optimum Ar flow rate was selected as 75 mL/min and the
relevant optimization graph is indicated in Figure 3.17. The signals obtained for
lower or higher flow rates for Ar than 75 mL/min were lower. Lower flow rates
could not be enough to transport volatile species to the atomizer. At high flow rates,
the analytical signal became smaller due to the reduced residence time and dilution
of analyte species in the atomizer. Moreover, there was no need to change Ar flow
rate for trapping and atomization stages. This provides convenience during

measurements.
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Figure 3.16 Effect of Ar flow rate on the signal for 2.0 ng/mL Bi at trapping stage.
The sample flow rate was 3.0 mL/min and Bi was collected for 60 s. Trapping and

atomization temperatures were 462 °C and 2177 °C, respectively.
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Figure 3.17 Effect of Ar flow rate on the signal for 2.0 ng/mL Bi at atomization
stage. The sample flow rate was 3.0 mL/min and collected for 60 s. Trapping and

atomization temperatures were 462 °C and 2177 °C, respectively.
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3.3.2. Optimization of Hydrogen Flow Rate at Trapping and Atomization
Stages

In this section, the flow rate of H, gas was optimized for trapping and atomization
stages. The introduction of H, was independent from hydride generation system; it
was introduced from the open hole of glass atomization unit. For the optimization
purposes, H, gas flow rate was varied and Ar flow rate was kept at 75 mL/min at
trapping and atomization stages. At trapping stage, according to the peak height
measurements, the lowest peak height was 16% less than the highest value and the
highest measurement was obtained for 75 mL/min H,. The variation of the signal
with Hy is given Figure 3.18. The slight decrease in the analytical signal at higher
flow rates was considered to be the consequence of cooling effect of hydrogen since
the temperature was also affected by the hydrogen flow rate. In order to find the
optimum flow rate of H, at atomization stage, H, flow rate was varied between 75
mL/min to 200 mL/min. 150 mL/min was selected as optimum value. The plot of
analytical signal versus H2 flow rate is given Figure 3.19. Although, the highest
signal was obtained for 75 mL/min at trapping stage; 150 mL/min was selected
optimum for both stages for convenience. Since there was not much difference
between the signals obtained for 75 and 150 mL/min H,, it was not necessary to

change the flow rates at trapping and atomization for each measurement.
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Figure 3.18 Effect of H, flow rate on the signal for 2.0 ng/mL Bi at trapping stage.
The sample flow rate was 3.0 mL/min and collected for 60 s. Trapping and

atomization temperatures were 462 °C and 2177 °C, respectively.
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Figure 3.19 Effect of H, flow rate on the signal for 2.0 ng/mL Bi at atomization
stage. The sample flow rate was 3.0 mL/min and collected for 60 seconds. Trapping

and atomization temperatures were 462 °C and 2177 °C, respectively.
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3.3.3. Optimization of Trapping and Atomization Temperatures

The trapping and atomization temperatures were optimized after establishing
optimum gas flow rates, since they could affect the temperature of W-coil, especially
in trapping period. During optimization of trapping and atomization temperatures,

Flow rates of Ar and H, were kept constant at 75 and 150 mL/min, respectively.

The dependence of analytical signal on temperature for both trapping and
atomization stages were evaluated and are shown in Figure 3.20. The optimum
trapping temperature for bismuthine reaches to maximum at 462 °C; for higher
temperature values, a sharp decrease was observed in the trapping efficiency due to
loss of analyte during collection stage. The peak height of analytical signal obtained
by atomization temperature of 1742 °C was low, since the rate of atomization could
be slower and thus the broadening of the analytical signal was observed. As the
atomization temperature was raised the enhancement of the peak height of the
analytical signal. Since there was not much enhancement was obtained for
temperature higher than 2177 °C, this value was selected as an optimum atomization

temperature.
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Figure 3.20 The effect of temperature at trapping and atomization stages on 2.0
ng/mL Bi trapped over 60 s. During the variations of trapping and atomization
temperatures, a constant release temperature of 2177 °C and a constant trapping

temperature of 462 °C, respectively, were employed.
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3.3.4. Optimization of Collection Period

The trapping period was extended from 30 seconds to 150 seconds. While extending
the time period, peak height of analytical signal was increased since the amount of
trapped species were increased. The results obtained for collection period are
indicated in Figure 3.21. 120 s trapping was selected for the collection period and
calibration plot was obtained trapping bismuthine for 120 s.
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Figure 3.21 Effect of collection period on analytical signal of 2.0 ng/mL Bi pumped
at 3.0 mL/min.
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The parameters optimized for syringe attached Rh coated W-coil atom trap system

are summarized in Table 3.5.

Table 3.5 Optimum conditions used for syringe attached Rh coated W-coil atom trap
ETA system.

PARAMETERS RESULTS

Concentration of HCI, mol/L 1.0

Concentration of NaBH,, % (w/v), stabilized in 0.2 %

(w/v) NaOH

Flow rate of sample, mL/min 3.0
Flow rate of NaBH,4, mL/min 3.0
Length of reaction coil, cm 15
Length of stripping coil, cm 2.0
Trapping Ar flow rate, mL/min 75
Release Ar flow rate, mL/min 75
Trapping H; flow rate, mL/min 150
Release H, flow rate, mL/min 150
Trapping temperature, °C 462
Release (atomization) temperature, °C 2177
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3.3.5. Calibration Plot and Linear Range for Syringe Attached Rh coated W-
coil Atom Trap ETA System

Calibration plot was obtained for Bi with syringe attached Rh coated W-coil atom
trap ETA system and it is indicated in Figure 3.22. The calibration plot (R°= 0.9979)
was linear from 0.1 to 0.5 ng/mL Bi shown in Figure 3.23. The calibration plot was
drawn by using peak height values; the best line equation was y= 0.3542x + 0.0237,

X is the analyte concentration in ng/mL and y is the absorbance value.
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Figure 3.22 Calibration plot obtained for Bi collected over 120 s. The sample flow
rate was 3.0 mL/min, trapping and atomization temperatures were 462 °C and

2177°C, respectively.
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Figure 3.23 Linear range of the calibration plot obtained for Bi collected over 120 s.
The sample flow rate was 3.0 mL/min, trapping and atomization temperatures were
462 °C and 2177°C, respectively.

The analytical signal obtained for 0.4 ng/mL Bi collected for 120 s with 3.0 mL/min

flow rate is shown in Figure 3.24.
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Figure 3.24 The analytical signal obtained by syringe attached Rh coated W-coil
atom trap ETA method for Bi; 6.0 mL of sample solution of 0.4 ng/mL Bi were

collected in 120 s.
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3.3.6. Analytical Figures of Merit

The analytical figures of merit for syringe attached Rh coated W-coil atom trap ETA
system are given in Table 3.6. The analytical figures of merit were calculated by
using peak height values of analytical signal. The limit of detection was found to be
0.018 ng/mL for 8 consecutive measurements of 0.1 ng/mL Bi solution.
Characteristic concentration obtained for this system for 6.0 mL of sample was 0.011

ng/mL.

Table 3.6 Analytical figures of merit for syringe attached Rh coated W-coil atom
trap ETA system. Volatile Bi species were for 120 s at a flow rate of 3.0 mL/min.

Limit of Detection, LOD, 36/m (N=8) ng/mL 0.018
Limit of Quantification, LOQ, 106/m (N=8) ng/mL 0.058
Liner Range, ng/mL 0.1-0.5
Characteristic Concentration, Cy ng/mL 0.011
Characteristic mass, mg pg 66
Precision, % RSD (N=8) for 0.10 ng/mL Bi 3.36

The analytical figures of merit for syringe attached Rh coated W-coil atom trap ETA,
Rh coated W-coil atom trap ETA and CF-HGAAS systems are summarized in

Table 3.7 in order to compare the suggested techniques developed for determination
of Bi. The enhancement factor in limit of detection (36/m) which was calculated for
0.1 ng/mL was found to be 61 when syringe attached W-coil atom trap ETA system
was compared with CF-HGAAS. The characteristic concentration was calculated as
0.011 ng/mL and this value was 72 times lower as compared with CF-HGAAS
system. The attachment of quartz capillary to the system provides enhancement

factor of about 3.0 when compared to W-coil atom trap ETA system with respect to
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limit of detection. The comparison regarding characteristic concentration yielded 2.3
times lower values as compared to W-coil atom trap ETA system.

Table 3.7 Analytical figures of merit for syringe attached Rh coated W-coil atom
trap ETA, Rh coated W-coil atom trap ETA and CF-HGAAS systems.

Syringe W-coil atom | CF-
Attached W-coil | trap ETA HGAAS
atomtrap ETA

LOD, ng/mL 0.018 0.046 1.10

Co, ng/mL 0.011 0.025 0.80

3.3.7. Accuracy of the Method

The accuracy of the method was evaluated by CRM, Natural Water (1643e).
Determination of Bi in CRM was carried out by diluting 1.0 mL of CRM to 50.0 mL
and the solution was acidified with 1.0 mol/L HCI. The resultant concentration of Bi
in the solution was approximately 0.30 ng/mL. Direct calibration method was used

for the analysis of CRM. The results are given in Table 3.8.

Table 3.8 Result of the analysis of CRM and the certified values for Bi using syringe
attached Rh coated W-coil Atom Trap ETA system (n=3).

Concentration found, ng/mL 14.1+£0.5

Certified value, ng/mL 14.09 £ 0.15
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3.4. Rh coated W-coil Atom Trap Electrothermal Vaporization System

In this section, W-coil was used as the vaporization unit. The atomization took place
in electrically heated QTA. The vaporization unit was made of glass and inserted
between the GLS and atomizer. Generated volatile species coming from GLS were
collected on W-coil inserted in the vaporization unit. When collection was over,
temperature was raised to revolatilization temperature. Revolatilized species were

transported to the EHQTA for atomization.

The parameters that were optimized in CF-HGAAS were used directly except that
the flow rate of stripping Ar. Additionally, H, gas was introduced and optimization
of its flow rate at trapping and revolatilization stages were performed. Trapping and
revolatilization temperatures were established and linear calibration plot was

obtained.

3.4.1. Optimization of Stripping Argon Flow Rate at Trapping and

Revolatilization Stages

During optimization of stripping Ar flow rate, the flow rate of H, was kept constant.
Only the stripping argon flow was varied during the optimization of stripping gas
flow rate. The variations of the signal as a function of stripping argon flow rate for
trapping stage are given Figure 3.25. The peak heights of the signals were taken into
account. The effect of flow rate of stripping argon on the analytical signal was
observed between 10 mL/min and 80 mL/min. At lower flow rates, the peak height
dropped probably due to the insufficient hydride separation from liquid phase and
transportation to the trapping medium. The optimum flow rate for stripping argon
was selected as 45 mL/min. Above this value, the signal decreased due to the limited

time for the interaction with W-coil.
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Figure 3.25 The effect of stripping argon flow rate at trapping stage on the signal of
2.0 ng/mL Bi that was collected for 60 s. The flow rate for H, was 150 mL/min.
Trapping and revolatilization temperatures were 262 °C and 1960 °C, respectively.
Temperature of EHQTA was 950 °C.

Optimization of argon flow rate revolatilization stage was performed by keeping
argon flow rate at 45 mL/min at the trapping period. The H; flow rate was 150
mL/min for trapping and revolatilization stages. At revolatilization stage, when the
temperature is increased to revolatilization temperature, argon flow rate has to be
high enough to transport volatilized species to the atomizer efficiently. In this case, at
low flow rates of Ar, the transportation of revolatilized species could be slow and
peaks were broad. As the Ar flow rate was raised signal increased consequently. The
dependency of analytical signal of Bi with respect to argon flow rate at
revolatilization stage is indicated in Figure 3.26. The highest peak height was
obtained for 120 mL/min argon.
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Figure 3.26 The effect of stripping argon flow rate at revolatilization stage on the
signal of 2.0 ng/mL Bi that was collected for 60 s. The flow rate for H, was 150
mL/min. Trapping and revolatilization temperatures were 262 °C and 1960 °C,

respectively. Temperature of EHQTA was 950 °C.

3.4.2. Optimization of Stripping Hydrogen Flow Rate at Trapping and

Revolatilization Stages

The effect of hydrogen flow rate on the analytical signal of Bi was also investigated
at trapping and revolatilization stages by varying only the hydrogen flow rate. H,
was inserted to the system between GLS and vaporization unit and it was not
involved in stripping the analyte from solution. The argon flow rate at trapping and
revolatilization stages were 45 mL/min and 120 mL/min, respectively. At trapping
period the flow rate of H, was varied between 50 mL/min and 250 mL/min. The
variation of the signal with H, flow rate at trapping period is given in Figure 3.27.
The maximum peak height measurement was obtained for 150 mL/min H, flow rate

and it was selected as the optimum value for trapping stage.

The effect of H, flow rate at revolatilization stage was also investigated and results
are given in Figure 3.28. No significant effect of H, at flow rates higher than 150
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mL/min was observed. Therefore, H, flow rate was chosen as 150 mL/min for both
stages regarding the ease of application.
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Figure 3.27 The effect of H, flow rate at trapping stage on the signal of 2.0 ng/mL
Bi that was collected for 60 s. Trapping and revolatilization temperatures were 262
°C and 1960 °C, respectively. Temperature of EHQTA was 950 °C.
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Figure 3.28 The effect of H, flow rate at trapping stage on the signal of 2.0 ng/mL
Bi that was collected for 60 s. Trapping and revolatilization temperatures were 262
°C and 1960 °C, respectively. Temperature of EHQTA was 950 °C.
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3.4.3. Optimization of Trapping and Revolatilization Temperatures

Temperatures at trapping and revolatilization stages were established after the
optimization of argon and H, flow rates because of their effect on temperature of W-
coil. The variations in the analytical signal of Bi as a function of trapping and
releasing temperature are given in Figure 3.29. The trapping temperature profile for
Bi with ETV system was narrow. Temperatures higher than 180 °C resulted in
decrease in analytical signal due to partial release of trapped species. The trapped
species release from the surface at 1960 °C. The rate of revolatilization was slow at
the temperatures lower than 1960 °C and the signals obtained for that temperatures
were less reproducible. The signals obtained for temperatures above 1960 °C were
only 3% higher. Therefore, at this temperature rapid and sufficient release of trapped

species could be achieved.

0.180
0.160
0.140
0.120
0.100
0.080
0.060
0.040
0.020
0.000
0 500 1000 1500 2000 2500
Temperature, °C trapping

Absorbance

revolatilization

Figure 3.29 The effect of trapping and revolatilization temperatures on analytical
signal for Bi trapped for 60 s. During the variations of collection and release
temperatures, a constant release temperature of 1960 °C and a constant collection
temperature of 180 °C, respectively, were employed. The signals were obtained by
collecting 2.0 ng/mL Bi in 1.0 mol/L HCI.
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The optimized parameters for this part of the study were summarized in Table 3.9.

Table 3.9 Optimum conditions used for Rh coated W-coil atom trap ETV system.

PARAMETERS RESULTS
Concentration of HCI, mol/L 1.0
Concentration of NaBHa, % (w/v), .
stabilized in 0.2 % (w/v) NaOH
Flow rate of sample, mL/min 3.0
Flow rate of NaBH,4, mL/min 3.0
Length of reaction coil, cm 15
Length of stripping coil, cm 2.0
Trapping Ar flow rate, mL/min 45
Release Ar flow rate, mL/min 120
Trapping H; flow rate, mL/min 150
Release H, flow rate, mL/min 150
Trapping temperature, °C 180
Release (atomization) temperature, °C 1960

3.4.4. Calibration Plot and Linear Range for Rh coated W-coil Atom Trap
ETV System

The calibration plot obtained for Rh coated W-coil Atom Trap ETV system was
given in Figure 3.30. The calibration plot was obtained for the concentrations
ranging from 0.5 ng/mL to 5.0 ng/mL. Volatile species of Bi were trapped over 120
s time period and the sample was pumped with the flow rate of 3.0 mL/min. The
measurements were based on peak height values. It can be seen from the Figure 3.30
that the deviation from linearity was observed for the concentrations of Bi above 2.0

ng/mL. The linear portion of the calibration plot is given in Figure 3.31. The best line
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equation and determination coefficient were, y = 0.1168x + 0.0095 and 0.9997,
respectively, X is analyte concentration in ng/mL and y is the absorbance value.
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Figure 3.30 Calibration plot obtained for Bi collected over 120 s. The sample flow
rate was 3.0 mL/min; trapping and revolatilization temperatures were 180 °C and
1960°C, respectively. Temperature of EHQTA was 950 °C.
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Figure 3.31 Linear range of the calibration plot obtained for Bi collected over 120 s.
The sample flow rate was 3.0 mL/min; trapping and revolatilization temperatures
were 180 °C and 1960 °C, respectively. Temperature of EHQTA was 950 °C.
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3.4.5. Analytical Figures of Merit

The analytical figures of merit of the method for Bi with Rh coated W-coil Atom
Trap ETV system are given in Table 3.10; peak height was used in the calculations.
The trapping period was 120 s. The LOD was obtained for 6 consecutive
measurements of the lowest concentration that was 0.5 ng/mL and it was found as

0.047 ng/mL. The characteristic concentration was calculated as 0.036 ng/mL.

Table 3.10 The analytical figures of merit for Rh coated W-coil Atom Trap ETV

system. The volatile Bi species was trapped for 120 s at a flow rate of 3.0 mL/min.

Limit of Detection, LOD, 36/m (N=6) ng/mL 0.047
Limit of Quantification, LOQ, 106/m (N=6) ng/mL 0.157
Linear Range, ng/mL 0.5-2
Characteristic Concentration, Cy ng/mL 0.036
Characteristic Mass, mo pg 216

Precision, % RSD (N=6) for 0.50 ng/mL Bi 1.98

3.5. Syringe Attached Rh Coated W-coil Atom Trap Electrothermal

Vaporization System

In this part W-coil was operating as a trapping medium and vaporizer. The
atomization unit was EHQTA. The vaporization unit that was made of glass was
inserted between GLS and EHQTA. In this configuration volatile species were
introduced on W-coil surface via a quartz capillary inserted in a syringe and this

syringe was attached to the vaporization unit. The aim of using the syringe was to
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handle the movement of quartz capillary. Quartz capillary was kept on the surface of
W-coil during trapping period. When the trapping period was over, capillary was

pulled back by the help of the piston of syringe; airtight conditions were kept.

The parameters that were optimized in CF-HGAAS were used directly except that
the flow rate of stripping Ar. Additionally, carrier Ar gas was added to the system to
carry the revolatilized to the atomizer. Moreover, H, gas was introduced to the
system. The optimization of flow rates of gases at trapping and atomization stages
were performed. Trapping and atomization temperatures were optimized and linear

calibration plot was obtained.

3.5.1. Optimization of Stripping Argon Flow Rate at Trapping and

Revolatilization stages

The optimum stripping Ar flow rate were established for trapping and revolatilization
stages while keeping H, flow rate constant at 100 mL/min. Carrier Ar gas was
introduced and the flow was switched off during trapping period and it was brought

to 1.50 L/min at revolatilization stage.

The optimization graphs for stripping Ar flow rate at trapping and revolatilization
stages are given in Figure 3.32 and Figure 3.33, respectively. At trapping period the
signal obtained for 60 mL/min was the highest. However, the signal increased as the
Ar flow rate was increased to 120 mL/min for revolatilization stage. Since additional
carrier Ar gas was used at revolatilization stage, there was no need to observe the
variation of the signal at higher flow rates than 120 mL/min for the release of trapped
species. For the trapping stage the signals obtained for 60 mL/min and 120 mL/min
were not different from each other. Therefore, 120 mL/min stripping Ar flow rate

was selected as optimum for both trapping and revolatilization stages.
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Figure 3.32 Effect of stripping Ar flow rate on the analytical signal at the trapping
period; H, flow rate was 100 mL/min, release Ar flow rate was 120 mL/min; 1.0

ng/mL Bi was used and pumped at 3.0 mL/min.

0.140

o

0.120 L]

- 0.100

Absorbance
o o
==}
[=)} ()

S &
o
[

N

0.040

0.020

0.000

0 20 40 60 80 100 120 140
Ar, mL/min

Figure 3.33 Effect of stripping Ar flow rate on the analytical signal at the
revolatilization stage; H, flow rate was 100 mL/min, trapping Ar flow rate was 120

mL/min; 1.0 ng/mL Bi was used and pumped at 3.0 mL/min.
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3.5.2. Optimization of Carrier Argon Flow Rate at Trapping and
Revolatilization Stages

Stripping Argon was not enough to carry the revolatilized species to the atomizer.
The introduction of carrier Ar to the system is given in Figure 2.10. As the flow rate
of Ar was increased at revolatilization stage signal was also enhanced. During
trapping period the high flow rates of Ar cause the signal to be dropped. The Ar flow
rate had to be kept at minimum flow rate, but at revolatilization stage high flow rate
was required. Therefore the high flow rate of Ar was achieved by introducing
additional flow meter for carrier Ar gas. The optimization of carrier Ar gas was
performed for both trapping and revolatilization stages while keeping stripping Ar

flow rate and H; flow rate constant, 120 mL/min and 100 mL/min, respectively.

The graphs obtained for optimization of carrier Ar gas flow rate at trapping and
revolatilization stages are given in Figure 3.34 and Figure 3.35, respectively. The
effect of carrier Ar flow rate on analytical signal was different for trapping and
revolatilization stages. During trapping, the signal decreased when carrier Ar flow
rate was increased. Therefore, the stripping Ar flow rate was sufficient for trapping
volatile species. Carrier Ar was kept closed at the trapping stage. The carrier Ar gas
was crucial at revolatilization stage. The flow rate had to be high enough to transport
released analyte species to the atomizer. The signal was enhanced significantly up to

1.5 L/min and this value was selected as optimum value.
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Figure 3.34 Effect of carrier Ar flow rate on the analytical signal at the trapping
period; H; flow rate was 100 mL/min, stripping Ar flow rate was 120 mL/min; 1.0

ng/mL Bi was used and pumped at 3.0 mL/min.
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Figure 3.35 Effect of carrier Ar flow rate on the analytical signal at the
revolatilization period; H, flow rate was 100 mL/min, stripping Ar flow rate was 120

mL/min; 1.0 ng/mL Bi was used and pumped at 3.0 mL/min.

101



3.5.3. Optimization of Hydrogen Flow Rate at Trapping and Revolatilization
Stages

The effect H, flow rate on the trapping and revolatilization stages were investigated
by changing only H, flow rate. It was introduced behind the vaporization unit (Figure
2.10). The measurements were done according to the peak heights. The variation of
the signal for trapping and revolatilization stages is given in Figure 3.36 and Figure
3.37, respectively. The signal was significantly decreased for the flow rates higher
than 150 mL/min where below this value signal was not affected significantly. As a
result, 150 mL/min was chosen as an optimum value. The same trend was also
observed for revolatilization stage. Higher flow rates caused a decrease in the signal

and 150 mL/min was the optimum H; flow rate for revolatilization stage.
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Figure 3.36 Effect of H, flow rate on the analytical signal at the trapping period; Ar
flow rate was 120 mL/min; 1.0 ng/mL Bi was used and pumped at 3.0 mL/min.
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Figure 3.37 Effect of H, flow rate on the analytical signal at the revolatilization
period; Ar flow rate was 120 mL/min; 1.0 ng/mL Bi was used and pumped at 3.0

mL/min.

3.5.4. Optimization of Trapping and Revolatilization Temperatures

The temperature optimization was done after establishing the optimum conditions of
gas flow rates, since they had an effect on the W-coil temperature. The variation of
the analytical signal as a function of trapping a revolatilization temperature is
indicated in Figure 3.38. The volatile species of Bi could be trapped at 227 and 300
°C. The temperatures higher than 300 °C caused a decrease in the signal probably
due to the release of collected species on the W-coil surface. The trapping
temperature was selected as 300 °C. The collected species could be released at 1390
°C, but the peaks that were obtained for this temperature was broad. As the
temperature was increased peak shape became narrower and rapid release rate was
achieved. The trapped species revolatilized sufficiently at 1542 °C. In order to
preserve the surface coating and prolong the lifetime of W-coil the use of higher

release temperature was avoided.
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Figure 3.38 The effect of trapping and revolatilization temperatures on analytical
signal for Bi. During the variations of collection and release temperatures, a constant
release temperature of 1960 °C and a constant collection temperature of 300 °C,
respectively, were employed. The signals were obtained by collecting 1.0 ng/mL Bi
for 60 s trapping. The temperature of EHQTA was 950 °C.
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The parameters that were used for syringe attached Rh coated W-coil atom trap ETV

system are summarized in Table 3.11.

Table 3.11 The optimum conditions used for syringe attached Rh coated W-coil
atom trap ETV system.

PARAMETERS RESULTS

Concentration of HCI, mol/L 1.0

Concentration of NaBH4, % (w/v), stabilized in 0.2

% (w/v) NaOH 0
Flow rate of sample, mL/min 3.0
Flow rate of NaBH,, mL/min 3.0
Length of reaction coil, cm 15
Length of stripping coil, cm 2.0
Trapping Ar flow rate, mL/min 120
Release Ar flow rate, mL/min 120
Trapping H; flow rate, mL/min 150
Release H, flow rate, mL/min 150
Carrier Ar flow rate mL/min (trapping) -
Carrier Ar flow rate L/min (revolatilization) 1.5
Trapping temperature, °C 300
Release (revolatilization) temperature, °C 1542
Atomization temperature, °C 950
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3.5.5. Calibration Plot and Linear Range for Syringe Attached Rh coated W-coil
Atom Trap ETV System

The calibration plot and linear portion of the calibration plot were obtained with
syringe attached Rh coated W-coil Atom Trap ETV system. The measurements were
done on the basis of peak height. The calibration plot obtained for 120 s collection
with 3.0 mL/min sample flow rate is given in Figure 3.39. The calibration plot started
at 0.1 ng/mL Bi and deviation from linearity was observed beginning from 0.5
ng/mL. The calibration plot was linear between 0.1 ng/mL to 0.3 ng/mL and the
linear portion and best line equation are indicated in Figure 3.40. The best line
equation was y = 0.6283x + 0.0415 with the determination coefficient of 0.9995; x is

analyte concentration and y is the absorbance value.
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Figure 3.39 The calibration plot with syringe attached Rh coated W-coil Atom Trap
ETV system for Bi collected for 120 s. The collection period was 120 s and sample

flow rate was 3.0 mL/min.
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Figure 3.40 Linear portion of the calibration plot for Bi collected for 120 s and best

line equation.

The analytical signal obtained for 0.2 ng/mL Bi collected for 120 s at a flow rate of

3.0 mL/min is indicated in Figure 3.41.
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Figure 3.41 The analytical signal obtained with syringe attached Rh coated W-coil
Atom Trap ETV system for 0.2 ng/mL. The collection period was 120 s and sample

flow rate was 3.0 mL/min.
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The calibration plot for 60 s collection was also obtained by using the same system.
The calibration plot and linear portion of the calibration plot are given in Figure 3.42
and Figure 3.43, respectively. The calibration plot was linear between 0.1 ng/mL to
2.0 ng/mL with 1.0 minute collection. Therefore, linear range was wider with 60 s

collection than 120 s collection.
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Figure 3.42 The calibration plot for Bi with syringe attached Rh coated W-coil Atom
Trap ETV system. The collection period was 60 s and sample flow rate was 3.0

mL/min.
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Figure 3.43 Linear portion of the calibration plot and best line equation for 60 s

collection.
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3.5.6. Analytical Figures of Merit

The analytical figures of merit of the method, which were calculated by using the
peak height values of analytical signal, are given in Table 3.12. The analytical
figures of merit were calculated for 60 s and 120 s collection period. The sample
flow rate was 3.0 mL/min. The limit of detections for 60 s and 120 s collection
period s were 0.022 and 0.026 ng/mL, respectively. The characteristic concentration
for 60 s collection was found as 0.0062 ng/mL and 0.0029 ng/mL was calculated for

120 s collection.

Table 3.12 Analytical figures of merit for Bi obtained for 60 s and 120 s collection

period.

60 s 120 s

collection collection

Limit of Detection, LOD, 36/m (N=5) ng/mL 0.022 0.026
Limit of Quantification, LOQ, 106/m (N=5) ng/mL 0.066 0.086
Characteristic Concentration, Co ng/mL 0.0062 0.0029
Characteristic mass, mg pg 18.6 17.4
Precision, % RSD (N=5) for 0.10 ng/mL Bi 1.3 1.7

The improvements of syringe attached Rh coated W-coil atom trap ETV system
regarding limit of detection and characteristic concentration with respect to the Rh
coated W-coil atom trap ETV and CF-HGAAS systems are summarized in Table
3.13. The limit of detection and characteristic concentration values were calculated

for 120 s collection.
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Table 3.13 Analytical figures of merit for syringe attached Rh coated W-coil atom
trap ETV, Rh coated W-coil atom trap ETV and CF-HGAAS systems.

Syringe Attached W- | W-coil atom | CF-HGAAS
coil atom trap ETV |trap ETV (120

(120 s collection) s collection)
LOD, ng/mL 0.026 0.047 1.10
Co, ng/mL 0.0029 0.036 0.80

The enhancement factor in limit of detection (3o/m) which was calculated for 0.1
ng/mL was found to be 42 when syringe attached Rh coated W-coil atom trap ETV
system was compared with CF-HGAAS. The characteristic concentration was
calculated as 0.0029 ng/mL and this value was 276 times lower than CF-HGAAS
system. The attachment of quartz capillary to the system provides enhancement
factor of 2.0 when compared to W-coil atom trap ETV system with respect to the
limit of detection. The comparison regarding characteristic concentration yielded 12
times lower value as compared to W-coil atom trap ETV system.

3.5.7. Accuracy of the Method

The accuracy of syringe attached Rh coated W-coil atom trap ETV system was
performed with using CRM, Natural Water (1643e). The direct calibration method
did not work with this system; therefore standard addition method was applied for
the accuracy check. The solutions were acidified with HCI and the resultant HCI
concentration was 1.0 mol/L. 1.0 mL of CRM solutions were spiked to Bi containing
standard solutions. The results are given in Table 3.14.
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.Table 3.14 Result of the analysis of CRM and the certified values (n=3).

Concentration found, ng/mL 13.64 +0.47

Certified value, ng/mL 14.09 £ 0.15

3.6.  The Comparison of the Developed Methods

The limits of detection of the developed methods were compared with the values
given in the literature and the comparison is given in Table 3.15. The limit of
detection obtained for developed methods were comparable with the other methods
or better. The absolute LOD values obtained by ICP-MS systems including in-situ
atom trap were much better than developed methods in this study. However, these
methods are not cost effective and they are not available for most of the laboratories.
In addition, it should be remembered that trap systems improve concentration LOD
values only. The use of W-coil systems functioning as either ETA or ETV can be

applied inexpensively in all laboratories having simple AA spectrometer.
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Table 3.15 Comparison of the limit of detection and the sample volume of the
method with those of others in literature.

Concentration Absolute )
Method Volume, mL  Literature
LOD, ng/mL  LOD, pg

W-trap ETA* 0.018 108 6 This study

W-trap ETV** 0.026 156 6 This study

Preconcentration

0.013 2.80 0.213 [152]
ETAAS
Atom trap SQT-
1.60 57600 36 [162]
FAAS
Preconcentration
0.020 2000 100 [163]
HG-ICP-AES
W-trap HGAAS 0.0027 49 18 [56]
In-situ trappin
PPINg 0.039 780 20 [164]
QTA-AAS
In-situ trappin
PPINg 0.003 6 2 [159]
ETV-ICP-MS
HS-SDME HG-
0.01 0.030 0.003 [165]

ETV-ICP-MS

* Syringe attached Rh coated W-coil atom trap ETA system
** Syringe attached Rh coated W-coil atom trap ETV system

112



3.7.  Interference Study

Interference study employing Rh coated W-coil Atom Trap ETA and Rh coated W-
coil atom trap ETV systems were performed. The quartz capillary was eliminated
from these systems for easy application of analysis of numerous amounts of
interferent solutions. The conditions optimized for syringe attached W-coil atom trap
ETA and ETV conditions were taken into account (Table 3.5 and Table 3.11). The
interference elements were selected from hydride forming elements (As, Sb, Se, Te
and Sn), transition metals (Fe, Co, Ni, Cu and Mn) and alkali-earth metals (Na, Ca,
Al, Si). Bi concentration was selected as 0.3 ng/mL in 1.0 mol/L HCI. The oxidation
states of the hydride forming elements were As(lll), Sb(lll), Se(IV), Te(IV) and
Sn(IV). The effects of interference were measured by varying interferent/analyte
ratio. Interference/analyte (mass/mass) ratios were kept at 1, 10, 50 and 500. The
signal obtained for 0.3 ng/mL Bi solution was normalized to 100. The signal
obtained for interferent containing Bi solutions was compared with the normalized
signal. Two replicates of measurements were performed for interference studies with
W-coil Atom Trap ETA and ETV systems.

3.7.1. Interference Study with Rh coated W-coil Atom Trap ETA System

It has been extensively reported that hydride generation based on tetrahydroborate
reduction is susceptible to suffer from interference from other hydride forming
elements and transition metals. Gas phase interference was generally encountered
with hydride forming elements and liquid phase interference could be resulted from

transition metals [120].

The interference effects of hydride forming elements on the analytical signal of Bi
are represented in Figure 3.44. Tolerance towards the potential interference effects of
hydride forming elements was observed for the elements As, Se and Sn. Te and Sb
caused a depression on the signal 500-fold concentration ratio. Liu et al. stated that
the depression on the signal of Bi in the presence of Te was observed at the mass
ratio above 500 [120].
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Figure 3.44 Interference effects of hydride forming elements on analytical signal of
0.3 ng/mL Bi collected for 60 s using Rh coated W-coil Atom Trap ETA. The
trapping and atomization temperatures were 462 °C and 2177 °C, respectively.

In hydride generation studies interference effects of transition metals are observed
frequently. They can react with THB to produce their hydrides or metallic forms and
form insoluble precipitates. The metallic particulates can accumulate inside of GLS,
reaction and stripping coil, transfer tubings between GLS and atomizer and make
these dark gray. These metallic particulates coprecipitate analyte or adsorp the
analyte hydride [132]. Therefore, the transition metals interfere with analyte
negatively. The interference effects of transition metals (Fe, Co, Ni, Cu, and Mn) are
indicated in Figure 3.45. Ni and Cu are well known interferents in HGAAS for the
determination of hydride forming elements including Bi [166,167]. However, the
interference effects of these elements were not observed with W-coil atom trap ETA
system. Among the transition metals Co and Mn caused a decreased in the signal at
the average of 15% at the 500-fold interferent/analyte ratio.
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Figure 3.45 Interference effects of transition metals on analytical signal of 0.3
ng/mL Bi collected for 60 s using Rh coated W-coil Atom Trap ETA. The trapping
and atomization temperatures were 462 °C and 2177 °C, respectively.
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Figure 3.46 Interference effects of earth-based elements on analytical signal of 0.3
ng/mL Bi collected for 60 s using Rh coated W-coil Atom Trap ETA. The trapping
and atomization temperatures were 462 °C and 2177 °C, respectively.

The last series of interferents were selected from earth-based elements (Ca, Na, Al

and Si) and their effects on the analytical of Bi are shown in Figure 3.46. Presence of
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Na in the solution had caused approximately 15% decrease in the Bi signal.
However, the decrease disappeared at 500-fold interferent/analyte.

3.7.2. Interference Study with Rh coated W-coil Atom Trap ETV System

The interference study was also carried out for Rh coated W-coil Atom Trap ETV
system and the effects of hydride forming elements, transition metals and earth-based

elements were investigated.

The hydride forming elements had a different effect on W-coil ETV system
compared to W-coil ETA system. The effects of these elements on the analytical
signal of Bi are given in Figure 3.47. The tolerance level of W-coil ETA system was
higher for the elements As, Se and Sn. The use of W-coil as a vaporizer improved the
tolerance level for Sb and Te. The analytical signal of Bi with ETV system was
affected in the presence of As, Se and Sn. Among the interferents, As and Se caused
the enhancement of the signal at 500-fold mass ratio (Figure 3.47). The atomization
with W-coil ETV system was performed with QTA that has lower atomization
temperature than ETA. Graphite atomizers provides better tolerance to interferences
than QTA [92], since the atomization takes place at temperatures above 2000 °C.
Therefore, W-coil functioning as atomizer is expected to have better tolerance
towards the interferents than QTA. The lower tolerance level of W-coil ETV system
regarding As, Se and Sn could be partly due to the lower atomization temperature in
QTA.

The interference effects of transition metals on the analytical signal of Bi for W-coil
ETV system are given in Figure 3.48. The most severe interferents for hydride
forming elements among the transition metals are Co, Ni and Cu. W-coil ETV
system was tolerable the interference effects of Fe, Co, Ni, Cu and Mn. The

analytical signal of Bi was not affected significantly for these elements.
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Figure 3.47 Interference effects of hydride forming elements on analytical signal of
0.3 ng/mL Bi collected for 60 s using Rh coated W-coil Atom Trap ETV. The

trapping and revolatilization temperature were 300 °C and 1542 °C, respectively. The
temperature of EHQTA was 950 °C.

120 +

100 A\ —

£
Té 80
20
Z 60 —o—TFe
-
2 C
Z 40 °
é =—tdr— N1
20 Cu
Mn
O T T T 1
0 1 10 50 500

Int/Bi (w/w)

Figure 3.48 Interference effects of transition metals on analytical signal of 0.3
ng/mL Bi collected for 60 s using Rh coated W-coil Atom Trap ETV system. The

trapping and revolatilization temperature were 300 °C and 1562 °C, respectively. The
temperature of EHQTA was 950 °C.
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The interference effects of earth-based elements were also investigated with W-coil
ETV system and the results are represented in Figure 3.49. As seen from the results
that those elements had no significant effects on the signal of Bi with W-coil ETV

system. In particular the behavior with Na is to be noted as compared to ETA results.
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Figure 3.49 Interference effects of earth based element on analytical signal of 0.3
ng/mL Bi collected for 60 s Rh coated W-coil Atom Trap ETV system. The trapping
and revolatilization temperature were 300 °C and 1542 °C, respectively. The
temperature of EHQTA was 950 °C.

The interference study peformed with ETA and ETV system were preliminary
studies. The results regarding both of the systems are summarized in Table 3.16. The

results obtained with hydride forming, transition element and earth based elements
are listed in the table.
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Table 3.16 Interference studies performed with Rh coated W-coil Atom Trap ETA

and Rh coated W-coil Atom Trap ETV. Bi concentration was 0.3 ng/mL.

Mass ratio (Int/Bi)

0 1 10 50 500
Relative signal

W-coil ETA 100 96+3 97+6 101+4 89+2
As

W-coil ETV 100 89+15 46+11 103+19 123+12

W-coil ETA 100 96+15 94+16 92+6 8143
Sb

W-coil ETV 100 107+6 73+6 104+11  108+6

W-coil ETA 100 10043 96+4 89+5 03+3
Se

W-coil ETV 100 90+2 85+6 78+6 148+4

W-coil ETA 100 102+6 9843 98+3 75+4
Te

W-coil ETV 100 83+6 83+5 71+16 88+11

W-coil ETA 100 97+6 10449 94+3 108+6
Sn

W-coil ETV 100 103+6 9948 86+4 81+6

W-coil ETA 100 102+4 10446 101+4 10249
Fe

W-coil ETV 100  100+11 104+21 94+11 96+12

W-coil ETA 100 96+8 100+6 97+9 8445
Co

W-coil ETV 100 92410 98+10 94+10 86+12
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Table 3.16 continued.

Ni

Cu

Ca

Na

Al

Si

W-coil ETA

W-coil ETV

W-coil ETA

W-coil ETV

W-coil ETA

W-coil ETV

W-coil ETA

W-coil ETV

W-coil ETA

W-coil ETV

W-coil ETA

W-coil ETV

W-coil ETA

W-coil ETV

100

100

100

100

100

100

100

100

100

100

100

100

100

100

9743

114£12

102+6

102+10

95+8

87+1

103+4

9745

85+14

98+5

102+8

99+9

101+4

97+4

95+4 100+3
94+15 94+6
104+3 95+1

8623  91+14

102+7 90+7

98+4  106+10

95+3 9543

105+4  117+16

89+11  87+19

102+£5 101+£5

97+5 103+7

10614 9146

9714  93+10

99+4 89+8

95+1

111£17

99+3

94+11

861

861

87+12

113£11

11249

101+6

92+2

95+1

103+3

86+8
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3.7.3. Interference Study with Twin-channel Hydride Generation System

The preliminary interference studies carried out using W-coil Atom Trap ETA and
ETV systems were performed with a hydride generation system containing single
gas-liquid separator. The source of interference regarding liquid and/or gas phase
interferences could not be determined easily. The interference studies placed in this
part were performed with twin-channel hydride generation system. Twin-channel

hydride generator consisted of two gas-liquid separators.

In the interference study performed by D’ulivo et al. [129]; the researchers carried
out experiments by using twin-channel continuous flow hydride generator in which
analyte and interferent were pumped from separate channels. It was stated that the
liquid phase interference was eliminated with this system. The twin-channel hydride
generator was also used to investigate the interference effects of As, Sb and Bi
hydrides on Se(IV) [130]. By using this system, the separate and independent
hydride generation and introduction of analyte and interferent hydrides were

achieved.

In this study twin-channel hydride generator system was used in two different modes.
In the first mode, analyte and interferent were mixed in the same solution and
pumped from one channel, from the second channel blank solution (1.0 mol/L HCI
solution) was transferred (Figure 2.12). The introduction of blank solution was
required to keep the hydrogen yielded from hydride generation reaction constant. In
the second mode, the analyte and interference were transported from the separate
channels of twin-channel hydride generators. The generated analyte and interferent
hydrides were combined after gas liquid separators and sent to vaporization and/or

atomization unit together (Figure 2.13).

Interference studies employing CF-HGAAS, Rh coated W-coil Atom Trap ETA and
Rh coated W-coil Atom Trap ETV systems were performed. The interference
elements were selected from hydride forming elements (As, Sb, Se, Te and Sn). The
oxidation states of the elements were As(lI1), Sb(lll), Se(IV), Te(lV), Sn(IV). Bi

concentration was selected as 20 ng/mL Bi for twin channel CF-HGAAS system and
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2.0 ng/mL in 1.0 mol/L HCI for twin channel CF-HG W-coil Atom Trap ETA and
ETV systems. The effects of interference were measured by varying
interferent/analyte ratio. Interference/analyte (mass/mass) ratio was kept at 1, 10, 50
and 500. The signal obtained for 2.0 ng/mL Bi solution was normalized to 100 and
considered as reference signal. The signal obtained for interferent containing Bi
solutions was compared according to normalized signal. Two replicates of
measurements were performed for interference studies with W-coil Atom Trap ETA

and ETV systems.

3.7.3.1. Interference Study with CF-HGAAS System

Hydride generation provides the separation of hydride forming elements from the
matrix elements present in the same solution. However, HGAAS is prone to
interferences both in condensed phase and in gas phase. The interference effects
could occur during hydride generation step and in the atomizer. The interferents in
the reaction step usually suppress the formation of hydrides from analyte and thus the
analytical signal is also decreased. Atomization interference is caused by other
hydride forming elements and results in the suppression of the analytical signal. The
interferent can form stable, mixed diatomic molecules such as AsSb [168] decreasing
the free analyte atom formation. In addition, interfering hydride elements consume
the radicals resulting the lower efficiencies of free analyte atom formation in the
atomizer [131].

The interference study was started with the investigation of interference effects of
hydride forming elements (As, Sh, Se, Te and Sn) with CF-HGAAS. Twin-channel
hydride generation system was applied. The effects of interferents on Bi signal when
Bi and interferent were together in the same solution are given in Figure 3.50. The
effect of Se and Te were observed at 500 fold mass ratio as a decrease in the signal.
When the analyte and interferent were pumped separately the effect of Te almost
disappeared and the signal Bi was 16% decreased in the presence of Se in the gas

phase. The results for all interferents elements pumped separately from analyte are
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given in Figure 3.51. Flores et al. [169] stated that Se has an effect on the Bi signal
with QTA. When atomizer was MMQTA, the effect of Se on Bi signal was not
changed. Therefore, they suggested interferences occur either in liquid phase or in
the inlet arm of the atomizer. For this study, the trend of interferences was similar
with the results stated by Flores et al. As a result, it could be concluded that the
interference effects of Se and Te were most probably originated from liquid phase

with CF-HGAAS, since the Bi signal was mostly affected in the presence of
interferent in the same solution.
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Figure 3.50 Interference effects of hydride forming elements on analytical signal of
20 ng/mL Bi using twin-channel CF-HGAAS system. Analyte and interferent were
placed in the same solution and pumped from one channel, from the second channel

blank solution was transferred. The temperature of EHQTA was 950 °C.
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Figure 3.51 Interference effects of hydride forming elements on analytical signal of
20 ng/mL Bi using twin-channel CF-HGAAS system. The analyte and interferent
were transported from the separate channels of twin-channel hydride generators.
Temperature of EHQTA was 950 °C.

3.7.3.2. Interference Study with Rh-coated W-coil Atom Trap ETA
System

The interference effects of As, Sbh, Se, Te and Sn were investigated with twin channel
CF-HG system coupled to Rh coated W-coil Atom Trap ETA system. The results for
twin channel HG system in which analyte and interferent were in same solution are
given in Figure 3.52. The Bi signal was diminished almost 50% when interferents
were Sb and Te. Moreover, Se had a suppression effect on the analyte signal about
20% at 500 fold interferent/analyte ratio.

Interference effects on Bi signal when analyte and interferents were transferred
separately are represented in Figure 3.53. In this mode, the interference effect of Sb
and Te was more effective in this mode than indicated in Figure 3.52. In this mode
40% and 30% decrease in the signal at 500 fold interferent/analyte ratio was resulted

from the presence of Se and As, respectively.
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Figure 3.52 Interference effects of hydride forming elements on analytical signal of
2.0 ng/mL Bi collected for 60 s using twin-channel CF-HG system of Rh coated W-
coil Atom Trap ETA system. Analyte and interferent were placed in the same
solution and pumped from one channel, from the second channel blank solution was

transferred. The trapping and atomization temperatures were 462 °C and 2177 °C,
respectively.

The interferents affected the Bi signal significantly when they were pumped
separately with the analyte. The source of interference was most probably in gas

phase. It could take place during transport of hydrides to trapping medium, during
trapping period and/or atomization.
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Figure 3.53 Interference effects of hydride forming elements on analytical signal of
2.0 ng/mL Bi collected for 60 s using twin-channel CF-HG system of Rh coated W-
coil Atom Trap ETA system. The analyte and interference were transported from the
separate channels of twin-channel hydride generators. The trapping and atomization

temperatures were 462 °C and 2177 °C, respectively.

37321 Trapping and Atomization Temperature Ranges for Interference
Elements

It may be suggested that the effect of interferents on the Bi signal with W-coil Atom
Trap ETA system take place in gas phase. The signal could be affected during the
trapping period and/or atomization. Bi signal could be affected due to the fact that
generated interferent hydride species could be trapped and preconcentrated on W-
coil and became more populated during atomization stage. Therefore, the different
behaviors of interferents regarding the two different modes of twin-channel hydride
generation system with W-coil Atom Trap ETA system directed to investigate the

trapping and atomization temperature profiles of interference elements.

In this part of the study, single channel CF-HG system was used. The hydride
generation conditions for Bi were applied to the interference elements. The working

standard solutions of individual interference elements were prepared in 1.0 mol/L
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HCI and the concentration of reductant (NaBH,4) was 0.5 % (w/v). The optimum
concentration for each interference element to obtain an analytical signal under the
optimum conditions of Bi was different. The W-coil surface was modified with Rh.
Volatile species generated from interference elements were collected for 60 s on Rh

coated W-coil surface.

Figure 3.54 illustrates the trapping and atomization range for As(IIl). The
concentration of As was selected as 5.0 ng/mL. The trapping range for As was
investigated in the temperatures between 179 and 1150 °C. Hydrides of As could be
trapped at a wide range and the highest signal was obtained at 1018 °C. The signal
decreased above this temperature. The optimum trapping temperature for bistmuthine
was found to be 462 °C and it could be seen from Figure 3.54 arsine could also be
trapped at this temperature. As was one of the interferent that caused a decrease in

the signal of Bi with W-coil Atom Trap ETA system.
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Figure 3.54 The trapping and atomization behavior for 5.0 ng/mL As in 1.0 mol/L
HCI using Rh coated W-coil Atom Trap ETA. The hydrides of As was collected for
60 s at a flow rate of 3.0 mL/min. During the investigation of trapping range the
atomization temperature was 1742 °C and for atomization range, trapping

temperature was kept at 1018 °C.
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The interference effect of Sh(l1l) was towards the decreasing the Bi signal for twin-
channel CF-HG system operating at two different modes. When Sb was separated
from analyte solution and transported individually, Sb affected the analytical signal
of Bi more significantly. Trapping profile of Sb indicated that stibine could be
preconcentrated partially at the optimum trapping temperature of bismuthine (462
°C). The signal obtained from stibine collection at 462 °C was 18% lower than
highest signal of stibine trapped at 544 °C (Figure 3.55). The decrease in Bi signal in
the presence of Sb in liquid or gas phase was probably due to the similar trapping
conditions for both of the elements. Bismuthine and stibine were collected on quartz
surface of the inlet arm of the multiple microflame [170]. According to the result of
this interference study, Sh was found to be the strongest interferent to Bi in collection
mode. Sb and Bi co-trapped and also volatilized together due to their very similar

preconcentration conditions. Therefore, atomization interference may also arise.
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Figure 3.55 The trapping and atomization behavior for 5.0 ng/mL Sb in 1.0 mol/L
HCI using Rh coated W-coil Atom Trap ETA. The hydrides of Sb were collected for
60 s at a flow rate of 3.0 mL/min. During the investigation of trapping range the
atomization temperature was 2177 °C and for atomization range, trapping

temperature was kept at 544 °C.
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The trapping and atomization profile for Se(IV) is given in Figure 3.56. The
optimum trapping temperature was found to be 227 °C for selenium hydrides. After
this, a sharp decrease was observed. Selenium hydrides could be trapped at a cooler
surface as compared to bismuthine. The partial collection of selenium hydrides at
462 °C could be achieved; however it was not as efficiently trapped as stibine at this
temperature. Se also caused a decrease in Bi signal. The reason behind the decrease
could be attributed to the fact that both elements are collected on W-coil and atomize

at the same condition.
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Figure 3.56 The trapping and atomization behavior for 10.0 ng/mL Se in 1.0 mol/L
HCI using Rh coated W-coil Atom Trap ETA. The hydrides of Se were collected for
60 s at a flow rate of 3.0 mL/min. During the investigation of trapping range the
atomization temperature was 2177 °C and for atomization range, trapping

temperature was kept at 227 °C.

Te(IV) led to significant reduction of Bi signal at 500 fold mass ratio (Figure 3.53).
The trapping temperature range for this interferent was investigated and the results
are given in Figure 3.57. Te hydrides could be collected in a wide temperature

range. The maximum signal was reached when the temperature was 620 °C.
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However, the difference between the maximum signal obtained at 620 °C and the
signal obtained at 462 °C (optimum trapping temperature for bismuthine) was 9.0%.
It could be stated that hydrides of Te could be collected at the optimum trapping
temperature for bismuthine. Therefore, the reason for decrease of Bi signal by Te

could be attributed to the similar trapping range.
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Figure 3.57 The trapping and atomization behavior for 5.0 ng/mL Te in 1.0 mol/L
HCI using Rh coated W-coil Atom Trap ETA. The hydrides of Te were collected for
60 seconds at a flow rate of 3.0 mL/min. During the investigation of trapping range
the atomization temperature was 2177 °C and for atomization range, trapping

temperature was kept at 620 °C.

The results obtained for trapping and atomization profile of Sn(IV) are indicated in
Figure 3.58. The interference of Sn for all interferent/analyte ratios could be tolerated

for both twin-channel CF-HG modes.
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Figure 3.58 The trapping and atomization behavior for 100 ng/mL Sn in 1.0 mol/L
HCI using Rh coated W-coil Atom Trap ETA. The hydrides of Sn were collected for
60 s at a flow rate of 3.0 mL/min. During the investigation of trapping range the
atomization temperature was 2177 °C and for atomization range, trapping

temperature was kept at 620 °C.

One of the reasons of the suppression of the analyte signal with W-coil Atom Trap
ETA could be the similar trapping and releasing behaviors of interferent species and
analyte on W-coil; this can be seen in Figure 3.54, Figure 3.55, Figure 3.56, Figure
3.57and Figure 3.58. Therefore it is likely that as the analyte is trapped and released
this will be accompanied by the similar behavior and thus the presence of interferent.
Formation of non-atomic species may be lowering the analyte free atom population

resulting in a decrease in signal.

Another reason could result from non-uniform temperature around W-coil atomizer.
The rapid atomization takes place sufficiently with W-coil due to the high
atomization temperature, ca. 2200 °C; however, as the distance from W-coil surface
increases, temperature is decreasing sharply; there is a sharp temperature gradient.
Thus, the medium becomes available for the formation of non-atomic species,

resulting in the decrease of analytical signal [123].
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For the behaviors of Sb and Se, as shown in Figure 3.73 and Figure 3.77,
respectively, there are increasing signal trends at the stages of CF-HG and untrapped
CF-HG in the presence of interferent. This indicates that the trapped analyte will
lower. The decrease in ETA signal in presence of these intereferents may be

explained also by this behavior.

3.7.3.3. The Interference Study with Rh-coated W-coil Atom Trap ETV
System

In this part, the interference effects of As, Sh, Se, Te and Sn were investigated with
twin-channel CF-HG system coupled to Rh-coated W-coil Atom Trap ETV system.
Twin-channel CF-HG system was used and it was applied in two different modes.
The results obtained with twin-channel CF-HG system in which analyte and
interferent were in the same solution are given in Figure 3.59. In this system, the
interference effects of Te and Sn were minimal; the analytical signal of Bi was not
affected in the presence of these interferents. However; As, Sb and Se led to the
enhancement of signal. The enhancement effect of these elements was effective

starting from 50 fold mass ratio of interferent/analyte.

The same effect was observed with twin-channel CF-HG system in which the analyte
and interferent were transported separately. The results for this mode are given in
Figure 3.60. The interference effect of Te and Sn on the signal of Bi was not
significant. The signal of Bi was significantly affected by As, Sb and Se and they
caused increase in the signal. The enhancement of the signal was observed at 50 and
500 interferent/analyte ratios. The case most frequently encountered in interference
study is the suppression of the analyte signal by the interferent elements. However, in
some cases, the positive effects of interferent on the analyte signal could be observed
due to the formation of volatile or non-volatile compound in a gas/condensed phase
reaction between analyte and matrix [33]. The interference effects of As, Sb and Se
were observed in twin-channel CF-HG system operating at two modes. The

enhancement effect was the result for both of the twin-channel CF-HG modes. The
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interference effect could be effective during hydride generation step, trapping,
revolatilization and atomization. The presence of interferent might increase the
amount of volatile hydrides that were transferred to the gas phase, thus; the amount
of analyte hydrides preconcentrated on W-coil could be enhanced. The interferent in
the gas phase could form diatomic compound with the analyte (Bi-As, Bi-Sh, Bi-Se)
that could increase the release efficiency and transfer to QTA of trapped analyte

species from W-coil surface. Therefore, the amount of analyte species arrived to
atomization zone could increase.
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Figure 3.59 Interference effects of hydride forming elements on analytical signal of
2.0 ng/mL Bi collected for 60 s with twin-channel CF-HG system of Rh coated W-
coil Atom Trap ETV. Analyte and interferent were placed in the same solution and
pumped from one channel, from the second channel blank solution was transferred.
The trapping and revolatilization temperatures were 300 °C and 1542 °C,
respectively. Temperature of EHQTA was 950 °C.
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Figure 3.60 Interference effects of hydride forming elements on analytical signal of
2.0 ng/mL Bi collected for 60 s using twin-channel CF-HG system of Rh coated W-
coil Atom Trap ETV. The analyte and interferent were transported from the separate
channels of twin-channel hydride generators. The trapping and revolatilization

temperatures were 300 °C and 1542 °C, respectively. Temperature in EHQTA was
950 °C.

3.7.3.3.1 Trapping and Revolatilization Temperature Ranges for Interference
Elements

In this part of the study, the trapping and revolatilization temperature range for
individual interference elements were investigated. The enhancement of the
analytical signal of Bi by As, Sb and Se led to investigation of the trapping and
revolatilization temperature profile for interferents.

Single channel CF-HG system was used. The hydride generation conditions for Bi
were applied to the interference elements. The working standard solutions of
individual interference elements were prepared in 1.0 mol/L HCI and the
concentration of reductant (NaBH;) was 0.5 % (w/v). For each interferent the
optimum concentration to obtain an analytical signal under the optimum conditions

of Bi was investigated and the signal for which analytical signal was obtained was
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taken into account. The W-coil surface was modified with Rh. Volatile species
generated from interference elements were collected for 60 s on Rh coated W-coil

surface. The atomization temperature in EHQTA was kept at 950 °C.

The results regarding the trapping and revolatilization temperature range
optimization for As(l11) are shown in Figure 3.61. The concentration selected for As
was 10.0 ng/mL. Arsine species were collected efficiently at 620 °C and they were
released at 1696 °C. The optimum collection and release temperature for bismuthine
with ETV system was 300 °C and 1542 °C, respectively. Arsine could be collected
when trapping temperature was kept at the optimum trapping temperature of

bismuthine.
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Figure 3.61 The trapping and revolatilization temperature behavior for 10.0 ng/mL
As in 1.0 mol/L HCI using Rh coated W-coil Atom Trap ETV. The hydrides of As
were collected for 60 s at a flow rate of 3.0 mL/min. During the investigation of
trapping range, the revolatilization temperature was 1696 °C and for revolatilization
range, trapping temperature was kept at 620 °C. Temperature of EHQTA was 950
°C.
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Optimization of the trapping and revolatilization temperature of Sb(lll) under the
conditions of Bi was performed and the results are given in Figure 3.62. The
maximum signal for optimization of trapping temperature was obtained for 262 °C
and trapped Sb species were released at 1696 °C. Above 262 °C, the partial release
of trapped Sb species occurred and signal decreased. The trapping and

revolatilization temperature range of Sb was similar to that of Bi.
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Figure 3.62 The trapping and revolatilization temperature behavior for 10.0 ng/mL
Sb in 1.0 mol/L HCI using Rh coated W-coil Atom Trap ETV. The hydrides of Sb
were collected for 60 seconds at a flow rate of 3.0 mL/min. During the investigation
of trapping range, the revolatilization temperature was 1696 °C and for
revolatilization range, trapping temperature was kept at 262 °C. Temperature of
EHQTA was 950 °C.

The results for trapping and revolatilization temperature range of Se are shown in
Figure 3.63. The signals were obtained for 10 ng/mL Se(IV) collected for 60
seconds. While optimizing the trapping temperature revolatilization temperature was
1696 °C. The optimum temperatures for trapping and revolatilization were found to

be 227 °C and 1742 °C, respectively. The decrease of the signal was observed above
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the optimum trapping temperature for Se. The release of trapped Se species was

observed at the optimum trapping temperature for bismuthine.
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Figure 3.63 The trapping and revolatilization temperature behavior for 10.0 ng/mL
Se 1.0 mol/L HCI using Rh coated W-oil Atom Trap ETV. The hydrides of Se were
collected for 60 s at a flow rate of 3.0 mL/min. During the investigation of trapping
range, the revolatilization temperature was 1696 °C and for revolatilization range,

trapping temperature was kept at 277 °C. Temperature of EHQTA was 950 °C.

The temperature optimization for trapping and revolatilization stages were performed
for Te(IV) and Sn(1V), and the results for Te and Sn are given in Figure 3.64 and
Figure 3.65, respectively. 262 °C was found as optimum collection temperature for
Te under optimum HG conditions for Bi. The release of trapped Te species could be
achieved sufficiently at 1742 ° C. The trapping profile of Te was similar to that was
found for Bi. However, the analytical signal of Bi was not affected significantly in
the presence of Te. To obtain an analytical signal for Sn under the optimum HG
conditions for Bi was difficult. During the temperature optimization for trapping and
revolatilization 1.0 mg/L Sn working solution was used. The optimum trapping and
release temperatures were to be 462 and 1742 °C, respectively. According to the
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interference study with ETV, it was found that Bi signal was not affected
significantly by Sn. The signal obtained from Sn was low despite of high
concentration of Sn solution. One of the reasons for the lack of interference should

be the relative absence of Sn on W-coil trap.
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Figure 3.64 The trapping and revolatilization temperature behavior for 10.0 ng/mL
Te in 1.0 mol/L HCI using Rh coated W-coil Atom Trap ETV. The hydrides of Te
were collected for 60 s at a flow rate of 3.0 mL/min. During the investigation of
trapping range, the revolatilization temperature was 1696 °C and for revolatilization
range, trapping temperature was kept at 262 °C. Temperature of EHQTA was 950
°C.

The comparison of revolatilization temperatures of interferent and analyte did not
give sufficient information regarding the behavior of interferent during
revolatilization stage. As the release temperature was increased the signal was also
increasing. Therefore, the results obtained for revolatilization temperature were not

distinctive.
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Figure 3.65 The trapping and revolatilization temperature behavior for 1.0 mg/L Sn
in 1.0 mol/L HCI using Rh coated W-coil Atom Trap ETV. The hydrides of Sn were
collected for 60 s at a flow rate of 3.0 mL/min. During the investigation of trapping
range, the revolatilization temperature was 1696 °C and for revolatilization range,

trapping temperature was kept at 462 °C. Temperature of EHQTA was 950 °C.

3.7.3.3.2 Effect of Interferent during Continuous Flow Hydride

Generation, Trapping and Revolatilization Stages in ETV

The effect of interference element including As(l11), Sb(lll) and Se(1V) was towards
the enhancement of analytical signal with Rh coated W-coil Atom Trap ETV system
and EHQTA. The enhancement effect could be observed at any stage of the system.
Therefore, the individual stages of the system regarding i) continuous flow HG
system, ii) trapping period and iii) revolatilization stages were investigated in terms
of behavior of interferent. Moreover, an effort was made to identify in which stage
the effect of interference elements were more severe and how the behavior of Bi
signal was affected by interference element at each stage. The whole signal was
divided into three parts, namely, i) CF-HG, ii) untrapped CF-HG and iii)
revolatilization. The schematic representation is illustrated in Figure 3.66. Firstly, the
signal of CF-HG was recorded. While recording the CF signal, W-coil was not
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heated; thus, there was not any trapping of analyte species. Secondly, W-coil was
heated to trapping temperature and during this period the continuous flow signal was
recorded. The continuous flow signal was the signal produced from the hydrides of
untrapped species. Lastly, when trapping period was completed, temperature of W-
coil was brought to revolatilization temperature and the signal obtained from the
atomization of released species from W-coil.
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Figure 3.66 The schematic representation of the signal obtained from CF-HG,
untrapped CF-HG and revolatilization.

In order to see the effect of interference elements on each stage, the selection of
analyte concentration was important. The analyte concentration was selected as 10.0
ng/mL for Bi, therefore this concentration was suitable to detect CF-HG signal
sufficiently. The trapping period was shortened to 20 s to minimize the trapping
signal with high concentration of Bi. The interference effects of As, Sb and Se were
investigated due to their enhancement effect on the Bi signal. The interferent/analyte
ratios were 1, 10, 50 and 500 fold. The signals were reported as relative signal which
was converted to 100. The Bi signal was taken as 100 and the signals obtained in the
presence of interferents were normalized according to relative signal of Bi. The

signals were normalized in accordance with the related stage. For example, the CF-
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HG signal of Bi was considered as 100 and the CF-HG signal obtained with the
interferent was normalized regarding this signal. The same calculation was done for

normalization of the signal for untrapped CF-HG and revolatilization stages.

In this study, twin-channel CF-HG system operating at two modes was used. In the
first mode, analyte and interference element were transferred together from the same
solution and transferred from same channel. The second channel was used to
transport blank solution. In the second one, analyte and interference element were

present in different solutions and were sent through different channels.

As(I11) as an interferent yielded the results are indicated in Figure 3.67. The analyte
and As were spiked into the same solution and pumped together. Blue and orange
lines indicated the signal obtained from CF-HG and CF-HG of untrapped species,
respectively. The trend of signals of both stages was similar and As did not affect the
signal significantly. However, the revolatilization signal (purple line) obtained in the
presence of As was increased at the interferent/analyte ratios of 10, 50 and 500.
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Figure 3.67 The effect of As on Bi signal regarding CF-HG, CF-HG of untrapped
species and revolatilization stages. The Bi concentration was 10.0 ng/mL in 1.0
mol/L HCI and Bi was trapped for 20 s. As and Bi were in the same solution and

pumped together from the same channel, the blank solution was transferred from the
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second channel. The trapping and revolatilization temperatures were 300 °C and
1542 °C, respectively. Temperature in EHQTA was 950 °C.
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Figure 3.68 The signals that were obtained for 10.0 ng/mL Bi, 500 ng/mL As + 10.0
ng/mL Bi and 5000 ng/mL As + 10.0 ng/mL Bi. The signals were taken during the
revolatilization stage. As and Bi were in the same solution and transferred together

from the same channel.

The interference effect of As when analyte and As were transferred separately is
shown in Figure 3.69. The effect of As on the CF-HG signal obtained without trap
and with trap was similar. The same trend was followed for both of the stages. The
enhancement effect was observed for revolatilization signal at 50 and 500 fold
interferent/analyte ratios. At 500 fold mass ratio, the analytical signal of Bi was twice

more than the signal of Bi without As.

The shape of the signals indicated in Figure 3.70 were similar to those shown in
Figure 3.69. The tail observed in 10.0 ng/mL Bi signal disappeared with the increase
in As concentration and thus signal become higher and sharper. The bandwidth 10.0
ng/mL Bi signal was 2.8 s. The bandwidth of the signals obtained for Bi and As

pumped from separate channels was 1.1 s.
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Figure 3.69 The effect of As on Bi signal regarding CF-HG, CF-HG of untrapped
species and revolatilization stages. The Bi concentration was 10.0 ng/mL in 1.0
mol/L HCI and Bi was trapped for 20 s. As and Bi solutions were transferred
separately. The trapping and revolatilization temperatures were 300 °C and 1542 °C,
respectively. Temperature of EHQTA was 950 °C.
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Figure 3.70 The signals that were obtained for 10.0 ng/mL Bi, 500 ng/mL As + 10.0
ng/mL Bi and 5000 ng/mL As + 10.0 ng/mL Bi. The signals were taken during the

revolatilization stage. As and Bi were in separate solutions and transferred from
different channels.
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The presence of Bi and Sb in the same solution yielded the results indicated in Figure
3.71. The interference effect of Sb was observed in all stages. The signals belonged
to CF-HG and untrapped CF-HG was increased in the presence of Sb. The

enhancement of the signal at revolatilization stage was more significant than the
other stages.

The shapes of the signals were also indicated in Figure 3.72. The signals were
obtained for 10.0 ng/mL Bi and 100 ng/mL Sb + 10.0 ng/mL Bi, 500 ng/mL Sb +
10.0 ng/mL Bi and 5000 ng/mL Sh+ 10.0 ng/mL Bi solutions. The bandwidth of
10.0 ng/mL Bi signal was 1.5 s. The bandwidths of signals for Sb containing Bi
solutions become narrower and signals were higher.
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Figure 3.71 The effect of Sb on Bi signal regarding CF-HG, CF-HG of untrapped
species and revolatilization stages. The Bi concentration was 10.0 ng/mL in 1.0
mol/L HCI and Bi was trapped for 20 s. Sb and Bi were in the same solution and
pumped together from the same channel; the blank solution was transferred from the
second channel. The trapping and revolatilization temperatures were 300 °C and
1542 °C, respectively. Temperature of EHQTA was 950 °C.
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Figure 3.72 The signals that were obtained for 10.0 ng/mL Bi and 100 ng/mL Sb +
10.0 ng/mL Bi, 500 ng/mL Sb + 10.0 ng/mL Bi and 5000 ng/mL Sb+ 10.0 ng/mL Bi.
The signals were taken during the revolatilization stage. Sb and Bi were in the same
solution and transferred together from the same channel.

The similar enhancement effect was investigated with Sb as an interferent when
analyte and Sb were transferred separately. The results obtained for three stages are
shown in Figure 3.73. When Sb was transported from separately from Bi, the
increase in Bi signal started with interferent/analyte ratio of 1 and the representative
signals are given in Figure 3.74. The bandwidth of Bi was 1.5 s. The signal obtained
for 10 ng/mL Sb + 10 ng/mL Bi case had the bandwidth of 1.0 s. As the

concentration of Sh was increased the signals become narrower and bandwidth was
0.7 s.
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Figure 3.73 The effect of Sb on Bi signal regarding CF-HG, CF-HG of untrapped

species and revolatilization stages. The Bi concentration was 10.0 ng/mL in 1.0
mol/L HCI and Bi was trapped for 20 s. Sb and Bi solutions were transferred
separately. The trapping and revolatilization temperatures were 300 °C and 1542 °C,
respectively. Temperature in EHQTA was 950 °C.
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Figure 3.74 The signals that were obtained for 10.0 ng/mL Bi, 100 ng/mL Sb + 10.0
ng/mL Bi, 500 ng/mL Sb + 10.0 ng/mL Bi and 5000 ng/mL Sb + 10.0 ng/mL Bi

solutions. The signals were taken during the revolatilization stage. Sb and Bi were in
separate solutions and transferred from different channels.
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The presence of Se in the analyte solution yielded the results indicated in Figure
3.75. The Bi signals of CF-HG (blue line) and CF-HG of untrapped species (orange
line) was not significantly affected by Se present in the same solution with Bi.
During these stages, the system could tolerate the effect of Se. The signals obtained
for revolatilization stage were decreased for the interferent/analyte ratios of 1, 10 and
50. The enhancement of the Bi signal occurred at 500 fold interferent/analyte ratio.

The signals obtained for 10.0 ng/mL Bi and 5.0 mg/L Se containing 10.0 ng/mL Bi
solutions are given in Figure 3.76. The bandwidth of 10.0 ng/mL Bi signal was 2.3 s.

When Se was added to analyte solution, the bandwidth of the signal become
narrower that was 0.7 s.
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Figure 3.75 The effect of Se on Bi signal regarding CF-HG, CF-HG of untrapped
species and revolatilization stages. The Bi concentration was 10.0 ng/mL in 1.0
mol/L HCI and Bi was trapped for 20 s. Se and Bi were in the same solution and
pumped together from the same channel, the blank solution was transferred from the
second channel. The trapping and revolatilization temperatures were 300 °C and
1542 °C, respectively. Temperature of EHQTA was 950 °C.
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Figure 3.76 The signals that were obtained for 10.0 ng/mL Bi and 5000 ng/L Se +
10.0 ng/mL Bi solutions. The signals were taken during the revolatilization stage. Se
and Bi were in the same solution and transferred together from the same channel.

The interference effect of Se when it was transferred separately from the analyte
increased significantly at CF-HG and untrapped CF-HG stages. The enhancement of
the signals took place and corresponding results are given in Figure 3.77. The signals
belonged to revolatilization stage were decreasing when interferent/analyte ratios
were 1, 10 and 50. The signal at 500 fold interferent/analyte ratio was enhanced.
Figure 3.78 represents the signals for 10.0 ng/mL Bi and 10.0 ng/mL Bi solution +
5000 ng/mL Se. The difference between those signals was the bandwidths. Signal of
Bi has the bandwidth of 2.3 s and Se containing Bi solution yielded the signal of 0.7
s bandwidth. Therefore, there was not significant enhancement effect observed with

Se, but the bandwidth become narrower with the presence of Se.
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Figure 3.77 The effect of Se on Bi signal regarding CF-HG, CF-HG of untrapped
species and revolatilization stages. The Bi concentration was 10.0 ng/mL in 1.0
mol/L HCI and Bi was trapped for 20s. Se and Bi solutions were transferred
separately. The trapping and revolatilization temperatures were 300 °C and 1542 °C,
respectively. Temperature of EHQTA was 950 °C.
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Figure 3.78 The signals that were obtained for 10.0 ng/mL Bi, 5.0 mg/L Se + 10.0
ng/mL Bi. The signals were taken during the revolatilization stage. Se and Bi were in

separate solutions and transferred from different channels.
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The results obtained with this part of the study are summarized in Table 3.17.

Table 3.17 The results of interference study regarding the effects of interferent on
the signal of Bi in the stages namely; CF-HG (1), untrapped CF-HG (2) and
revolatilization (3) with twin-channel CF-HG system in which Bi and interferent in

same solution (a) and separate solutions (b).

As Sb Se
Mass ratio
1 2 3 1 2 3 1 2 3
(Int/Bi)
0 100 100 100 | 100 100 100 | 100 100 100
a| 100 98 84 98 95 94 94 102 74
1
b| 81 79 80 | 124 123 134 | 98 102 80
a | 102 101 117 | 104 109 142 | 95 90 61
10
b | 100 99 96 121 117 131 | 115 109 72
a| 102 103 125 | 112 109 167 | 104 96 88
50
b| 103 106 134 | 112 115 160 | 125 130 77
a| 114 116 203 | 110 111 149 | 107 103 123
500
b | 116 111 244 | 132 132 148 | 138 123 112

The enhancement of CF-HG signal regardless of analyte and interferent were in the

same solution or not was investigated especially for Sb and Se. While heating QTA

by electrical furnace in the inlet arm of the QTA was also heated and these regions

became a trapping medium. When bismuth was alone there was a possibility for

volatile bismuth species to be trapped on the hot regions in the inlet arm of the QTA,
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thus; the atomization signal produced from CF-HG could be low due to this reason.
In the presence of interferents, bismuth could form dimers with interferents during
the transportation to the atomizer. The formation of these compounds could prevent
bismuth species to be trapped on the inlet arm of the QTA. Therefore, CF-HG signal
could be enhanced due to the higher amount of bismuth species transported to
atomization zone. Another possibility is that interferent species could also be trapped
in the inlet arm of EHQTA and the sites available for analyte would be lowered. This

could also lead to an increase in signal.

In this part of the study, the CF-HG signal was followed in the stage called untrapped
CF-HG. The CF-HG signal of untrapped bismuth species were recorded during that
stage. The signals belonging to CF-HG and CF-HG of untrapped species were not
affected significantly in the presence of As. Therefore, the interference effect could
not be related with the trapping stage. If there were any enhancement related with
trapping, CF-HG signal obtained during trapping period could have been reduced
indicating that bismuth was trapped more efficiently on W-coil surface. However;
the signal on that period was not changed significantly. Therefore, the variations on
the Bi signal with As was not related with the co-trapping of As with Bi. The reason
of enhancement of signal in the presence of As could be resulted from the
revolatilization stage. Moreover, CF-HG signal recorded during collection period
was increasing in the presence of Sb and Se. This situation could be attributed to the
reduction of collection of analyte on W-coil in the presence of interference. Krejéi et
al. stated that Bi collected on molybdenum surface was affected in the presence of
As, Sb and Se [125]. The suppression effect was investigated for these interferents.
The interference effect of Se could be attributed to the formation of diatomic species
of Bi-Se(g) at trapping temperature range of Bi. Consequently, formation of this
compound could reduce the trapping efficiency. It was found that gaseous molecules
formed on vaporization of liquid solutions of Bi-Sb, Bi-As in the temperature range
of 300-750 °C [171,172]. It was investigated that the tetratomic and diatomic species
including BisAs, Bi,Sh,, Bi,As,, BiSbs, BiAssz, BiSb and BiAs. The vaporization of
Bi,Se; yielded the formation of gaseous species of BiSe(g) and Bi(g) with
continuous heating at 1050 K [173]. During collection of analyte on W-coil, the hot
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surface of coil could behave as a reactor to support the formation of analyte-
interferent compounds (Bi-As, Bi-Se and Bi-Sh). The formation of analyte-
interferent compounds could reduce the trapping efficiency of analyte and this led to
a small enhancement of bismuth signal obtained from CF-HG during trapping stage
and its species that reach to the atomizer. The relatively low increase in the CF-HG
signal during trapping stage could be observed due to this situation.

The enhancement effect was observed dominantly at revolatilization stage with As,
Sb and Se. The common behavior of the interferents was making the Bi signal
sharper. Broad analyte signal become sharper, thus bandwidth of the signals was
narrower. The reason of this situation could be attributed to the high temperature
used for the release of collected analyte species on W-coil surface. High temperature
(1500 °C) applied to release the trapped species could enable the formation free
analyte atoms. There was a temperature gradient between QTA and ETV unit.
During the transportation of analyte to the QTA, the formation of analyte-interferent
diatomic or polyatomic molecules could be possible under that temperature
conditions. The analyte in the form of analyte-interferent species was transported to
the atomizer heated at 950 °C and the number of analyte species reaching to the
atomizer could be raised. As a result the enhancement on the Bi signal could be
observed. The other reason of increase in the signal could be the support of
intereferents during the release of analyte from W-coil. Interferents may promote
trapped analyte species to be released more easily and rapidly from the W-coil.
Therefore, the amount of analyte species that reach to the atomizer could be raised to

yield an enhanced signal.

3.7.3.33 Effect of Increasing Temperature on the Behavior of Interferents

at Revolatilization Stage

The enhancement on the Bi signal was thought to take place at revolatilization stage

with Rh coated W-coil Atom Trap ETV system. As, Sb and Se were the interferents
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caused enhancement. Therefore, the experiments carried out in this part were

performed with As, Sb and Se. Te and Sn were not included in this part of the study.

The temperature at which complete release of trapped Bi species achieved was 1542
°C. A cleaning step after releasing step was applied and no signal was observed.
However, interferents affected the Bi signal at this temperature. In this part, the
effect of release temperature on interferents was investigated. The trapping
temperature was kept constant at 300 °C while varying the revolatilization

temperature.

Twin-channel CF-HG system was used for this part of the study. It was operating in
two modes in which analyte and interferent were together in the same solution and
transported separately. The analyte concentration was 10.0 ng/mL prepared in 1.0
mol/L HCI. The enhancement effect was significant at 500 fold interferent/analyte
ratio. Therefore, solutions containing interferents were prepared at 500 fold
interferent/analyte ratio.

Reference Bi signal was measured at each temperature. The analyte signal measured
in the presence of interferents was compared to that of obtained in the absence of the
interferent (reference signal). The comparison between analyte signal and reference
signal was performed for each temperature. The reference signal was considered as

100 for each temperature value and correlation was done accordingly.

The results for twin-channel CF-HG system in which analyte and interferent together
in the same solution are listed in Table 3.18. It can be seen from the results that
increasing the revolatilization temperature suppressed the enhancement of the analyte

signal.

Effect of temperature on the interferent behavior with twin-channel CF-HG system
where analyte and interferent were transferred separately was performed and the
related results are given Table 3.19. The trend was similar to the results indicated in
Table 3.18. As the temperature was raised, the enhancement on the analyte signal

was dropped. Therefore, increase in release temperature enhanced the Bi signal and
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the signal obtained in the absence and presence of interferent came closer to each
other.

Table 3.18 Effect of revolatilization temperature on the behavior of As, Se and Sb in
Rh coated W-coil atom Trap ETV experiments. The analyte concentration was 10.0
ng/mL and was trapped for 20 s. The concentration of As, Se and Sb was 500 fold
interferent/Bi ratio. Analyte and interferent were in the same solution and pumped
from same channel. Blank was transferred from the second channel. The trapping
temperature was kept at 300 °C. Temperature of EHQTA was 950 °C.

Relative signal (%)
Bi As Se Sb
T (°C)
(10.0 ng/mL) (5000 ng/mL) (5000 ng/mL) (5000 ng/mL)
1542 100 122+7 129+10 120+6
1678 100 123+10 106+8 116+6
1780 100 11610 117+19 104+11
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Table 3.19 Effect of revolatilization temperature on the behavior of As, Se and Sb.
The analyte concentration was 10.0 ng/mL. The concentration of As, Se and Sh was
500 fold interferent/Bi ratio. Analyte and interferent were in the separate solution and
pumped from different channel. The trapping period was 20 seconds and the trapping

temperature was kept at 300 °C.

Relative signal (%)

T (°C) Bi As Se Sb

(10.0 ng/mL) (5000 ng/mL) (5000 ng/mL) (5000 ng/mL)

1542 100 140+7 149+10 13945
1678 100 128+5 121+10 111£2
1780 100 118+4 114+£3 117£5

The signals measured at each revolatilization temperature value are indicated in
Figure 3.79 and Figure 3.80. Absorbance values for Bi (without interferent) obtained
for corresponding revolatilization temperature was shown in blue color. This line can
be compared with the others that indicated the absorbance values for analyte with
interferent. The difference between Bi alone and with interferent was significant at
1542 °C. It was decreased with increase in temperature. The signals of Bi without
interferent and with interferent were increased as the revolatilization temperature was
raised. However, the degree of enhancement of Bi signal in the absence of interferent
was more than that of Bi signal in the presence of interferent. Therefore, the
enhancement effect caused by interferents was suppressed with increasing

revolatilization temperature.
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Figure 3.79 The absorbance values of the signals obtained for 10.0 ng/mL Bi, 10.0
ng/mL+ 5.0 mg/L As, 10.0 ng/mL+ 5.0 mg/L Sh, and 10.0 ng/mL+ 5.0 mg/L Se. The
signals were measured at 1542 °C, 1678 °C and 1780 °C. The trapping temperature
was kept at 300 °C. Temperature in EHQTA was 950 °C. The analyte and interferent

were in the same solution and transferred from the same channel.
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Figure 3.80 The absorbance values of the signals obtained for 10.0 ng/mL Bi, 10.0
ng/mL+ 5.0 mg/L As, 10.0 ng/mL+ 5.0 mg/L Sh, and 10.0 ng/mL+ 5.0 mg/L Se. The
signals were measured at 1542 °C, 1678 °C and 1780 °C. The trapping temperature
was kept at 300 °C. Temperature in EHQTA was 950 °C. The analyte and interferent

were transported separately from different channels.
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The schematic representation of the signals obtained at each revolatilization
temperature is given in Figure 3.81. Those signals were measured without
interferent. Figure 3.81 shows how Bi signal was affected with increasing releasing
temperature. The signal measured at 1780 °C was 32 % more than that obtained at
1542 °C. Tailing observed in the signal was reduced with increased temperature.
However, an increase on the background absorption was observed for the signal
measured at 1780 °C.
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Figure 3.81 The signals of 10.0 ng/mL Bi obtained at 1542 °C, 1678 °C and 1780
°C. Bi was trapped for 20 seconds at 300 °C. Temperature of EHQTA was 950 °C.

(Red colored line indicates the background signal.)

3.7.3.3.4 Bismuth as an Interference Element

In this section behavior of Bi as an interference element was studied. Rh coated W-
coil Atom Trap ETV system was used for this part of the study; syringe system was

not used. Sb was selected as the analyte, since it has severe enhancement effect on Bi
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signal. This study was carried out to investigate whether Bi has the same effect on Sh

or not.

The system used for this section was single-channel CF-HG system with Rh coated
W-coil Atom Trap ETV system. The optimum conditions for hydride generation
were selected for Sb(lll). The working solutions of Sb were prepared in 0.1 mol/L
HCI solution and 1.2% (w/v) NaBH, was used for reductant solution. Stibine was
trapped on Rh coated W-coil at 262 °C for 60 seconds. Revolatilization and
atomization temperature were 1742 °C and 950°C, respectively. Bi was added to Sb
solutions at 50 and 500 fold interferent/analyte (w/w) ratios and Sb concentration
was kept at 10.0 ng/mL. The Sb signal without Bi was normalized to 100 (reference
signal). The results obtained for interference effect of Bi on Sb were listed in Table
3.20.

Table 3.20 The interference effect of Bi on Sb using Rh coated W-coil Atom Trap
ETV system and optimized conditions for Sb(lll). The concentration of Sb was 10.0
ng/mL in 0.1 mol/L HCI.

Mass ratio (Bi/Sb) Relative signal for Sb

0 100
50 111+13
500 67+9

The enhancement of the signal for 50 fold interferent/analyte ratio was
approximately 10 %, this result could be accepted in the tolerance limit. On the other
hand, Bi suppressed Sb signal significantly (33 %) at 500 fold interferent-analyte
ratio. It was stated that Bi was the most pronounced interferent for Sb [113,169]. It
could be preconcentrated on quartz trap with the efficiency of 55 % under the
optimum conditions of Sb [113]. Therefore, the suppression of the signal could be
result from the co-trapping of Bi and Sb on W-caoil.
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In another experiment, working solutions of Sb were prepared according to the
optimum conditions used for Bi. Sb solutions were prepared in 1.0 mol/L HCI
solution and concentration of NaBH, was 0.5% (w/v). Bi was spiked to Sb solutions
at 500 mass ratio of Bi to Sb and the concentration of Sb was 10.0 ng/mL. Stibine
was trapped on Rh coated W-coil at 300 °C for 60 s. Revolatilization and atomization
temperature were 1542 °C and 950 °C, respectively. The results obtained for the

interference effect of Bi on Sb signal are indicated in Table 3.21.

Table 3.21 The interference effect of Bi on Sb using Rh coated W-coil Atom Trap
ETV system and optimized conditions for Bi. The concentration of Sb was 10.0
ng/mL in 1.0 mol/L HCI.

Mass ratio (Bi/Sb) Relative signal for Sb

0 100

500 97+4

The result from the Table 3.21 indicated that there was no significant effect of Bi on
the analytical signal Sb, under the optimum conditions of Bi. Bismuth did not cause
any significant enhancement effect on Sb signal as Sb led to the enhancement on Bi
signal.

3.8. The Comparison of ETA and ETV Systems

W-coil atom trap ETA and ETV system were used throughout this study. ETA and
ETV system were compared in terms their analytical performance and behavior on
interferences. Two systems had significantly different behaviors towards analytical

performance and especially interferences.
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One of the main differences was observed regarding their operation. W-coil in ETA
system was used as both the trapping medium and the atomizer. Both functions were
included in the same unit. On the other hand, W-coil in ETV system served as both
the trapping medium and the revolatilization unit and released species upon
revolatilization were transported to atomizer that was the EHQTA. Therefore, the

process of revolatilization and atomization took place in separate units and location.

Hydrogen gas was used for the protection of W-coil from oxidation. On the other
hand, hydrogen may also be effective during atomization near W-coil free H atoms
are likely to be present; however, further research is needed to support this
hypothesis. Ar gas was introduced to the system for the transportation of hydride
species to the trapping and/or atomization unit. The purpose of introduction of Ar
and H, gas was the same for both of the system. ETV system was different from
ETA system in terms of additional introduction of Ar carrier gas. Additional carrier
Ar gas was used to transport the released species to the atomizer at revolatilization
stage; otherwise, the stripping Ar gas flow was not sufficient to achieve the efficient

transportation of released species.

W-coil ETA and ETV systems could be correlated regarding their analytical
performance. The sample flow rate was 3.0 mL/min for all conditions and the
calculations were done according to the 120 s trapping period. LOD and
characteristic concentrations (Co) are demonstrated in Table 3.22. As seen on table,
limits of detection for both systems were comparable. Syringe attached system for
ETA and ETV yielded LOD values very close to each other.

One difference was to be noted regarding SRM analyses. Direct calibration method
was sufficient for the method validation of ETA system. However, standard additions
method was required with ETV system; this is a negative aspect for the use of ETV

in complex matrices.
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and ETV systems.

Table 3.22 Comparison of the analytical performance of the W-coil atom trap ETA

W-caoil Syringe ) Syringe
W-coil
atom | Attached W- Attached W-
) atom trap )
trap coil atom coil atom trap
ETV
ETA trap ETA ETV
LOD, ng/mL | 0.046 0.018 0.047 0.026
Co, ng/mL 0.025 0.011 0.036 0.0029

The interference behavior of the W-coil ETA and ETV systems was investigated in
this study. Detailed studies were carried out to examine how Bi signal was affected
in the presence of interferents regarding the both systems. The interfering effects of
As, Sbh, Se, Te and Sn were observed. The results obtained for interference study
performed with CF-HGAAS, W-coil Atom Trap ETA and ETV systems are given in
Table 3.23. The results belong to the signals obtained with 500 fold mass ratio (w/w)
of interferent to analyte, since the most significant effect of interferents were
observed at this ratio.

Using ETA, the presence of these interferents caused significant suppression of the
analyte signal. The most severe interference effect was generated by Sb and Te. The
reason of the suppression of the analyte signal could be attributed to the co-trapping
of analyte and interferent.
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Table 3.23 Effects of interference on the analytical signal of Bi with CF-HGAAS,
Rh coated W-coil Atom Trap ETA and Rh coated W-coil Atom Trap ETV. The mass
ratio (w/w) of interferent to analyte was 500 fold. Analyte concentration for CF-
HGAAS was 10.0 ng/mL and 2.0 ng/mL for ETA and ETV systems.

AsS Sb Se Te Sn
CE- Bi+l 98 109 70 45 101
HGAAS  giand 1™ 102 98 84 97 98
Bi+l" 96 54 81 47 90

ETA
Biand I 70 15 60 39 101
Bi+l ” 270 254 293 99 90

ETV

Biand I 213 213 196 103 93

*Bi and interferent were in same solution.

**Bi and interferent were transferred separately.

The results related to the interference study followed by W-coil ETV system showed
different behavior from ETA. Twin channel CF-HG system was used for interference
study with ETA and ETV systems. In this system, Sn and Te did not influence the
analyte signal significantly. The common interferents for both of the system were As,
Sb and Se. These interferents reduced the analyte signal with ETA system; on the
other hand the enhancement effect from these interferents was observed with ETV
system. The interference effects could be due to the formation of interferent-analyte
compounds such as BiAs, BiSb and BiSe that may help the release of analyte from
W-coil.

The correlation of ETA and ETV systems regarding the behavior of As, Sb and Se is
demonstrated in Figure 3.82, Figure 3.83 and Figure 3.84, respectively. Suppression
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of the signal with ETA system and enhancement of signal with ETV system can be
seen from the graphs.

For the behaviors of Sb and Se, as shown in Figure 3.73 and Figure 3.77,
respectively, there are increasing signal trends at the stages of CF-HG and untrapped
CF-HG in the presence of interferent. This indicates that the trapped analyte will

lower. The decrease in ETA signal in presence of these intereferents may be
explained also by this behavior.

The paragraph above partly explains the decrease in ETA because of the analyte
population on W-trap. This is also valid for ETV experiments, where an increase in
analyte signal was observed in presence of intereferents. It is possible that the
differences in release kinetics with and without interefent, may be compensating the

analyte loss on W-coil consequently resulting in highere analyte signal.
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Figure 3.82 Comparison of Bi signal obtained in the presence As with ETA and

ETV systems. Analyte concentration was 2.0 ng/mL and trapping period was 60 s for
both of the systems.
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Figure 3.83 Comparison of Bi signal obtained in the presence Sb with ETA and ETV

systems. Analyte concentration was 2.0 ng/mL and trapping period was 60 s for both
of the systems.
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Figure 3.84 Comparison of Bi signal obtained in the presence Se with ETA and ETV

systems. Analyte concentration was 2.0 ng/mL and trapping period was 60 s for both
of the systems.
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CHAPTER 4

CONCLUSIONS

In this study, the method development regarding W-coil Atom Trap ETA and ETV
systems were performed and their analytical performance and behavior towards the
interferents were compared. Bismuth was selected as the analyte throughout the
study. W-coil surface was modified with Rh since bare W-coil yielded results that
were not reproducible. Surface coating was preferred to obtain reproducible data,

protect coil surface and prolong the life-time of W-coil.

In the first part of the study Rh coated W-coil Atom Trap ETA system and syringe
attached Rh coated W-coil Atom Trap ETA systems were developed. CF-HG system
was coupled to W-coil Atom Trap system. Generated hydride species were collected
on heated W-coil surface and temperature of coil was raised to atomization
temperature and trapped species were volatilized and atomization took place. In this
configuration W-coil was operating as both the trapping and the atomization unit. In
addition, quartz capillary was used for the introduction of hydride species near to the
W-coil surface; this system was named as syringe attached Rh coated W-coil Atom
Trap ETA. The parameters were optimized for both of the systems and analytical
figures of merit were calculated. Limit of detection and characteristic concentration
of Rh coated W-coil Atom Trap ETA system were 0.046 and 0.025 ng/mL,
respectively. In syringe attached Rh coated W-coil Atom Trap ETA system, LOD
and characteristic concentration values were found as 0.018 and 0.011 ng/mL,

respectively.
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Secondly, Rh coated W-coil Atom Trap ETV system and syringe attached Rh coated
W-coil Atom Trap ETV systems were developed. CF-HG system was coupled to W-
coil Atom Trap system. Hydride species were collected on the pre-heated W-coil
surface and collected species were released by raising temperature to the
revolatilization temperature. Revolatilized species were transported the atomization
unit, EHQTA, heated to 950 °C. W-coil in ETV system was functioning as a trapping
and revolatilization unit. Atomization process took place in another location, QTA.
Two systems were developed; without quartz capillary and with quartz capillary. The
parameters were optimized for both of the systems and analytical figures of merit
were calculated. LOD and characteristic concentration values obtained for Rh-coated
W-coil Atom Trap ETV system were 0.047 and 0.036 ng/mL, respectively. For
syringe attached system, LOD and characteristic concentration values were

calculated as 0.026 and 0.0029 ng/mL, respectively.

In literature, interferences of ETA [124,174] and ETV [119] systems have been
investigated separately; however, any studies regarding the comparison of
interferences for both approaches has not been performed. In this study the
interferences were studied by comparing the trends exhibited by both approaches. In
order to understand the nature of the interference, a twin-channel CF-HG system

containing two gas liquid separators was used.

For Rh coated W-coil atom trap ETA system, among the selected interference
elements, Te and Sb significantly suppressed the signal. In order to understand the
behavior of the interferents trapping and atomization temperature profiles were
investigated under the optimum conditions of Bi except the stage temperatures. The
optimum trapping temperature for Sb and Te were found to be 544 °C and 620 °C,
respectively. It was found that these elements can be trapped in broad range of
temperature and the trapping conditions for these interferents were similar with Bi.
Therefore, these interferents and Bi can be co-trapped and also volatilized together
due to their very similar preconcentration conditions. As a result, suppression on the

Bi signal was observed.
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Rh coated W-coil atom trap ETV system for Bi had a completely different behavior
pattern compared to Rh coated W-coil atom trap ETA system. By using the twin-
channel system, a detailed interference study with Rh coated W-coil atom trap ETV
system was carried out. It was found that As, Se and Sb significantly enhanced the
analytical signal of Bi. The effect was minimal for Te and Sn. The temperature and
revolatilization profile for interferents were conducted under the optimum conditions
for Bi. It was observed that As and Sb had similar preconcentration conditions with
Bi.

The effects of interferents during continuous flow hydride generation, trapping and
revolatilization stages were examined in ETV studies. The whole signal was divided
into three parts, namely, CF-HG, untrapped CF-HG and revolatilization. The
interference effect was studied for each part separately. The enhancement of CF-HG
signal was investigated especially for Sb and Se. In the presence of interferents,
bismuth could form interferent-analyte compounds that could prevent Bi from
trapping on hot regions of inlet arm of QTA. Therefore, CF-HG signal could be
enhanced due to the higher amount of bismuth species transported to the atomization
zone. Another reason may be the competition for sites on inner surface of inlet arm
of upstream EHQTA. The signals originated from CF-HG were not affected
significantly in the presence of As. Secondly; CF-HG signal was followed during
trapping stage called untrapped CF-HG. The CF-HG signal of untrapped bismuth
species were recorded during trapping stage. CF-HG signal recorded during
collection period was increasing in the presence of Sb and Se. Heated W-coil could
behave as a reactor to promote the formation of diatomic compounds of interferent
and analyte. This caused the reduction of trapping efficiency of analyte. Therefore,
the amount of bismuth species that reach to the atomizer without being trapped could
be increased. The increase in the CF-HG signal during trapping stage could be
observed due to this situation. The effect of As on the signal obtained for untrapped
CF-HG was not significant. The last and the third part is the revolatilization stage.
The enhancement effect was observed dominantly at revolatilization stage with As,
Sb and Se. The common behavior of the interferents was to make the Bi signal

sharper. The enhancement of the signal can be resulted from formation of analyte-
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interferent diatomic or polyatomic molecules during transportation of revolatilized
species to the atomizer, since there was temperature gradient between vaporizer and
QTA that could provide the formation of analyte-interferent species. The amount of
analyte, in the form of analyte-interferent species, reaching to the atomizer (QTA)
could be raised. As a result the enhancement on the Bi signal could be observed. The
other reason of increase due to the fact that interferents may promote trapped analyte
species to be released more easily from the W-coil. Therefore, the amount of analyte

species that reach to the atomizer could be increased to yield an enhanced signal.

Series of experiments related with the effect of increasing temperature at
revolatilization stage on the behavior of interferents were carried out. The signals of
Bi without interferent and with interferent increased as the revolatilization
temperature was raised. However, the degree of enhancement of Bi signal in the
absence of interferent was more than that of Bi signal in the presence of interferent.
Therefore, the enhancement effect caused by interferents was suppressed with

increasing revolatilization temperature.

Lastly, Rh coated W-coil atom trap ETV system was used to see whether Bi had an
interference effect on the interferents or not. Sb was selected as an analyte, since it
has severe enhancement effect on Bi signal. The results showed that Bi suppressed
the signal of Sb when the optimum conditions were adjusted according to Sh.
However, Bi did not affect the Sb signal under the optimum conditions used for Bi.

In conclusion, methods of Rh coated W-coil Atom Trap ETA and Rh coated W-coil
Atom Trap ETV were developed. The systems were compared in terms of their
analytical performance and interference behavior. In order to have a reasonable
comparison most of the parameters were kept same and constant for ETA and ETV
modes. The similarities and differences of two systems were discussed. Limits of
detection were comparable to each other. Syringe attached system for ETA and ETV
yielded LOD values close to each other. Introduction of volatile species with the
quartz capillary near to the trapping surface did not provide significant improvement
regarding the sensitivity. In order to extend the applicability of these methods use of

quartz capillary can be eliminated, since the movement of capillary was required in
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each step resulting in a longer time spent for analyses. According to the literature,
LOD values obtained by ICP-MS systems including in-situ atom trap in graphite tube
[159] were much better than methods developed in this study. However, these
methods are not cost effective and they are not available for most of the laboratories.
The use of W-coil systems functioning as either ETA or ETV can be applied
inexpensively in all laboratories having simple AA spectrometers.

The comparison of W-coil ETA and ETV systems can be done regarding their
practicability. Two systems were different from each other regarding the carrier gas
introduction to the system. The flow rates of Ar and H, gases were kept constant for
W-coil ETA system. However; ETV system requires additional carrier Ar gas for
analyte transport to atomizer; this flow was switched off during the collection stage.
The optimum flow rate was adjusted at each cycle of analysis. This application
makes the time required for analysis longer. The adjustment of Ar gas flow rate in
each cycle could be one of the drawbacks of the W-coil atom trap ETV system.
Moreover, the positive side of using ETA system is the operation of W-coil as both
trapping and atomization unit. The trapping and atomization take place in the same
medium; therefore they can be gathered in a same unit. For ETV system, since
atomization takes place in QTA, the units for trapping and atomization are different.
There is a requirement of extra heating system for EHQTA. On the other hand, extra
heating system is not necessary for ETA. This could be another advantage of ETA
over ETV.

The results related to interference study conducted with W-coil ETV and ETA
systems showed that interferences behave differently with these systems. In W-coil
Atom Trap ETV system, Sn and Te did not influence the analyte signal significantly.
The common interferents for both of the system were As, Sb and Se. These
interferents reduced the analyte signal with ETA system; on the other hand the
enhancement effect was observed with ETV system. The optimized revolatilization
temperature in ETV (1542 °C) system was lower than the atomization temperature in
ETA (2177 °C) system. This could be an advantage of ETV over ETA since using

low temperature makes the lifetime of W-coil and its coating longer. However, the
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results obtained with interference study indicated that increasing revolatilization
temperature decrease the enhancement effect of interference elements. Therefore, the

temperature advantage of W-coil ETV system has become unimportant.
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