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ABSTRACT 

 

 

ON-LINE PRECONCENTRATION OF VAPOR FORMING ELEMENTS 

ON RESISTIVELY HEATED W-COIL PRIOR TO THEIR 

DETERMINATION BY ATOMIC ABSORPTION SPECTROMETRY 

 

 

Cankur, Oktay 

Ph.D., Department of Chemistry 

Supervisor: Prof. Dr. O. Yavuz Ataman 

 

May 2004, 159 Pages 

 

 

Vapor generation in atomic spectrometry is a well established technique for the 

determination of elements that can be volatilized by chemical reactions. In-situ 

trapping in graphite furnaces is nowadays one of the most popular methods to 

increase the sensitivity. In this study, resistively heated W-coil was used as an on-

line trap for preconcentration and revolatilization of volatile species of Bi, Cd and 

Pb. The collected analyte species were revolatilized rapidly and sent to a quartz T-

tube atomizer for AAS measurement. Although the nature of revolatilized species 

of Bi and Pb are not clear, they are probably molecular since they can be 

transported at least 45 cm without any significant decrease in the peak height 

values. However, cadmium is revolatilized from the trap surface as atoms.  

  



 v 

The experimental parameters were optimized for the highest vapor generation, 

trapping and revolatilization efficiencies. The concentration limits of detection 

calculated by the 3� of blank solution were found to be 0.0027, 0.0040 and 0.015 

ng/mL for Bi (18 mL), Cd (4.2 mL) and Pb (2 mL), respectively; enhancement 

factors in the sensitivity were 130, 31 and 20, respectively. These values are 

comparable with those obtained by in-situ trapping in graphite furnaces or even 

ICP-MS found in the literature or better. Sensitivity can be improved further for Bi 

and Cd using larger sample volumes, but purification of blank is required for Pb. 

Certified standard reference materials were analyzed for the assessment of 

accuracy of developed method. 

 

 

Keywords: Atomic Absorption Spectrometry, Vapor Generation, On-line 

Preconcentration, W Trap, Bi, Cd, Pb.  
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ÖZ 

 

 

BUHAR OLU�TURAN ELEMENTLER�N  

ATOM�K ABSORPS�YON SPEKTROMETR� �LE TAY�N�NDEN ÖNCE 

ELEKTR�K AKIMI �LE ISITILAN W-SARMAL ÜZER�NDE  

HAT ÜSTÜ ÖNZENG�NLE�T�R�LMES� 

 

 

Cankur, Oktay 

Ph.D., Kimya Bölümü 

Tez danı�manı: Prof. Dr. O. Yavuz Ataman 

 

Mayıs 2004, 159 Sayfa 

 

 

Atomik spektrometride buhar olu�turma, kimyasal tepkimelerle buhar haline 

getirilebilen elementlerin tayininde oldukça yerle�mi� ve kabul edilen bir tekniktir. 

Grafit fırın içerisinde yerinde tuzaklama, duyarlılık artı�ı sa�lamak için 

günümüzde gözde yöntemlerden biridir. Bu çalı�mada, elektrik akımı ile ısıtılan 

W-sarmal, Bi, Cd ve Pb’nin uçucu bile�iklerinin önzenginle�tirilmesi ve tekrar 

buharla�tırılması için hat üstü tuzak olarak kullanılmı�tır. Toplanan analit türleri 

hızlı bir �ekilde buharla�tırılmı� ve AAS ölçümü için kuvars T-tüpe gönderilmi�tir. 

Tekrar buharla�tırılan Bi ve Pb bile�iklerinin do�ası bilinmemekle birlikte, sinyal 

alanlarında anlamlı bir dü�me olmadan en az 45 cm ta�ınabildiklerinden 

muhtemelen moleküler yapıdadırlar. Bunlardan farklı olarak Cd tuzak üzerinden 

atom olarak buharla�maktadır.   



 vii 

Deneysel parametreler en yüksek verimlilikte buhar olu�turma, tuzaklama ve 

yeniden buharla�tırma için optimize edilmi�tir. Kör çözeltisinin 3� de�eri baz 

alınarak hesaplanan gözlenebilirlik sınırları Bi (18 mL), Cd (4.2 mL) ve Pb (2.0 

mL) için sırasıyla 0.0027, 0.0040 ve 0.015 ng/mL olarak hesaplanmı�tır; 

duyarlılıktaki artı� katsayıları sırasıyla 130, 31 ve 20’dir. Bu de�erler, literatürde 

bulunan grafit fırında yerinde tuzaklama ve hatta ICP-MS ile elde edilenlerle 

kar�ıla�tırılabilir veya daha iyidir. Bi ve Cd için verilen duyarlılıklar daha fazla 

örnek hacmi kullanılarak daha da geli�tirilebilir, fakat Pb için kör de�erlerinin 

dü�ürülmesi gereklidir. Geli�tirilen yöntemin do�rulu�unun de�erlendirilmesi için 

sertifikalandırılmı� standart referans maddeleri analiz edilmi�tir. 

 

 

Anahtar Kelimeler: Atomik Absorpsiyon Spektrometri, Buhar Olu�turma, Hat 

Üstü Önzenginle�tirme, W Tuzak, Bi, Cd, Pb.  
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CHAPTER I 

 

 

INTRODUCTION 

 

 

The metals and their compounds have important physiological and toxic effects in 

living systems. While some of them are essential for the biological activities in 

living systems, the necessity and essentiality of others have not been proven yet. 

Some heavy metals including Hg, Cd and Pb show toxic effects even at very low 

concentrations. They have the potential of adverse effects in the biological 

systems. In addition to environmental and biological considerations, the presence 

of metals even at trace concentrations may alter the physical characteristics of 

alloys. Therefore, the determination of traces and ultra-traces of such elements in 

environmental, biological and metallurgical samples is very important. Since the 

desired detection levels in such determinations are very low, highly sensitive and 

precise techniques are needed. In addition the technique must be fast and easy to 

apply. Atomic absorption spectrometry (AAS) is a well established and 

extensively used technique for the determination of metals and metalloids in 

environmental and biological samples for many years. In the last two decades, 

inductively coupled plasma optical emission spectrometry (ICP-OES) and mass 

spectrometry (ICP-MS) have become very popular. However, AAS is still the 

most widely used method since it is relatively inexpensive and easy to apply, and 

also accessible in most analytical chemistry laboratories.  
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1.1 Atomic Absorption Spectrometry 

 

Atomic absorption spectrometry is one of the most popular techniques for the 

determination of trace elements. Due to its high specificity and selectivity as well 

as relatively simple operation, AAS has preserved its place alongside ICP-OES 

and ICP-MS. The actual birth of modern AAS was in 1955. Although the 

publications by Alkemade and Milatz in Netherlands, and Alan Walsh in Australia 

appeared in the same year, Alan Walsh is generally recognized as the father of 

modern AAS [1]. About 60 elements can be determined by AAS. 

 

The technique is based on the measurement of selective absorption of light by free 

atoms created in an atomizer. The main components of an AA spectrometer are: 

(1) a lamp which emits a beam of light at suitable wavelength to be absorbed 

selectively by analyte atoms, (2) an atomizer that converts analyte species into 

gaseous atoms (3) a wavelength selector which selects a bandwidth of desired 

wavelength (4) a detector that measures the intensity of light. AAS techniques can 

be classified into several categories depending on the atomization and/or sample 

introduction procedures followed in order to obtain analytical signal. According to 

a recent publication, where the characteristics of each are summarized, these are 

flame AAS (FAAS), electrothermal AAS (ETAAS), vapor generation AAS 

(VGAAS), and hyphenated AAS techniques where one or more techniques are 

combined [2]. Usually the sample is dissolved / decomposed in acids or other 

chemical reagents and then introduced to the atomizer as solutions. In addition, 

some methods of AAS allow solid and slurry sampling. 

 

 

1.1.1 Flame AAS 
 

Flame AAS, where flame is used for the atomization of the analyte, is relatively 

easy to use, accessible and low cost technique; whenever possible it is preferred 
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over others. The temperature of the flame and thus the atomization efficiency 

depends on types of fuel and oxidant as well as fuel to oxidant ratio. The analyte 

must be taken into usually aqueous phase and then introduced to the flame via a 

nebulizer at a flow rate of 5-10 mL/min. The function of nebulizer is to convert 

liquid phase into a mist composed of small droplets, called aerosol, by a 

pressurized gas flow. The larger droplets are not allowed to reach to the flame 

since they alter the temperature and thus atomization efficiency. The nebulization 

efficiencies of nebulizers commonly employed in FAAS instruments does not 

exceed 10%; only this amount of the aspirated solution is converted to aerosol and 

reaches to the flame. The low efficiency of nebulizers is one of the most important 

drawbacks of FAAS. High efficiency nebulizers are also available, but the solution 

flow rates are low, µL/min, which are suitable for highly sensitive techniques such 

as ICP-MS [3, 4]. The atomization of analyte takes place in the flame as a result of 

temperature and chemical reactions. The analytical beam of photons to be 

absorbed by the atoms is forwarded through the flame and the absorption occurs 

therein. The absorption by the analyte atoms is a function of their concentration in 

the flame. The need for large sample volume is another limitation of FAAS. In 

case of limited sample volume micro-injection can be employed but the sensitivity 

is decreased. The dilution of the analyte species in the flame due to the high 

velocity of flame gasses, 10-30 L/min, is usually considered as a disadvantage, but 

if there is no limit of detection problem, it appears to be an advantage when the 

heavy sample matrix has a significant depression effect on the analytical signal. 

FAAS often lacks sensitivity at analyte concentrations below 0.1 and 10 µg/g in 

liquid and solid samples, respectively.  

 

 

1.1.2 Vapor Generation AAS (VGAAS) 

 

In vapor generation AAS the analyte is converted to its volatile species by 

chemical or electrolytic means and then introduced to the atomizer in the gas 

phase. As a sample introduction method, it offers significant advantages over 



 4 

conventional nebulization. It is a simple and low cost method providing high 

sensitivity and low LODs because of high chemical yields and high transport 

efficiency to the atomizer. It provides analyte separation from the matrix which 

may become a serious problem during atomization. It enables enrichment of 

analyte and speciation as well as automation in flow injection (FI) and continuous 

flow (CF) modes. In some cases, it has fairly high sample throughput rates, 

typically 40-100 /hour [5, 6]. 

 

Hydride generation AAS is currently the most popular vapor generation method 

which can be applied to the determination of elements which form relatively stable 

and volatile hydrides [5]. Cold vapor AAS (CVAAS), another method of vapor 

generation where the analyte is converted to atomic vapor at ambient temperatures, 

can be applied to determination of Hg and more recently Cd; in fact Cd is first 

converted to unstable hydride that quickly decomposes to atomic vapor and 

hydrogen [7]. Investigations were also made on other ways to selectively vaporize 

analytes. In 1975, Skogerboe et al. [8] vaporized Bi, Cd, Ge, Mo, Pb, Sn, Tl and 

Zn as their chlorides which are subsequently forwarded to a microwave induced 

plasma (MIP). Volatilization of Ni as its volatile carbonyl compound had never 

been exploited for analytical purposes until 1980, when an AAS determination 

method was described [9]. Brueggemeyer and Caruso [10] determined trace 

amounts of lead by quartz furnace AAS after converting to its tetramethyl 

compound. Speciation of lead and methylead ions by chromatographic separation 

and AAS detection after ethylation with sodium tetraethylborate was described in 

1986 [11]. Sturgeon et al. [12] used sodium tetraethylborate for vapor generation 

and subsequent sequestration of volatile lead species in graphite furnace followed 

by atomization there. Elements have also been volatilized as their oxides, and 

chelates such as �-diketonates, dithiocarbamates and trifluoroacetylacetonates [1, 

6].  
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1.1.2.1 Hydride Generation (HG) 

 

Method of hydride generation involves the conversion of analyte in the solution 

phase to its volatile hydride by chemical or electrochemical reactions. It has been 

used over 100 years for the determination of arsenic in methods known as Marsh 

reaction or Gutzeit test [1, 5]. Hydride generation as a method of sample 

introduction to AAS was used for the first time by Holak in 1969 [13] for the 

determination of As. In this study, after collecting the generated arsine in a U tube 

that was immersed in liquid nitrogen, the U tube was brought to room temperature. 

The evaporated hydride is sent to flame via spray chamber. HGAAS is currently 

the most popular method for the determination of trace amounts of elements which 

form volatile covalent hydrides. Although Cd can be determined by CVAAS, it 

can also be included into the list of hydride forming elements since the acidified 

solution of Cd reacts with tetrahydroborate to form volatile Cd species, 

presumably hydride with a very unstable nature.  

 

The complex on-line chemistry involved in the hydride generation process is one 

of the limitations of HGAAS. Since the oxidation state and the form of the element 

effects the efficiency of hydride generation, specific sample pretreatment may be 

required. The chemical interference is sometimes a serious problem during hydride 

release or atomization. Due to the large number of parameters to be optimized, the 

possibility of multielement determination is low. Foaming and aerosol formation 

due to the vigorous reaction between sample and the reductant solution may be a 

serious problem for the transportation of vapor species to the atomizer due to 

condensation in the transfer tubings. Dilution of vapor species by the carrier gas 

can be considered as another disadvantage [5, 6].  

 

For analytical purposes, two different chemical vapor generation methods have 

been used to generate volatile hydrides. The first one that was used in the earlier 

stages of HGAAS was metal/acid (usually Zn/HCl) system. Zinc metal in the 
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forms of granules, tablet, dust or slurry was added to acidified sample solution. 

Reaction vessels were most frequently flasks equipped with a dosing fitting for the 

introduction of metal [14, 15]. The metallic zinc reacts with hydronium ion and 

this is followed by the formation of volatile hydride. The reaction can also be 

achieved by a flow of acidified sample solution through a Zn column [16]. Other 

metal acid reactions involved in HG include mixtures of Mg-TiCl3 reacted with 

HCl and H2SO4 to produce arsine, hydrogen selenide, stibine and bismuthine. 

Aqueous slurry of Al was also reacted with HCl to generate arsine, hydrogen 

selenide, stibine [17]. Because of the slow rate of these reactions which results in 

band broadening in signal shape, a balloon system which functioned to collect 

reaction products with subsequent rapid expulsion to the atom reservoir was 

described and frequently used in the early stages of HGAAS [18]. 

 

The second type of chemical reaction used in AAS utilizes tetrahydroborate/acid 

reduction system. The reaction between tetrahydroborate and hydronium ion is a 

fast reaction. If it is carried under solutions with a pH of less then 1, the 

tetrahydroborate decomposition is complete within a few microseconds [5, 19]. 

Although tetrahydroborate reduction to form elemental hydrides had been used for 

synthetic purposes, the technique was introduced to the atomic spectroscopy in 

1972. In the early years, the sodium tetrahydroborate was used in solid form and 

pellets of it were added to the reaction chamber. Use of tetrahydroborate as 

aqueous solutions was suggested by Braman et al. [20]. Since then, use of 

tetrahydroborate dramatically increased in popularity since it offers advantages 

over metal/acid system. Currently the most commonly sodium, rarely potassium 

salts of tetrahydroborate are almost exclusively used for hydride generation. Since 

the reductant dissolved in water is not very stable in the solution phase, usually 

stabilization is required by increasing the pH of solution by the addition of 0.05-

2% sodium or potassium hydroxide [5]. Recently use of aminoboranes and 

cyanotrihydroborate reagents in HGAAS was investigated and their reactivity 

towards Hg and hydride forming elements were reported [21]. 
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Currently, in most of the studies, the HG reaction is carried out by merging the 

acidified sample solution with aqueous tetrahydroborate solution. However, rarely 

the reaction has also been carried out by other means such as employing solid 

tetrahydroborate. Tian et al. [22] developed a system called movable reduction bed 

HG in which analyte solution, without acidification, was injected onto a tape on 

which a premixed potassium tetrahydroborate and a solid organic acid was 

deposited. Maleki et al. [23] have also used solid sodium tetrahydroborate 

reductant premixed with tartaric acid for the determination of Pb using sodium 

peroxodisulfate. 

 

Hydride generation can also be achieved via electrolytic reactions employing an 

electrochemical cell; which is called electrochemical hydride generation (EcHG). 

The volatile species are formed on the cathode surface. The most important 

advantage of EcHG based on the reduction of tetrahydroborate consumption is that 

analyte concentration in reagent blanks is very low when compared to chemical 

means. Thus, excellent limit of detection values can be obtained by EcHG [5]. 

Ding and Sturgeon [24] studied the electrochemical hydride generation and in-situ 

preconcentration of As and Se on Ir-Pd coated graphite tubes and reached the 

detection limit of over ng/L ranges. 

  

 

1.1.2.2 Mechanism of Hydride Generation 

 

The mechanism of the hydride generation is still a matter of debate after more than 

30 years from its introduction to AAS. The hypotheses on the hydride generation 

are classified into two classes. The first and widely accepted one is based on the 

assumption that the effective species in the mechanism is the atomic hydrogen or 

“nascent hydrogen”. The second class mechanisms are those which are not 

included in the nascent hydrogen hypothesis. This second class has been termed 

“non-nascent hydrogen” mechanism [25].  
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Nascent hydrogen mechanism was firstly suggested by Robbins and Caruso [17] 

who postulated that when Zn metal or tetrahydroborate reacts with hydronium ion, 

nascent hydrogen, that is reactive and responsible for the formation of hydride, is 

formed according the following reactions, respectively:   

 

Zn + 2 H3O+ → Zn2+ + 2 H2O + 2 H 

BH4
¯  + H3O+ +2 H2O → H3BO3 + 8 H 

 

where H is nascent hydrogen. Then the nascent hydrogen reacts with the analyte 

for the generation of hydride as follows: 

 

Am+ + (m + n) H → AHn + m H+  

 

Recently, Laborda et al. [26] strongly criticized the nascent hydrogen mechanism 

on the base of thermodynamic consideration that neither tetrahydroborate nor Zn 

would be able to perform the reduction of protons to atomic hydrogen. They 

concluded that in both chemical and electrochemical hydride generation, no 

nascent hydrogen has to be involved and the generation of the hydrides can be 

considered as hydrogenation process. They proposed the following generalized 

mechanism for the formation of hydride of analyte ion Am+; 

 

Am+ + (m+n)/8 BH4
- + 3 (m+n)/8 H2O → AHn + (m+n)/8 H3BO3 + (7m-n)/8 H+ 

 

where m and n represent the oxidation state of analyte and coordination number of 

hydride, respectively. 

 

More recently, D’Ulivo and coworkers studied the generation mechanism to verify 

the validity of nascent hydrogen mechanism. However, it was concluded that Sn, 

Sb and Bi hydrides could be generated by the direct action of borane complexes 

without the need of their decomposition. It was shown that nascent hydrogen 
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mechanism failed to explain the generation of hydrides in different experimental 

conditions in a pH range between 4.3 and 12.7 [25].  

 

The electrochemical generation mechanism is considered to take place in at least 

two sequential events [26]:  

 

1) reduction and deposition of the analyte onto the surface of cathode  

Am+ + me- → A(o) 

2) formation of the hydride from the deposited metal or metalloid 

A(o) + nH → AHn 

 

Where H represents a hydrogen atom from an unspecified source (adsorbed H 

atom, reduced from H3O+ or reduced from H2O). 

 

 

1.1.2.3 Methods of Hydride Generation AAS 

 

The classification of hydride generation AAS is given in Figure 1. There are two 

basic hydride generation methods which are direct transfer mode and collection 

mode. In the former the generated hydride of the analyte released from the solution 

was directly transported to the atomizer. The direct method is divided into three, 

namely continuous flow (CF), flow injection (FI) and batch mode. Continuous 

flow hydride generation method uses the continuous delivery of reductant and 

acidified sample solution with the help of a constant flow pump and they combine 

in the reaction coil. Then the released volatile hydride is separated from the liquid 

phase via a gas liquid separator and sent to the atomizer using a carrier gas. 

Usually, a stripping coil is employed for the introduction of carrier gas before gas 

liquid separator in order to achieve efficient separation of vapor species of analyte 

from the solution phase. This is vital in case of hydrides whose stabilities are low 
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and solubilities are high in reaction media, or in case of possible interferents 

present in the solution [5]. 

 

 

 

 

 

 

 

 

 

Figure 1.1. Classification of hydride generation methods [5]. 

 

 

In FI mode, which is similar to CF but instead of continuous delivery of analyte 

solution, a defined volume of sample is injected into a stream of carrier solution 

that is usually blank. The plug of sample is carried by the carrier and subsequently 

merged with reductant. In batch mode, a definite amount of reductant solution is 

added to acidified sample solution rapidly, or vice versa, and the evolved hydride 

is transported to atomizer by a flow of purge gas. 

 

In the collection before transfer to atomizer, first the generated hydride is trapped 

in a collection device until the release is complete and then they are sent to the 

atomizer all at once. The evolved hydride can be trapped in an absorbing media or 

in a cryogenic trap cooled in liquid nitrogen. Cryogenic trapping is applicable to 

hydrides which are stable during both trapping and revolatilization. However, all 

hydrides are not stable for revolatilization after collection. Another way is to 

collect the evolved hydride under pressure. This method is used much more 

frequently in the early years since the reduction carried out by Zn/acid systems is 

slow [18]. Cryogenic trapping is also used today since the analyte vapor is 

preconcentrated before measurement. Methods employing in-situ trapping where 

Hydride Generation (HG) 

Direct transfer to atomizer Collection before transfer to atomizer 

1)  Continuous flow HG (CF-HG) 
2)  Flow injection HG (FI-HG) 
3)  Batch type HG 

1)  Cryogenic trapping 
2)  Adsorbing media 
3)  Under pressure 
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the analyte is trapped in the atomizer are not classified among the collection 

modes since the hydride leaves the generator uncollected and it is considered as 

the first stage of atomization [5]. In addition, in the in-situ trapping techniques, the 

hydride is decomposed during collection and thus it is no longer hydride. 

 

 

1.1.2.4 Hydride Forming Elements 

 

The elements which form volatile hydrides and are usually determined by HGAAS 

are As, Bi, Ge, Pb, Sb, Se, In, Sn, Te and Tl [5]. Cadmium can also be included in 

the hydride forming elements since it is converted to volatile species when reacted 

with sodium tetrahydroborate [27] although the species are not stable [7, 28]. In 

1996, it has been shown that volatile species of Cu can be obtained when acidified 

Cu solution is reacted with sodium tetrahydroborate but not proven to be hydride. 

[29]. Guo and Guo studied the generation of volatile species of Zn via 

tetrahydroborate reduction and Sun et al. determined by atomic fluorescence 

spectrometry (AFS) after hydride generation from surfactant based organized 

media [30]. The generation of volatile Ni species by the reaction of acidified 

solution with tetrahydroborate for the first time was reported by Guo and 

coworkers [31]. More recently, although the nature of volatile species is not 

known, Ag, Au, Co, Ir, Mn, Pd, Pt, Rh, and Ti were added to the list of elements 

which form volatile species when reacted with sodium tetrahydroborate [32-36]. 

The nature of species is thought to be molecular and probably hydride, but remains 

unknown. It is reported that generated species of transition and noble metals are 

relatively unstable in solution and are quickly lost during their generation and 

subsequent transport [36]. For efficient detection, rapid phase separation is 

necessary [36]. However, it is also proposed for Ag, Cu and Pd that the initially 

formed species by the reaction with tetrahydroborate are atomic, since the atomic 

signal with a narrow absorption bandwidth is achieved in the solution phase, and 

followed by a rapid cluster formation with other atoms [37].  
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Most of the hydrides detected by HGAAS have very low boiling points and 

present in the gas phase at ambient temperature. The boiling points of As, Bi, Pb, 

Sb, Se and Sn hydrides are -62.4, +16.8, -13, +18.4, -41.3 and +52.5 ˚C, 

respectively [5]. However, the hydrides of some transition metals are not volatile 

and present in the solid phase under normal temperature and pressure [38, 39]. The 

stabilities of volatile hydrides are crucial if collection methods are to be used since 

revolatilization is necessary. Fujita and Takada [40] studied the stabilities of As, 

Sb, and Bi and found that although As and Sb hydrides are stable, Bi hydride is not 

stable even at room temperature. They also calculated the rate constants for the 

decomposition of gaseous bismuthine and found that its half lives at 0 ˚C and 40 ˚C 

are 14.7 and 2.4 min, respectively. Their results supported the findings of 

Fernandez [41] who observed that prolonging the collection time for bismuthine in 

a balloon system resulted in a much poorer limit of detection. 

 

 

1.1.2.5 Hydride Generation Efficiency 

 

Hydride generation can be considered as a sequential processes including 

conversion of analyte to its hydride, transfer of volatile hydride to the gas phase in 

the generator and transportation of released hydride to the atomizer/ionizer. The 

obtained analytical signal depends on the efficiency of each process. Total hydride 

generation efficiency is the fraction of analyte transported to the atomizer in the 

form of hydride [5]: 

 

�g=No/Co*Vs  

 

Where No is the total number analyte atoms transported to the atomizer in the form 

of hydride, Co is the concentration in the sample, and Vs is the volume of sample 

used in the generation process. Since the total process is combination of sequential 
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steps, the above formula can be written for each step. The hydride release 

efficiency (�r) is the fraction of released analyte atoms (Nreleased) in the form of 

hydride to the total number of analyte atoms in the solution as follows 

 

�r=Nreleased/Co*Vs 

 

In a similar way, hydride transport efficiency (�t) is the total number of released 

atoms reaching to the atomizer in the form of hydride to the number of released 

atoms as hydride: 

 

�t=No/Nreleased 

 

If a collection method is not employed, the total efficiency is the multiplication of 

efficiencies of individual steps, Otherwise collection and revolatilization 

efficiencies must be taken into account. 

 

�g=�r*�t 

 

Hydride release efficiency depends on the amount of tetrahydroborate, 

concentration of acid, design of generator, mixing process of reductant with 

analyte temperature and the kinetics of reaction mechanisms. It is also affected by 

the purge gas flow rate which is used for stripping of the solution for efficient 

separation of volatile species from the liquid phase [5]. There are also other 

parameters affecting release efficiency such as addition of catalytic reagents or 

creating microenvironments in the solution as in the cases of hydride generation of 

lead and cadmium, respectively. 

 

Generated hydride is transported to the atomizer by a flow of purge gas. Hydride 

transport efficiency is critical for the evaluation of total efficiency. Losses of 

hydride during transportation on the surfaces of generator and transport lines can 

be a serious problem. Such losses are probably due to decomposition or sorption. 
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The hydride may be dissolved in water droplets usually present in the gas liquid 

separator and / or in the condensed water on the surfaces of transfer tubings. The 

physical properties of the material making up the generator and the transfer lines, 

such as size, diameter and volume, and also chemical properties may have 

significant influence on the transport efficiency. An efficient way of minimizing 

such losses are the silanization of glass surfaces to make it hydrophobic, using the 

transfer tubings as short as possible, minimizing the surface area that hydride 

come in contact by using tubings of smaller diameter and relatively small gas 

liquid separator. In order to minimize the condensation of water vapor, various 

desiccants have been suggested to remove moisture in gas phase stream. However, 

they must be used carefully since some hydrides may be trapped on such 

desiccants. Another way of removing water vapor is to use hygroscopic 

membranes such as nafion [5].  

 

 

1.1.2.6 Atomization in HGAAS 

 

 

1.1.2.6.1 Atomizers used in HGAAS  

 

In the early years of HGAAS, the classical burners were used as atomizers and 

generated hydride was introduced via nebulizer. Due to strong absorbance of 

air/acetylene flame especially at short wavelengths, N2- or Ar- hydrogen entrained 

flames were used. Later on the use of open ended Vycor glass (95-96% SiO2) as an 

absorption tube which was heated externally by a resistance wire was introduced 

by Chu et al. 1972 [14]. This was the first study where a T-tube was used as 

atomizer. Later on different quartz T-tube designs were developed.  
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Today, there are three types of atomizers commonly employed for the atomization 

of hydride [5]:  

 

1)  inert gas hydrogen diffusion flame,  

2)  quartz tube atomizer 

3)  graphite furnace  

 

The most commonly employed atomizers in HGAAS are flameless or flame-in-

tube quartz T-tube atomizers (QTA) which can be heated externally by air 

acetylene flame or electrically. Graphite atomizers have also been used in hydride 

atomization but not extensively used in continuous flow or flow injection systems 

because of difficulties of coupling HG system to ETAAS. In addition, moderately 

heated graphite ends are capable of trapping hydride if it is introduced through 

purge gas. They are used in in-situ preconcentration methods and will be discussed 

later.  

 

 

1.1.2.6.2 Atomization Mechanism 

 

The temperature achieved by QTA does not exceed 1300 ˚C which is not sufficient 

for complete atomization of hydride forming elements. D�dina and Rubeska have 

made serious effort to elucidate the mechanism involved in the atomization of 

hydrogen selenide using flame in tube atomizer. They found evidence that the 

atomization of selenium hydride proceeded via collision with free hydrogen 

radicals [5]. The proposed mechanism for the formation of hydrogen radicals in 

flame in tube atomizer is as follows: 

 

H + O2 → OH + O  

O + H2 → OH + H 

OH + H2 → H2O + H 
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According to their hypothesis, the atomization proceeds most probably via the 

interaction of hydride with H radicals as exemplified by selenium hydride as 

follows: 

 

SeH2 + H → SeH + H2  

SeH + H → Se + H2  

 

D�dina have shown that the atomization in flame-in-tube atomizers and externally 

heated atomizers are identical. The only difference is the formation of hydrogen 

radicals [42]. Later, investigations were focused on the atomization of mainly 

hydrides of Se, As and Sb. Although radicalic mechanism has not been proven, the 

results of experiments have been interpreted without problems using that theory 

[43]. 

  

Welz and Melcher [44] investigated the effect of O2 on atomization of arsine and 

some other hydrides and reported that hydrogen is essential for the atomization of 

arsine. The atomization of gaseous hydrides in a heated quartz cell is caused by 

collision with H radicals which are generated by a reaction with O2 at elevated 

temperatures. The effect of temperature is more if the O2 concentration is very 

low. In the absence of H2 although arsine is decomposed in a quartz cell it is not 

atomized. They have also demonstrated that the surface characteristics also play 

important role in atomization via generation of H radicals by unsaturated oxygen 

atoms at the surface. They generalized the atomization mechanism as follows: 

 

MHn + H → MHn-1 + H2  

MHn-1 + H → MHn-2 + H2  

: 

MH + H → M + H2  
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In 1997, Johansson et al. [45] investigated the spatial distribution of lead atoms 

along the cross-section of QTA to elucidate the mechanism of alkyllead. They 

found that the diameter of the quartz atom cell is important for the distribution of 

atoms. Furthermore, H2 and CO are found to be equally efficient in promoting the 

atom process. Therefore it has been suggested that in reducing environment, 

hydrogen radicals are not essential for atomization of alkyllead and the 

atomization is a thermal process.  

 

In 1999, a direct method for the detection of hydrogen radicals in an analytical 

H2/O2 flame was developed and the decline and consumption of hydrogen radicals 

by As species introduced into the flame were monitored by electron spin resonance 

(ESR). It was the first study for the observation of H radicals in the flame and the 

experimental results supported the atomization mechanism by H radicals [46]. 

 

 

1.1.2.7 Interferences in HGAAS 

 

The separation of analyte from matrix by hydride generation provides spectral 

interference free measurements. Although some molecular emissions may be 

observed, these are few, no line interferences occur at all [5]. Non-spectral 

interferences may appear in solution phase or in gaseous phase. Liquid phase 

interferences are caused by the interfering species in the sample solution. 

Interferent may affect the rate of hydride generation or decrease the release 

efficiency. If the interferent is volatilized together with analyte, it may affect the 

analytical signal during transportation or in the atomizer. The most frequently 

encountered and extensively studied interference is matrix interferences due to 

inorganic compounds. The basic mechanisms of these interferences are 

categorized by D�dina and Tsalev [5]. The ionic analyte may react with the ionic 

interferent or the newly formed compound by the reaction of interferent and 

reductant. Another possibility is that, the generated hydride may be captured by 
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the ionic interferent or the compound by the reaction of interferent and reductant. 

The last way of interference in the liquid phase is the consumption of reductant by 

the interferent so much that the remaining reductant would not be sufficient for the 

effective reduction of analyte.  

 

Significant interferences are observed in the presence of strong oxidants, transition 

and noble metals and the other hydride forming elements. The interferences by the 

transition and noble metals are the mostly pronounced and thus extensively studied 

ones. Dilution of sample solution partly minimizes the interference but the 

sensitivity is degraded [5]. The interferent ion may be separated from the solution 

using appropriate methods [47, 48]. Masking agents, which bind interferent to a 

non-reactive form, are effective to remove both hydride-ion and hydride-product 

interferences [49].  

 

 

1.1.3 Electrothermal AAS 

 

Electrothermal AAS, due to its high sensitivity and specificity, is one of the most 

promising methods for the determination of trace elements. In this technique, 

usually the graphite tube and rarely metal atomizers which are heated electrically 

to high temperatures, serve as atomizers. Metals such as W, Mo and Ta, have also 

been used as atomizers for many years but not been widely commercialized yet. 

Since ETAAS allows gas, solution, slurry or solid sample introduction, it is widely 

used in the analysis of environmental and biological samples. After the sample is 

dried, an ashing procedure is applied to remove matrix for interference-free 

atomization, the temperature increased rapidly by applying a high voltage to both 

ends of the sample cuvette and the atomization is achieved. 
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1.1.3.1 Graphite Atomizer ETAAS 

 

L’vov was the first person who used an electrically heated furnace for the 

atomization and published his works in 1959 [1]. The temperature can be 

increased up to 2900 ˚C at a rate of 2-4 ˚C/ms. Since the nebulization is eliminated 

and residence time of the atoms in the graphite tube are longer than FAAS, the 

sensitivity is usually about 2-3 orders of magnitude higher than that obtained by 

FAAS. 

 

Matrix interferences are usually the main problem encountered in GFAAS due to 

small dilution of sample matrix during atomization. Thus the ashing step is one of 

the most critical steps in ETAAS. The purpose of ashing is to remove most of the 

constituents injected without loosing analyte; i.e. to leave the analyte at the 

atomization step with a minimum of matrix elements. Another important 

consideration is isoformation; all the analyte species in the sample must be turned 

into the same form before atomization. During the determination of volatile 

elements, chemical interferences often occur in graphite furnaces due to co-

volatilization of the analyte with matrix constituents in the ashing step. In those 

cases, usually matrix modification by the addition of chemical modifiers such as 

MgNO3, Ni(NO3)2, Ir, platinum group metals (PGM) and carbide forming 

elements such as W, Zr is required [1]. The purposes of matrix modification are 1) 

to decrease analyte volatility to prevent losses of analyte during pyrolysis, 2) to 

volatilize matrix elements to prevent interferences during atomization, 3) 

transformation of all chemical forms of analyte into one form to atomize them at 

once (isoformation) [50]. High cost of instrument when compared to FAAS is the 

other disadvantage of this technique since it requires a complex and powerful 

heating system. Consumables such as graphite tubes are also cost effective. The 

technique has rather poor speciation capability and low sample throughput. When 

compared to metal atomizers, GF-ETAAS has the disadvantage of requirement of 

an external cooling system after each atomization. In last two decades, ETAAS 
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systems have been used as ETV devices for the sample introduction systems prior 

to other determination techniques such as ICP-AES and ICP-MS. 

 

 

1.1.3.2 Metal Atomizer ETAAS 

 

Although the most common atomizer in ETAAS is graphite tube, the limitations 

such as need for a high power supply and difficulties in the determination of 

elements that form refractory oxides and carbides, have led to the development of 

many metal atomizers [51]. Among the metal atomizers, tungsten has been the 

predominant atomizer. In recent years, tungsten coils or tubes have been used as 

an alternative atomizer to the graphite tube in the determination of elements by 

ETAAS [52, 53]. Their use has been extended to ETAES, ETA-LEAFS as 

atomizer and ICP-AES as vaporizer [54, 55]. The W devices used in atomic 

spectrometry as atomizers or vaporizers are summarized in a recent review [51]. 

The other metals used as atomizer in ETAAS are tantalum [56], molybdenum [57] 

and platinum [58].  

  

Tungsten has the highest melting point (3410 ± 20 ˚C) among the elements in the 

periodic table [59]. In addition, it has good electrical conductivity and may be 

formed into different shapes reproducibly. Tungsten atomizers or vaporizers are 

designed in different shapes including wire, ribbon, boat, foil, tube or coil. Among 

them tungsten coil and tube are the most commonly used form of the metal. The 

metal is relatively inexpensive and commonly used as filaments in ordinary 

electrical bulbs. Beside these, tungsten is relatively inert, stable in air and water, 

and resistant to high concentrations of common acids such as hydrochloric, 

sulfuric and nitric acids under normal temperature and pressure [51].  

 

The main advantages of W coil atomizer over graphite atomizer is that it needs a 

relatively simple power supply compared to rather complicated and bulky power 
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system used to heat high mass graphite rapidly [51]. Besides, it enables the 

determination of elements that form refractory oxides and carbides [1]. In addition, 

the rate of heating for W-coil (30 K/ms) is about 10 times faster than that of 

graphite tubes (2-4 K/ms) [60]. Another advantage is the adaptability to portable 

instrumentation [61]. It does not need an extra cooling system that is a requirement 

for GF ETAAS, the cooling by purge gas is enough. These properties provide an 

advantage of alternative atomizer to graphite atomizers or vaporizers in ETAAS. 

However, at high temperatures, tungsten is easily oxidized in the presence of O2 

and a reducing environment is required. In order to prevent oxidation, the metal is 

purged with a mixture of hydrogen and argon during the atomization or 

vaporization of analyte [51]. 

 

A temperature of 3300 ˚C, which is high enough for the efficient atomization of 

most of elements, can be reached by a simple commercial W coil by applying a 

current of 10 A. Tungsten atomizers can be used for the determination of all the 

elements that have been determined by GFAAS except Mo which can present as 

impurity in the W metal [51]. Recently, W coil atomizer has been employed for 

the atomization of hydrides. Ribeiro et al. utilized W coil atomizer placed in quartz 

T-tube for the atomization of Bi and As that were introduced as their hydrides [62, 

63].  

 

 

1.2 Preconcentration Methods 

 

The detection of ultra-trace amounts of analyte in samples requires high sensitivity 

and low limits of detection which can not be attained by using ordinary techniques. 

The analyses of samples where the analyte concentration is low and the matrix 

have a depression effect on analytical signal require preconcentration and / or 

matrix separation methods. In preconcentration methods the analyte in a defined 

volume of sample was concentrated before the achievement of analytical signal. 
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The preconcentration can be applied directly to the sample prior to determination 

step or just before achievement of analytical during the determination. The most 

popular preconcentration methods from liquid phase are evaporation of solvent, 

liquid phase extraction, solid phase extraction and ion exchange; these can be 

applied on line or off line. In these classical methods, the analyte in large volumes 

of sample are collected on an adsorbing media or extracted to another phase and 

then dissolved or back-extracted into a small volume of solvent. The 

preconcentration factor is simply the ratio of volume being collected to final 

volume if the recovery is 100%.  

 

The electrodeposition on high melting point metals has also been used for both 

preconcentration and then atomization in a number of investigations. The use of W 

wire for electrochemical deposition and then ETAAS determination was proposed 

by Lund and Larsen for the first time [64] and applied for the determination of Cd 

in sea water [65]. Then they replaced W wire with Pt wire for the determination of 

Cd in urine samples [66]. In these methods metal wires served as the atomizer. 

Czobik and Matoušek [67] used W wire for the electrodeposition and subsequently 

placed in graphite furnace atomizer for the determination of Ag, Cd, Cu, Pb and 

Zn. Wolff et al. [68] reached a detection limit of pg/g level for Cd, Cu, Pb and Zn 

using a tungsten wire for electrodeposition and subsequent atomization in graphite 

rod atomizer. Recently, Barbosa et al. [69] developed a method of in-situ and on-

line electrochemical preconcentration on W-coil for the determination of Pb by 

ETAAS. In another study, a Mg-W cell was used for the electrochemical 

deposition of Bi on W wire and the atomization from the electrode surface inserted 

into graphite furnace [70].  

 

Cryogenic trapping is widely used for preconcentration of gaseous analyte species 

and have been used extensively in HGAAS studies. Nowadays the most popular 

preconcentration method for volatile hydrides is in-situ trapping in atomizers. In 

recent years this method has appeared to be a powerful preconcentration method 
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since it provides significant enhancement in relative detection power and the 

sensitivity. In addition to atomizers, the volatile species have also been collected 

on ETV devices for subsequent detection by other detection systems than AAS.  

 

 

1.3 In-situ Trapping Techniques 

 

In-situ trapping are nowadays one of the most popular preconcentration methods 

for the determination of elements that can be volatilized by vapor generation 

methods. The most common one is the preconcentration graphite tubes. The 

graphite tube is used for the thermal decomposition of volatile hydride and 

trapping analyte species in the tube thereby affecting a clean separation from the 

matrix before atomization as well as preconcentration [71]. In this technique, the 

advantages of both vapor generation and graphite furnace ETAAS are combined 

[6]. The analyte is separated from the matrix by vapor generation and detected by 

a powerful ETAAS. The advantages provide enhancement in the relative detection 

power over conventional batch or continuous HGAAS. The effectiveness of the 

method depends on the hydride generation, transportation and the collection 

efficiency. There is large number of reports on the successful application of this 

method for the determination hydride forming elements [71]. 

 

The method of collection of vaporized analyte species in atomizer and the 

subsequent atomization was described first described by Drasch et al. [5]. He used 

commercial graphite furnaces as a trapping medium and also as the atomization 

cell. Lee was the first to utilize this technique in the form as practiced today on 

carbon rod atomizer [72]. He showed that 72 % of the generated Bi was captured 

in the graphite rod atomizer; 85% of which is collected on the supporting 

electrode; only 15% of the collected amount is in the carbon rod cell. Sturgeon et 

al. found that the generated stibine is trapped on partially scrapped pyrolytic 

graphite tube, with an efficiency of 84 % [73].  
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In-situ trapping in graphite tubes suffer from a number of disadvantages including 

need for a well developed porous graphite structure, high deposition temperatures 

for some elements (As, Sn) and little chance of multielement detection due to 

different hydride generation and collection conditions. The trapping efficiency of 

graphite tube can be increased by coating the graphite surface by carbide forming 

elements [74] or platinum group elements (PGM) [75] since the analytes are 

trapped on those surfaces by chemical interactions. The coating material can be 

applied as a mixture as well as alone. Usually the trapping on such coated surfaces 

requires lower trapping temperatures. Use of coating material may also enables 

multi-element determination; using appropriate coating material, more than one 

element can be collected under the same conditions.  

 

Sturgeon et al. compared the stabilization effects of platinum group metals (PGM) 

for As Sb Se Bi and Sn, and mentioned that the effect of PGMs is catalytic 

decomposition due to their affinity for H2 and Pd has the most stabilizing effect 

over others [75]. Li et al. also stated that coating with Pd significantly increases 

the trapping efficiency and reduces the trapping temperature for As Sb, Se [76] 

and Bi, Ge and Te [77]. However Pd as a coating material is not permanent and 

must be injected before each collection atomization cycle. 

 

In contrast to Pd coating which must be repeated before each trapping, Ir coating is 

stable if the temperature does not exceed 2300 ˚C. Carbide forming elements such 

as tungsten and zirconium also increase the trapping efficiency in the graphite 

furnace. Liao and Haug studied the trapping efficiency of graphite tubes coated 

with carbide forming elements (Zr, Nb, Ta, W) and noble metals (Ir, Ir/Mg, Pd/Ir) 

for Se, Te [78], and As, Sb and Bi [79]. They showed that Ir/Mg coated tubes traps 

Se and Te better than Ir coated tubes. Because of high sensitivity and better long 

term stability, Zr-coated graphite tubes are recommended for the trapping and 

concentration of As, Se and Bi. Tsalev et al. [74] evaluated the performance 
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characteristics of Ir-Zr- and Ir-W- treated platforms in an automated FI-HG-

ETAAS system and found that Ir-Zr treated platforms are more suitable than those 

treated with Ir-W for trapping hydrides. Beside increase in trapping efficiency and 

higher sensitivity, the use of modifiers provide simultaneous multielement 

determination with a multichannel spectrometer. Garbo� et al. [80] developed a 

method for the determination of As and Se by trapping their hydrides and 

detection with a multichannel AAS simultaneously; resulted in doubled sample 

throughput. Murphy et al. [81] used Ir coating for the simultaneous determination 

of Bi and Se after preconcentration on Ir coated graphite tube. 

 

Although there are many reports on in-situ trapping in graphite tubes, use of W 

atomizer for in-situ trapping of volatile analyte species have appeared in limited 

number of studies. In a recent work, Do�ekal and Marek [82] studied the trapping 

hydrides of Se and As in a tungsten tube atomizer and showed that when coated 

with Pt, Ir or Re, the trapping efficiency of tungsten atomizer increases 

significantly. The most efficient trapping approaching to 100% was observed at 

trapping temperatures of 100-200 ˚C when the W tube was treated with Pt. The 

collection temperature on Ir and Re coated tubes was as high as 700-900 °C and 

the trapping efficiency was only 10%. In another study, Rh coated W coil atomizer 

was also used for in-situ trapping of selenium hydride [83]. 

 

 

1.4 ETV Techniques 

 

Scientists have been interested in developing better sample introduction methods 

for spectroscopic techniques in order to achieve highest efficiency. Various 

methods have been used as sample introduction techniques to the atomization or 

ionization sources. The most common method is pneumatic nebulization. Different 

designs of nebulizers have been discussed and each type presents different 

advantages and limitations [3, 4]. In addition, hydride generation and liquid 
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chromatography have also been used as sample introduction methods for ICP-OES 

and ICP-MS as well as AAS. Although transport efficiency of hydride generation 

approaches to 100%, it can be applied to a limited number of elements that form 

volatile hydride. Laser ablation (LA) has also been employed for the introduction 

of solid materials to high temperature ionization sources. 

 

In recent years, ETV has became an important tool for the sample introduction to 

independent detection systems especially for ICP-AES or ICP-MS. In ETV the 

sample was introduced to the measurement unit by vaporization in ETV device. It 

provides effective matrix removal and high transport efficiency. Its main concern 

is in plasma spectrometry since matrix problems appeared commonly in plasma 

spectrometry such as change in plasma conditions and isobaric interferences due to 

the plasma gas and concomitant elements. The advantages of ETV making it an 

attractive tool for sample introduction method to the ICP-OES or ICP-MS are 

summarized in ref [84, 85]. The sample introduction efficiencies are increased and 

thus required sample volume is minimized. Matrix and isobaric interferences due to 

the elements are reduced by applying appropriate sample pretreatment procedures. 

The rate of sample introduction can be achieved by varying the heating rate of ETV 

device. In addition, solid or slurry sampling is possible with ETV. The direct 

production of an analytical signal from a solid sample offers a number of important 

advantages resulting from the elimination of dissolution step; short analysis time, less 

contamination risk, enhanced sensitivity and limit of detection smaller amount of 

sample and no need to use hazardous chemicals [86]. The most widely used one is 

the graphite tubes. Metal atomizers have also been employed in ETV methods.  

 

 

1.4.1 ETV with Graphite Vaporizers 

 

Graphite furnaces used in GF-ETAAS are the predominant types of ETV devices 

[87]. Electrothermal vaporization on GF as a sample introduction method have 
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been studied and used for more than 20 years. The main disadvantage of this 

method is the losses of analyte during transportation to the detection system by a 

carrier gas. It was clear even early stages that the mass transport is not quantitative 

and significant fraction of analyte did not reach to the measurement system [88]. 

The appearance of nonlinear calibration curves obtained was an indication of 

losses during transportation. Schäffer and Krivan showed that the majority of 

analyte losses occurred due to condensation on the colder ends of the graphite tube, 

end cones and the interface between ETV and detection system. [89].  

 

Kantor first used the theoretical prediction of analyte vapor from the ETV to the 

plasma [90]. The efficiency is dependent on the formation of stable nuclei of size 

exceeding critical diameter. For higher analyte masses the critical diameter 

decreased and the transport efficiency increased. It is assumed that the presence of 

particles acting as condensation and adsorption nuclei can enhance the transport 

efficiency. 

 

Studies on the improvement of transport efficiency have been focused on the use 

of carriers. In order to increase transport efficiency, various modifiers were added 

to the sample in the graphite tube and the transport efficiencies increased when 

nanograms of samples are co-vaporized with micrograms of added modifiers. The 

suggested modifiers include palladium, carbon, sodium chloride and magnesium 

nitrate [91]. The use of halogenation by halocarbons added to the sample matrix 

has also been investigated and found to be effective to assist the vaporization of 

low volatility analytes. However they have the adverse affects of low atomization 

efficiency in low temperature sources and isobaric interferences in ICP-MS [87].  

 

ETV devices can also be used as a trap device for hydride preconcentration. 

Uggerud and Lund [92] used ETV-ICP-MS following in-situ trapping of the 

hydrides of Sb and As on Ir and Pd modified graphite furnaces. Matusiewicz and 

Kopras applied ETV-MIP-OES method for the simultaneous determination of 
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hydride forming elements and Hg after in-situ trapping on modified graphite tubes 

[93]. Chang and Jiang developed a method for the determination of Bi by ETV-

ICP-MS after preconcentration of its hydride on platinum coated graphite tube 

[94]. Matoušek et al. investigated the mechanism of trapping and desorption of 

volatile hydrides and mercury in modified graphite furnace and detection by ICP-

MS [95]. It has been found that the adsorption of arsine on Pd-Ir was interpreted in 

terms of initial physisorption followed by chemisorption. 

 

 

1.4.2 ETV with Metal Vaporizers 

 

Besides the graphite furnace, tungsten vaporizers commonly in the form of boat 

and coil have been used as ETV devices for liquid, solid and slurry sampling for 

the sample introduction to independent sources as reviewed in a recent paper [51]. 

Two main advantages of W over graphite in the area of ETV-ICP-MS are the 

elimination of isobaric interferences due to the presence of carbon in the plasma 

e.g. 52Cr and 40Ar12C, and restrictions to vaporization temperatures below 2600 ˚C 

[51]. In 1988 some rare earth elements were determined by W-coil ETV-ICP-OES 

and it was found that the sampling efficiency and thus the detection power were 

improved by two orders of magnitude when compared to nebulization ICP-OES 

[96]. Barth et al. determined 15 trace elements in silicon carbide, silicon dioxide 

and silicon nitride using W-coil ETV-ICP-OES [55]. They coated the W coil with 

W-carbide to reduce the ablation of tungsten during vaporization and reported the 

transport losses of the elements that ranged between 7% for La and 54% for Cu. 

Levine and Wagner determined 10 elements in peach leaves and oyster tissue 

samples using an ETV-ICP system employing a CCD detector. Their LOD values 

are at picogram levels [97]. Shibata et al. used liquid sampling W furnace ETV-

ICP-MS for the determination of 14 rare earth elements; obtained limit of 

detection values are at lower femtogram ranges for 20 µl sampling amounts 

corresponding 0.1-0.6 ng/L in solution [98]. Hauptkorn et al. used slurry sampling 



 29 

ETV-ICP-MS for the detection of 14 elements in high purity quartz and reached a 

detection limit of 2 ng/g levels for Li and U [99].  

 

It has been shown that by applying a temperature program for W-coil ETV device 

some spectral interferences may be eliminated and low resolution miniature CCD 

spectrometer can be used to achieve similar LODs compared to those by 

traditional large monochromator ICP-AES [54]. 

 

Okamoto et al. developed a method of W boat-ETV-ICP-MS and applied 

successfully for the determination of Pb in biological and rock samples [100, 101]. 

 

The use of W coil as an ETV for the sample introduction to AAS is rather rare 

when compared to ICP-MS detection. Bruhn used the method for the detection of 

elements with low atomization temperatures. The attained LODs were 100, 6, 80, 

50 and 2 pg for Bi, Cd, Pb, Tl and Zn respectively [102]. 

 

The use of metal vaporizers for the preconcentration of hydrides is relatively new 

and few studies appeared in recent years. Osama [103] used Pt coil for the 

sequestration of volatile Cd species. Then the collected species were vaporized by 

heating Pt coil and transported to unheated quartz T-tube atomizer for AAS 

detection; high sensitivity and low limit of detection close to ETAAS values were 

obtained. The use of W coil as an ETV for trapping hydrides and then 

transportation to AAS, that is a part of this thesis, was described for the first time 

and published in 2002 [104]. Very recently, Do�ekal et al. used Mo foil strip for 

trapping As and Se hydrides and subsequent electrothermal volatilization to flame 

for AAS detection [105]. They reported that the trapping temperature for the 

analytes are significantly higher than that of reported for W coil atomizer. Guo and 

Gou [106] used gold wire placed in the inlet arm of a quartz T-tube as a trapping 

medium for selenium hydride. In addition to Au, some other metals in the form of 

wire, foil or strip were also tested but these attempts were not successful except Ta 



 30 

which is not preferred since it became very cracky due to the reaction with H2 used 

for the transportation of volatile species. In this study, differing from the others, 

the trapping material was heated externally with a Ni-Cr wire so that the transient 

signal was completed in about 12 s.  

 

 

1.5 Individual Elements 

 

 

1.5.1 Bismuth 

 

 

1.5.1.1 Importance of Bi 

 

In recent years, Bi became an important element due to its chemical and physical 

properties. The earliest use of Bi compounds in medicine appears to have been in 

the middle ages. In 1786, it was administrated first for the treatment of dyspepsia. 

In 1889, it was discovered that Bi might be useful as an antisyphilitic agent [107]. 

In modern pharmacy, it has been used for clinical and medical purposes for about 

70 years for the treatment of syphilis. Since then, its pharmaceutical uses expanded 

to antiacids, peptic ulcer treatments and topical dermatological creams [1, 108]. 

Recently, the effectiveness of Bi has been attributed to its antibactericidal action 

against helicobacter pylori which was discovered in 1983 and may well initiate the 

ulcer formation by excreting acid [109].  

 

Bismuth has also been used in metallurgy, iron casting, electrochemistry, plastics 

and pigments, lubricants and cartridges [110]. The presence of trace amounts of Bi 

may influence several characteristics of different metallurgical materials affecting 

physical, mechanical and magnetic properties depending on its concentration and 

the composition of the material [62]. The presence of the metal in alloys even at 
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very low concentrations changes the characteristics of the metal. Bismuth promotes 

iron carbide stabilization during the solidification process when added to steels. 

On the other hand, even small amounts of this element may produce a decrease in 

hot ductility, workability and cause the rupture of alloys and steels [111].  

 

A number of toxic effects in human and animal have been attributed to Bi 

compounds such as osteoarthropathy, hepatitis and neuropathology [70], 

encepholopathy and nephrotoxicity [112]. In a recent study, it has been shown that 

oral dosing with Bi compound is followed by Bi entering the nervous system of 

mice with a particular predilection for motor neurons and it has been suggested 

that Bi needs to be included in the list of potential toxins that enter motor neurons 

[113].  

 

Due to low abundance of Bi in the Earth’s crust, about 0.00002% and limited 

absorption and its poor solubility compounds, the determination of Bi in 

environmental and biological matrices require sensitive techniques. Furthermore, 

since the usual level of Bi in biological and geological materials are µg/g or 

ng/mL, usually the separation and preconcentration methods are required. 

 

 

1.5.1.2 Determination of Bi 

 

The techniques mostly used among the applications for trace Bi determination are 

ICP-MS, ICP-AES and ETAAS. Schramel et al. determined Bi in urine with a 

LOD of 5 ng/L [114]. Li et al. described a sensitive method of determination by 

direct injection nebulization ICP-MS [115]. Moyano et al. used FI-ICP-AES with 

ultrasonic nebulization for the determination of bismuth in urine samples after 

column preconcentration [116]. Burguera et al. [108] and da Silva et al. [117] used 

on-line separation and preconcentration methods for bismuth and then determined 

by ETAAS. 
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1.5.1.3 Determination of Bi by Hydride Generation 

 

Hydride generation method combined with AAS is currently one of the best 

methods for the determination of Bi in different matrices. The application HGAAS 

method goes back to early 70’s. In 1973, Pollock and West developed a method of 

metal reduction procedure using TeCl3 / Mg for the determination of Bi and 

obtained a LOD of 3.2 ng for 15 mL sample volume; first the hydride was 

collected in a pressure chamber and then send to flame via auxiliary air channel 

[118]. In the same year, Fernandez employed solid NaBH4 pellets for the reduction 

of Bi using both collection in a balloon reservoir and achieved LODs of 5 ng for 

20 mL sample volume, respectively [41]. Fleming and Ide [119] applied the 

method of HG using solid NaBH4 and obtained an LOD of 1 µg Bi/g in steel. They 

investigated the interferences of some elements and reported that although Ni, Mo, 

Cu and Co did interfere in the absence of iron, the presence of iron eliminated the 

interference. Bedard and Kerbyson [120] used pressure concentration method for 

the determination of bismuth by hydride generation by eliminating the Cu 

interference by lanthanum hydroxide coprecipitation and reported that the 

collection time should not be very long due to the unstable nature of bismuthine at 

room temperature. Vanloo et al. [121] showed that Bi can be determined in steel 

and cast iron at µg/g level accurately by HGAAS using aqueous sodium 

tetrahydroborate as reductant and heated QTA as atomizer. In 1982 Aöstrom [122] 

developed an FIA system with a quartz atomizer where the analyte solution of 

0.700 mL was injected into a continuous flowing stream of HCl solution. Under 

the best conditions, a limit of detection of 0.08 ng/mL was obtained. Cadore and 

Baccan suggested use of thiourea-KI for the minimization of interference from 

some trace elements [111]. Moyano et al. [123] used an on line column 

preconcentration and hydride generation ICP-AES method for the determination in 

urine. 
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Atomic fluorescence and plasma atomic emission spectrometries have also been 

employed for the detection of volatilized Bi species. Feng and Fu [48] determined 

Bi and 4 more hydride forming elements in nickel metal by HGAFS after 

coprecipitation with lanthanum hydroxide. They reported that five elements can be 

coprecipitated quantitatively and separated from nickel matrix.  

 

In recent years the studies have been focused on the development of in-situ 

preconcentration methods for the determination of Bi. Matusiewicz et al. [124] 

obtained a detection limit of 0.020 ng/mL Bi for a sample volume of 5 mL by 

using HG-ETAAS with in-situ preconcentration in graphite tube. Murphy et al. 

[125] developed a multielement detection method for the hydride forming 

elements including Bi after in-situ collection on Ir treated graphite tubes. A limit 

of detection of 40 ng Bi/L was achieved for 0.500 mL sample volume. Chang and 

Jiang [94] used vapor generation graphite furnace ETV-ICP-MS for the 

determination of Bi and obtained a detection limit of 0.003 ng/mL Bi for 2 mL 

sample volume. 

 

 

1.5.2 Cadmium 

 

 

1.5.2.1 Importance of Cd 

 

Cadmium occurs as a constituent of lead and zinc ores, from which it can be 

extracted as a byproduct [126]. It is one of the rarer metals which makes up about 

0.00005% of the Earth’s crust. It is distributed on the land as a consequence of 

emissions from industrial and waste incineration plants, and coal fired power 

plants. Concentrations of Cd as high as 500 mg/kg have been reported in soils near 

mines and smelters. About one third of the cadmium production is used in 
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manufacture of batteries, paints, plastics, and in metal plating processes. It is also 

used as an anticorrosive element for some metals [1, 127].  

 

The toxic nature of Cd was revealed in 1900 and its compounds are also known to 

be toxic. The essentiality has not been proved yet for the adult human body which 

contains about 30 mg of Cd. It is a highly cumulative poisonous metal with an 

estimated biological half life of 20-30 years in humans. About half of body burden 

of Cd is found in the liver and kidney. It affects several enzymes in the body [126]. 

Cadmium can cause high blood pressure, kidney damage and sterility among 

males. Long term exposure can cause bones to become brittle. It was reported that 

in the 1950’s, about 100 people died in Japan due to Cd poisoning caused by the 

consumption of rice grown on the Cd contaminated soil. Since carcinogenical 

potential is expected, Cd and a number of its compounds are included the list of 

elements whose concentration must be controlled at the workplace [1, 127]. 

 

 

1.5.2.2 Determination of Cd 

 

Cadmium can be easily determined by air/acetylene flame with a characteristic 

concentration of 0.02 mg/L [1]. Because of high toxicity of this element at low 

concentrations, more sensitive techniques are required at trace and ultra-trace 

determinations in environmental and biological samples. 

 

ETAAS is one of the most powerful methods for the determination of Cd at sub 

ng/mL level. The greatest difficulty in the determination by GFAAS is the high 

volatility of Cd. Use of modifiers such as Pd, Ir, Mg and some ammonium salts 

have been suggested to provide efficient removal of matrix prior to atomization. 

Lücker et al. used solid sampling ETAAS for the determination of Cd in kidney 

[128]. ETAAS with W coil atomizers have also been employed for the 

determination of Cd in mussels [129], in hair and blood [130]. Hirano et al. 
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developed an FI on-line preconcentration GF-ETAAS method for Cd by collecting 

on a imminodiacetate type resin and reached a detection limit of 0.2 ng/L using 12 

mL sample volume [131].  

 

 

1.5.2.3 Determination of Cd by Hydride Generation 

 

The first report on the preparation of very unstable cadmium hydride appeared in 

1951; cadmium hydride was synthesized in an organic medium at -78.5 ˚C at 

which no evidence was observed for the decomposition [39]. In 1989, D’Ulivo and 

Chen [132] demonstrated that Cd can be determined by AAS after vapor 

generation in aqueous solution by using sodium tetraethylborate. In the same year, 

the determination of Cd using HGAAS and heated QTA was reported for the first 

time by Cacho et al. [27]. The volatile species, probably hydride, were generated 

in an organic media. The rate of hydride generation can be increased by the 

addition of diethyldithiocarbamate (DDTC) and increasing temperature. After 4 

years, Valdés-Hevia et al. [133] proposed a method for the hydride generation with 

sodium tetrahydroborate and ICP-AES detection; limit of detection attained was 1 

ng/mL. Ebdon et al. [134] used atomic fluorescence spectrometry for ultra-trace 

detection of volatile Cd species generated by the reaction with tetraethylborate.  

 

In 1995, two independent groups showed that the generated volatile species by the 

reaction with sodium tetrahydroborate are unstable and decomposes quickly at 

room temperature [7, 28]. Decomposition yields free atomic Cd vapor which can 

be determined by using an unheated atomizer similar to the one used for the 

determination of Hg by CVAAS [7, 28]. The sensitivity of cold vapor system is 

found to be higher than that of heated QTA since the residence time of the atomic 

species in the atomizer is less in heated QTA due to thermal expansion [7].  
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Literature data reveal much inconsistency and contradictory statements for hydride 

generation conditions of Cd, probably because of the inherent instability of its 

hydride and difficulties with generation, stripping off solution and transportation 

of volatile species to the atom cell. The generation process, efficiency of hydride 

release and the transport processes are highly sensitive. Usually high 

concentrations of NaBH4 are required and the concentration of HCl is very critical 

[135]. The design of GLS is also critical and the sensitivity is much more effected 

when compared to other hydride forming elements (HFEs). It is reported that even 

no signal was obtained using conventional U type GLS. [136]. Feng et al. 

investigated the effect of surface of GLS and showed that when Ryton (a sulfur 

containing polymer) GLS was used, the atomic Cd species are adsorbed by S 

containing groups and no signal was obtained when the atomizer was at room 

temperature [137].  

 

Guo and Guo [138] investigated the effect of some organic reagents, mainly 

nitrogen and sulfur containing ones on the hydride generation efficiency and found 

that the addition of 1% (w/v) thiourea and 1 µg/mL Co results in a significant 

enhancement in the fluorescence signal in the HGAFS determination of Cd. The 

enhancement in the signal was explained by the catalytic effect of these species in 

the hydride generation reaction. Hwang and Jiang [139] used VG-ICP-MS for the 

determination of Cd and found increased sensitivity when thiourea and cobalt were 

added as catalysts and supported findings of Guo and Guo. It was suggested that 

use of didodecyldimethylammonium bromide (DDAB) vesicles improve hydride 

generation efficiency for Cd and a 5 fold decrease was obtained in the LOD by 

ICP-AES [133]. In another study, 10 µg/mL Ni when added together with 1 % 

thiourea increased signal and reduced some metal interferences [136].  

 

In recent years, the studies are focused on the in-situ trapping of volatile Cd 

species in graphite tubes and successful applications were carried out. Infante et al. 

showed that the Pd is an efficient coating material and increases the trapping 
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efficiency for the volatile species generated in vesicular media created by DDAB 

[140]. The same group compared the trapping efficiency of uncoated and Zr-, W- 

and Pd-coated graphite tubes and found that the Pd coating is superior to others 

offering enhanced LOD and precision [141].  

 

Bermajo-Barrera et al. investigated the effects of different metals on the generation 

of volatile species and found that Ga, Si and Co increase the analytical signal. 

They also mentioned that by using Ir coated tubes and Ga as the catalyst, a 

characteristic mass of 3 pg and a limit of detection of 4 ng/L can be obtained [142].  

 

In a more recent study by Lampugnani et al. [135], it is reported that none of the 

above mentioned catalytic species did enhance the analytical signal. Furthermore, 

it is noted that the addition of DDAB brought entailed problems with system 

washing between runs. It was also demonstrated that permanent coating with Zr-Ir 

and W-Ir was effective and straightforward for in-situ trapping in graphite tubes.  

 

 

1.5.3 Lead 

 

 

1.5.3.1 Importance of Pb 

 

Lead is one of the rarer elements whose abundance in the Earth’s crust is only 

0.0018% [1]. Because of its low melting point and malleable properties, Pb is one 

of the metals used widely in early ages. Its use goes back to ancient Egyptians. 

Lead ranks fifth behind iron, copper, aluminum and zinc in industrial production 

of metals. About half of the lead is used for the manufacture of lead storage 

batteries. A quarter is used for chemicals such as tetraethyl lead and other 

organolead compounds. Other uses include solders, bearings, cable covers, 
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ammunition, plumbing, pigments and caulking [1, 126]. Lead compounds are also 

widely used as anti-knocking additives in gasoline. Lead chromate is a strong 

yellow pigment extensively used in yellow paints for road markers and as 

ingredient in many green paint and colored plastics [1].  

 

Lead is a common atmospheric pollutant though much less so now since the use of 

leaded gasoline is being reduced. Antropogenic emissions such as those from 

combustion of fossil fuels, waste incinerators and industrial emissions cause 

higher levels of metal pollutants including lead in the urban environment [143]. 

The absorption through the respiratory track is the most common route of human 

exposure. The greatest danger of pulmonary exposure comes from inhalation of 

very small particles of lead oxide and lead carbonates, halides, phosphates and 

sulfates. Lead can also enter into body by ingestion and resorption through the 

skin. Children are more sensitive to toxic effects of lead because they absorb more 

from soil and dust than adults absorb. Acute lead poisoning results in dysfunction 

in the kidneys, reproductive systems, liver, brain and central nervous system, 

resulting sickness or death [144, 145]. Of all the compounds, the trialkylated forms 

have the strongest neurotoxic effect for mammals. The recommended clinical test 

for assessment of exposure is the determination of lead in blood [1].  

 

 

1.5.3.2 Determination of Pb 

 

AAS is the most frequently used method for the determination of lead. It can be 

determined in the air acetylene flame largely free of interferences. Since it is 

highly toxic and often be determined in very low concentrations, limit of detection 

of 0.01 mg/L that can be achievable by FAAS is often inadequate. More sensitive 

methods are required [1].  
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Graphite furnace ETAAS is one of the most powerful and widely used techniques 

for direct determination of lead in blood [146]. Interferences that are partly 

dependent on the high volatility of Pb and on the influence of concomitants are 

eliminated with proper use of stabilized temperature platform furnace (STPF) [1]. 

The Pd-Mg modifier was found to be the best one which allows a pyrolysis 

temperature of 1200-1400 ˚C. However addition of modifier also increases the 

atomization temperature [1]. Correira et al. [147] obtained a detection limit of 9.3 

pg using NH4H2PO4 + Mg(NO3)2 mixed modifier allowing an ash temperature of 

750 ˚C in the determination of lead in foodstuffs.  

 

Tungsten coil ETAAS was also employed for the determination of Pb. Parsons et 

al. determined Pb in blood by using a W filament atomizer [148]. Rhodium was 

investigated as a permanent modifier for the atomization of Pb from biological 

fluids by W filament ETAAS. It has been found that Rh not only stabilizes Pb but 

also extends the life time of W coil from 60-70 to over 300 firings [149]. Wagner 

et al. [52] developed a method for the multielement determination employing an 

ETAAS with W coil atomizer. Four elements could be determined simultaneously 

by a CCD spectrometer using near line background correction. In another study 

the tungsten boat was used as boat digestion vessel and electrothermal vaporizer, 

and then the detection was carried out by ICP-MS; achieved a detection limit of 

5.2 pg of Pb corresponding to 10.2 ng/g in solid sample [100]. 

 

Czobik and Matoušek [67] used a preconcentration method of electrodeposition of 

lead from aqueous solution on W wire. Then they inserted the W-coil into graphite 

furnace and obtained the analytical signal. The characteristic concentration of lead 

was 0.15 µg/L for 5 min electrodeposition. Barbosa et al. used electrochemical on-

line preconcentration method. However in their system the W coil served as both 

trapping medium and atomizer [69]. 
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1.5.3.3 Determination of Pb by Hydride Generation 

 

Lead can be determined by HGAAS but has some difficulties with the hydride 

formation. Lead hydride PbH4 is unstable at room temperature and has a boiling 

point of approximately -13˚C [5]. Thompson and Thomerson published the first 

report on lead hydride generation for analytical purposes by the reaction of 

acidified sample solution with sodium tetrahydroborate, but the efficiency was 

poor [150].  

 

The generation efficiency of plumbane by direct reaction of acidified solution with 

tetrahydroborate is very low presumably because of the very low redox potential 

of the Pb2+ / PbH4 pair. Use of oxidizing agents such as dichromate or hydrogen 

peroxide increased the generation efficiency presumably by the formation of meta-

stable Pb(IV) whose reduction is thought to be easier than that of +2 valance state 

[5]. A linear relationship was observed between the logarithm of absorbance and 

the redox potential of oxidants [5]. A variety of oxidizing agents were tried in 

order to increase efficiency. In 1976, Fleming and Ide [119] reported that use of 

K2Cr2O7-tartaric acid reaction medium increases the generation efficiency 

significantly. They also noted that more K2Cr2O7 is required in the presence of 

iron and it must be added to the analyte solution just before the measurement. Use 

of H2O2 in nitric or perchloric acid was suggested by Vijan and Wood [151]. Jin 

and Taga [47] compared hydride generation efficiencies and the selectivity of 

three different media, and found that peroxodisulfate-nitric acid was the most 

efficient medium for PbH4 generation among K2Cr2O7-malic acid, HNO3-H2O2 

and (NH4)2S2O8-HNO3 but it gave high blank values and poor selectivity; more 

effected by concomitant elements. In 1985, Thao and Zhou proposed a method of 

plumbane generation using K3Fe(CN)6-HCl medium and achieved a detection limit 

of 0.37 µg/L in food samples [152]. Li et al. [153] obtained the most sensitive 

hydride generation in 0.3% w/v oxalic acid and 3% w/v (NH4)2Ce(NO3)6 among 
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other media however the concentration of tetrahydroborate as potassium salt 

needed was very high, 8% (w/v).  

 

Use of nitroso-R salt (1-nitroso-2-napthol-3,6-disulfonic acid, disodium salt) was 

suggested by Zhang et al. [154]. They found improved sensitivity compared to 

those obtained using peroxodisulphate, dichromate or hydrogen peroxide as 

oxidants. It was proposed that the mechanism of reaction involved the oxidation of 

lead(II) to lead (IV) while chelated with nitroso-R salt. Chen et al. investigated a 

series of 22 organic chelating reagents including nitroso-R salt. 1-(2-pyridylazo)-

2-naphthol-6-sulfonic acid (PAN-S) was also found to be as effective as nitroso-R 

salt although it is not an oxidizing agent [155]. The increase in the efficiency was 

explained by the formation of a chelate between Pb(II) and PAN-S rather than the 

formation of metastable Pb(IV) formation. The use of persulfate as oxidizing agent 

in FI HG of Pb was reported by Samanta and Chakraborti [156].  

 

Although potassium hexacyanoferrate(III) is a mild oxidizing agent (E˚ =0.36 V) 

when compared to other reagents H2O2 (E˚ = 1.78 V), potassium dichromate (E˚ = 

1.33 V) and (NH4)2S2O8 (E˚ = 2.01 V) it is found to be more effective in the 

hydride generation of lead [157-159]. Therefore, the efficacy of hexacyanoferrate 

suggests that a mechanism other than oxidation is occurring to generate plumbane 

generation similar to the case of PAN-S.  

 

The HG technique has also been coupled with plasma spectrometry for the 

determination of lead. In 1981, Ikeda et al. [160] used HCl- H2O2 medium for the 

generation of plumbane and than detected by ICP-OES. High blank signal 

equivalent to that of 2 ng/mL Pb was observed. Li et al. [161] determined Pb by 

HG-ICP-MS using oxalic acid-ammonium cerium nitrate-sodium tetrahydroborate 

system having a detection limit of 7 ng/L. They mentioned that some interferences 

were minimized with the help of masking effect of oxalic acid. Chen et al. [162] 
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who also reported the masking effect of oxalic acid against the interferences 

employed potassium hexacyanoferrate (III) medium and ICP-MS detection system. 

 

In-situ trapping techniques were successfully applied for the determination of lead 

after hydride generation. Bermejo-Barrera et al. [163] investigated the effect of Ir, 

Zr, and W as coating materials for graphite tube and found that Ir is better when 

compared to others and effective trapping was achieved at room temperature, 20 ˚C. 

They used HCl/H2O2 medium for HG and obtained a detection limit of 60 ng/L 

with 0.500 mL sample volume. Tyson et al. [159] used hexacyanoferrate and 

obtained a detection limit of 0.03 µg/L with purified hexacyanoferrate after in-situ 

trapping on Ir coated L’vov platform at 300 ˚C. 

 

According to research results obtained in our laboratory, silica is also capable of 

trapping hydrides when heated to moderate temperatures. It has been shown that 

the silica surface can be used as a trapping medium for the determination of Pb and 

thus significant enhancement in the sensitivity and detection limit was achieved 

[164]. 

 

Besides hydride generation, ethylation was also used for the generation of volatile 

Pb species. Rapsomanikis et al. [11] described the speciation of dimethyl and 

alkyllead species using chromatographic separation and then detection by AAS 

after ethylation with sodium tetraethylborate. Sturgeon et al. [12] used sodium 

tetraethylborate for the generation of tetraethyl lead and then determined using 

ETAAS after preconcentration in graphite tube heated to 400 ˚C. They reached a 

detection limit of 1 ng/L. 
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1.6 The Aim of the Study 

 

The determination of metals at trace and ultra-trace levels is important in 

environmental, biological and metallurgical samples because of their toxic effects 

or critical concentration ranges. The sensitivity that is attainable by FAAS, 

conventional HGAAS and even ETAAS sometimes may not be enough for such 

analyses. Although ICP-MS systems offer high sensitivity and very low detection 

limits, they suffer from interferences due to high solid contents. Furthermore these 

instruments are not accessible in all laboratories due to high costs and also high 

expense of its consumables. Therefore alternative methods which are accessible, 

easy to use, providing high sensitivity and low limits of detection with a minimal 

cost of both instrumentation and consumables are needed. 

 

Hydride generation combined with atomic absorption or emission spectrometry is 

a powerful method for the determination methods for hydride forming elements. 

The sequestration of hydride forming elements on heated graphite surfaces is a 

widely used technique for common hydride forming elements. In recent years, 

metal atomizers, mostly coiled W, has gained its importance against the graphite 

atomizer. 

 

The purpose of this study is to develop on-line preconcentration methods for the 

determination of hydride forming elements. The method involves the separation of 

analytes, Bi, Pb and Cd from sample matrix as their volatile species by chemical 

vapor generation. Volatile species are preconcentrated on heated W-coil followed 

by revolatilization and transportation to quartz T-tube. The developed method is 

simple to apply. Due to its low cost, it can be applied in any instrumental analysis 

laboratory having a simple FAAS instrument. 
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CHAPTER II 

 

 

EXPERIMENTAL 

 

 

2.1 Instrumentation  

 

A Philips Pye Unicam (Cambridge, UK) PU9200 atomic absorption spectrometer 

equipped with deuterium background correction system was used for absorbance 

measurements. The instrumental parameters for the elements investigated are given 

in Table 2.1. The hood of spectrometer was connected to an Elicent AXC 315/A 

(maximum suction rate is 1300 m3/h) channel fan equipped with an Elicent 

(Lonato, Italy) speed regulator. Quartz T-tube either heated by stoichiometric 

air/acetylene flame for Bi and Pb or kept at room temperature for Cd was used as 

atomizer or atom cell, respectively, in the measurements. 

 

For the decomposition of standard reference materials, a Milestone Ethos Plus 

microwave oven was used. The digestion programs were based on temperature 

control according to the recommendations of manufacturer with some adaptations. 
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Table 2.1 Instrumental parameters used in the measurements. 

Instrumental 
parameter 

Bi Cd Pb 

Hollow cathode lamp Photron or 
Philips 

Narva or Pye 
Unicam 

Philips 

Wavelength of 
measurement, nm 

223.1 228.8 217.0 

Lamp current, mA 8 or 10 5 or 6 8 

Spectral bandwidth, 
nm 

0.5 0.5 0.5 

Atomizer Flame-heated 
quartz T-tube 

Unheated quartz 
T-tube 

Flame-heated 
quartz T-tube 

 

 

 

2.2 Hydride Generation System 

 

 

2.2.1 Apparatus 

 

The experiments were carried out in both continuous flow (CF) and flow injection 

(FI) mode using Gilson Minipuls 3 (Villers Le Bell, France) 4-channel peristaltic 

pumps. In FI mode, a Rheodyne Model 5020 6-port injection valve (CA, USA) 

was used for the injection of analyte solution into carrier solution stream. For the 

pumping of analyte and reductant solutions, blue-blue or red-red color coded 

Ismatec Tygon peristaltic pump tubings (Germany) were employed.  In order to 

remove the waste solution from cylindrical gas liquid separator, purple-purple 

color coded tygon tubings were utilized.  
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Tubings that were made of polytetrafluoroethylene (PTFE) (0.8 mm i.d. and 1.4 

mm o.d.) and supplied from Cole Parmer (USA) were used for the transportation 

of solutions. The reaction and stripping coils were also made from the same PTFE 

tubing in different lengths. The 3-way or 4-way connectors used for merging of the 

analyte, reductant and carrier gas streams were all made of PTFE and supplied 

from Cole Parmer.  

 

The carrier gas which was used for stripping of solutions and transportation of 

volatile species to trap and to atomizer was Ar (99.95%) that was supplied from 

Oksan (Ankara). During the trap studies, where W-coil was used as trap, H2 

(Oksan) was added to the carrier gas. The flow rates of Ar and H2 in the carrier gas 

were measured and controlled by two separate rotameters obtained from Cole 

Parmer. 

 

For the separation of gaseous analyte species from the liquid phase, a gas liquid 

separator (GLS) was used. Two different GLS designs, whose schematic diagrams 

and dimensions were given in Figure 2.1, were employed in the measurements; a 

home-made U-type GLS for Bi and Pb and a cylindrical GLS with a smaller inner 

volume similar to that proposed by Matoušek et al. [165] for Cd. The inner 

volumes of them were approximately 20 mL and 3 mL, respectively. In U-type 

GLS, the liquid part of the reaction products was forced to waste by gravity. In 

cylindrical type GLS, waste solution was removed by a second peristaltic pump 

and the solution level inside was kept at minimum.  
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Figure 2.1 Gas liquid separators used in the experiments: (a) Cylindrical GLS used 

for Cd; (b) U-type GLS used for Bi and Pb. 

 

 

 

The generated volatile species of Bi and Pb were transported from gas liquid 

separator to the atomizer by using Tygon tubing (3.1 mm i.d., Cole Parmer 

Instrument Co., USA). For volatile Cd species, the transport tubing was made of 

PTFE (0.8 mm i.d., 1.4 mm o.d.) between GLS and the atom cell. The transport 

tubings were kept as short as possible in order to prevent losses of volatile species 

during transportation. In the experiments, where cylindrical GLS was used, the tip 

of PTFE capillary was inserted into inlet arm and the tubing was kept as close as 

possible to the junction point of horizontal arm of quartz T-tube. In trap 

experiments, it was directed onto the W-trap through a distance of 0.5 cm. 

 

In the trap experiments where the trap was separated from quartz T-tube, the 

released species were transported through tygon tubing (3.1 mm i.d.). For Cd, 

PTFE (4 mm i.d.) and fluorinated ethylene propylene (FEP) coated tygon tubings 

(6 mm i.d.) were also utilized.  
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The experimental set up for hydride generation of Bi and Pb was slightly different 

than that of Cd. Their respective schematic diagrams are given in Figure 2.2 and 

2.3. In CF mode, the analyte and the reductant solutions were pumped 

continuously by the peristaltic pump. In FI mode, instead of analyte solution, only 

a carrier solution was pumped but the analyte solution was injected into carrier 

stream. A reaction coil was needed for all the elements. The lengths of reaction 

coils employed for the generation of bismuthine and plumbane were 15 and 30 cm, 

respectively. For Bi and Pb, no stripping coil was used other than a 2 cm length of 

glass connection where the carrier was introduced into flowing stream at the 

entrance of U-type GLS. For Cd the length of reaction coil was 60 cm and this 

figure strongly depended on the length of stripping coil. The length of stripping 

coil was 15 cm for Cd; however, the same sensitivity was obtained when the length 

was 120 cm without a reaction coil. In some experiments instead of employing a 

reaction coil, this configuration was also used.  

 

 

 

Figure 2.2 The experimental set up used for generation of Bi and Pb hydrides. 
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Figure 2.3 The experimental set up used for generation of volatile Cd species. 

 

 

 

2.2.2 Atomizer and Atom Cell  

 

A quartz T-tube atomizer commonly used as atomizer in hydride generation 

methods was either heated externally on a stoichiometric air acetylene flame for Bi 

and Pb or kept at room temperature for Cd served as the atomizer and atom cell, 

respectively; its dimensions are indicated in Figure 2.4. The ends of quartz T-tube 

used at room temperature for Cd were not covered with any windows. 
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Figure 2.4 Quartz T-tube atomizer used in the experiments. 

 

 

 

2.3 Trap System 

 

In the preliminary studies, the trap was made up from commercially available 

nickel-chromium and tungsten wires. About 15 cm of wire was coiled into a 

conical shape such that it would supply maximum cross-sectional and thus 

trapping surface area, and could be heated without breakage. Then, W-coil 

filament extracted form a 15 V, 150 W projector bulb (Halogen Photo Optic Lamp 

Xenophot, Osram, Germany) was used as trap. The dimensions of both home-made 

and commercially handled W-coil traps are given in Figure 2.5. This type of 

commercially available W-coil has been commonly employed in ETAAS with 

metal atomizers. It is easily handled and inexpensive. In addition, it supplies larger 

surface area for the trapping when compared to that was designed in the laboratory. 
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Figure 2.5 The dimensions of W-coil traps extracted from bulbs and made in the 

laboratory 

 

 

The W-coil was placed in the inlet arm of QTA. It was inserted into the inlet arm 

of quartz T-tube through a small slot in a tilted position so that it would supply 

maximum crossectional area for maximum trapping efficiency. The schematic 

diagram of trap system and its electrical connections are given in Figure 2.6 and 

2.7, for Bi and Pb, and Cd, respectively. The distance between the horizontal arm 

and the trap was 5.0 cm for Bi and Pb since the quartz T-tube was externally 

heated by flame. Since unheated QTA was employed in Cd studies, it was possible 

to place the trap very near to the junction point of inlet arm and horizontal arm. 

During cold vapor studies, this distance was approximately 1 cm. The coil was 

fixed and sealed from the outside by using a temperature resistant alumina based 

powder material. The powder Al2O3 was mixed with sodium silicate solution, both 

of which were obtained from Tetcis (Ankara) and a viscous slurry was obtained. 

After inserting the coil into its place, the location of insertion was covered with 
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this slurry and dried at room temperature for at least 2 days. The isolation of W-

coil was important in order to prevent oxygen entering to the system which caused 

deterioration of the W-coil by oxidation and also affected the trapping-

revolatilization performance.  

 

 

 

Figure 2.6 The W-coil placed in the inlet arm of quartz T-tube used for Bi and Pb. 

 

 

 

 

 

Figure 2.7 The W-coil placed in the inlet arm of quartz T-tube used for Cd. 
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The resistive heating of W-coil was achieved by applying an alternating voltage by 

using a transformer and a power supply which was connected to wall electricity 

(220 V a.c.) through a power switch as shown in Figures 2.6 and 2.7. The 

electrodes of coil were connected to 0-8 V output of transformer (available input 

voltages were 110 and 220; and output voltages were 5, 8, 12 and 18 V) which was 

connected to the wall electricity through a variable voltage power supply (input 

voltage 220; output voltage, adjustable between 0-220). The voltage was varied by 

the variable potential power supply. Therefore with this system, a potential 

between 0 and 8 V could be applied to the coil. If higher temperatures was to be 

used, the connections of the coil was altered to the 0-12 V output voltage of the 

transformer. The applied voltage and its accuracy was checked by using a ampere-

volt-ohm meter which was connected to power cables at the junction point of W-

coil as shown in the figures.  

 

For the measurement of W-coil temperature, a Ni-Cr thermocouple which was 

capable of measuring temperatures up to 1200 ˚C was used. The central part of 

coil was heated more than the ends. The temperature measurements were carried 

out by contacting the tip of the thermocouple to the center of the coil, at different 

gas composition and flow rates. The approximate release temperatures that can 

not be measured by the thermocouple were estimated by the extrapolation of the 

graph between applied voltage and measured temperature, as long as it was not 

very high; since the relationship between applied voltage and the temperature 

was nearly linear between the applied voltages of 4 V and 6 V [166]. 

 

In order to investigate the distance that the released species could be transported, 

the trap was removed from the quartz T-tube and placed in a piece of quartz tube 

that has the same inner diameter with the inlet arm of T-tube. The distance 

between trap and the inlet arm of atomizer or atom cell was varied using Tygon 

tubing. In these experiments both the peak height and the peak area values were 
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recorded. This would also give an idea about the released species whether they are 

atomic or molecular.  

 

In order to investigate the trapping efficiency, a tandem arrangement of two W-coil 

traps was used; one of them was in QTA and the other was a separate one. This 

arrangement, shown in Figure 2.8 was also used for the investigation of nature of 

released species from the trap. The temperature of each W-coil was controlled 

independently. By this arrangement untrapped species passing through the first coil 

could be trapped on the second one, while both the first and second traps were in 

collection mode. In addition, while the first trap was used in releasing mode and 

the second one was in collection mode, the revolatilized species from the first coil 

could be trapped on the second coil. 

 

 

 

Figure 2.8 Tandem arrangement of W-coil trap system. 
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2.4 Reagents 

 

All the reagents used were at least analytical reagent grade. Dilutions were made 

using 18 MΩ·cm deionized water obtained from a Millipore (Molsheim, France) 

Milli-Q water purification system which was fed by Millipore Elix 5 

electrodeionization system.  

 

The working solutions of Bi, Cd and Pb were prepared by making necessary 

dilutions from their standard stock solutions; 10000 mg/L Bi (Titrisol, Merck), 

1010 mg/L Pb (Aldrich), 100 mg/L Cd, (Leeman Labs Inc. Plasma-Pure, USA) and 

1000 mg/L Cd (Ultra Scientific). 

 

For the acidification of analyte solutions, analytical grade 37% (w/w) HCl (Merck) 

was used. Reductant solutions were prepared daily from powder sodium 

tetrahydroborate(III) (Merck, min. 96% purity).  For the stabilization of NaBH4 

solution, NaOH (Carlo Erba, Milano, Italy) was used. Analytical grade 65% (w/w) 

HNO3 (Carlo Erba, Italy), 37% (w/w) HCl and 38-40% (w/w) HF (Merck) were 

used for the decomposition and digestion of geological reference materials.  

 

Solutions of 0.5% (w/w) potassium hexacyanoferrate (III), K3Fe(CN)6 was 

prepared from analytical grade salt with a minimum purity of 99% (w/w) (Merck).  

Due to its low stability in the aqueous phase, the solutions were prepared daily. 

Nitroso-R salt (Aldrich) and 35% (w/w) H2O2  (Merck) was also used as the 

reaction medium for the generation of lead hydride. 

 

The coating of W-coil was achieved by injecting aliquots of Pd, Ir, and Pt from 

their corresponding 1000 mg/L solutions (BDH, UK). Injections were made by 

using an adjustable volume micropipette (Transferpette). 
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2.5 Procedure  

 

The hydride generation conditions were carried out in conventional FI mode by 

injecting a definite amount of analyte solution into the carrier solution stream. 

However, the optimized values were also verified in the trap mode where mostly a 

CF sampling was employed. In CF mode the solutions of sample and reductant 

were pumped at a constant flow rate by the peristaltic pump. The generated volatile 

species of analyte were transported to W-coil which was previously heated to 

collection temperature. After the hydride evolution and preconcentration was 

complete, all the collected analyte species were revolatilized at once by increasing 

the trap temperature rapidly to revolatilization temperature. The collection volume 

and thus time was determined by the element and its concentration in the sample 

solution. The optimum hydride generation, trapping and releasing conditions were 

summarized in Table 2.2. 

 

The details of procedure for each element are given in the following sections. Since 

the trap signals are transient and very sharp, the integrated absorbance values were 

highly affected by the lamp noise and the very slight drifts in the base line caused 

large errors in peak area values. In most cases the peak height values are the basis 

of the measurements. In some experiments where the lamp noise was low, peak 

area values have also been used by keeping the integration time as short as 2-3 s. 

Therefore, in most cases the optimizations were based on the measurement of peak 

height and the integrated absorbance values were rarely taken into account. The 

residence time of the atoms were highly affected by the release gas flow rate which 

was optimized with respect to peak height. The signal obtained by each release was 

the basis for optimization of collection and release temperatures. During the 

collection temperature optimizations, the continuous signal created by untrapped 

species during collection was also followed. All the experimental parameters were 

optimized by changing one variable at a time. While optimizing one parameter, the 

others were kept at their optimum value. Multi-cycling method was employed. 
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Table 2.2 Hydride generation, trapping and revolatilization conditions for Bi, Cd 

and Pb in CF mode for W-trap HGAAS. 

 

Parameter Bi Cd Pb 

Concentration of HCl in sample 
solution, mol/L 

1.0 0.2 0.06 

Concentration of NaBH4 in 
reductant solution, % (w/v) 

0.5 1.5 1.0 

Concentration of NaOH in 
reductant solution, %(w/v) 

0.2 0.15 0.2 

Flow rate of sample and 
reductant, mL/min 

6.0 2.1 6.0 

Length of reaction coil, cm 15 60 30 

Length of stripping coil, cm 2 15 2 

Gas liquid separator U-type Cylindrical 
type 

U-type 

Collection Ar flow rate, mL/min 75 270 210 

Collection H2 flow rate, mL/min 70 150 100 

Release Ar flow rate, mL/min 500 270 210 

Release H2 flow rate, mL/min 70 150 100 

Collection trap temperature, ˚C 270 150 350 

Release trap temperature, ˚C 1200 1000 1300 
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2.5.1 Bismuth 

 

In FI mode 1.0 mol/L HCl was used as carrier. The optimum HCl and NaBH4 

concentrations were determined in conventional FI mode by using 0.500 mL 

sample loop and 10.0 ng/mL Bi in 1.0 mol/L HCl solution without the W-coil trap. 

During this studies the carrier gas was only Ar and no H2 was added. The reductant 

and the carrier (analyte in CF) solutions were pumped at a flow rate of 6.0 mL/min.  

 

The trapping and release temperatures were optimized using FI mode by injecting 

0.500 mL of 10.0 ng/mL Bi in 1.0 mol/L HCl. The bismuthine generated was 

transferred to quartz T-tube through a tygon tubing using a carrier gas mixture 

composed of H2 and Ar at flow rates of 70 and 75 mL/min, respectively. The 

transferred bismuthine was trapped on W-coil placed in the inlet arm of the quartz 

T-tube; the W-coil was previously heated to 270 ˚C. After on-line preconcentration 

on the W-coil, the Ar flow rate in the carrier gas was increased to 500 mL/min, the 

H2 flow rate was kept at 70 mL/min, and then the analyte was released by 

increasing the trap temperature rapidly to 1200 ˚C. The residence-time of analyte 

species on the light-path was very short and the transient signal was obtained in 

less than 0.5 s.  

 

The effect of distance between trap and atomizer was investigated by varying the 

length of the transfer tubing between 10 cm and 200 cm. Tygon tubing (3.1 mm 

i.d.) was used for the transportation of released species from the surface. 

 

 

2.5.2 Cadmium 

 

In all the experiments including conventional HG and preconcentration on W-coil, 

the flame was turned off and the measurements were conducted using the quartz T-

tube at room temperature. The ends of atom cell were not covered with windows. 
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Use of an atom cell with quartz windows commonly used for CV Hg studies was 

also investigated. In addition to atom cell that was different for Bi and Pb, a 

cylindrical GLS was used for Cd and the waste was removed by a second 

peristaltic pump. Furthermore the volatile species of Cd were transported to the 

atomizer or to trap through a PTFE tubing (0.8 mm i.d.) that was inserted into the 

inlet arm of QTA and thus minimization of possible losses on the inner walls of 

quartz inlet arm was assured. The distance between the tip of PTFE transport 

tubing and the W-coil was 0.5 cm in order to prevent damaging of the tip at the 

release stage.  

 

The careful optimization of experimental parameters was required in order to 

obtain reproducible analytical signals. Conventional FI-HGAAS method was used 

for these optimizations. However, the sample acidity was also investigated for CF 

mode using W-trap HGAAS. The optimization of sodium tetrahydroborate was 

carried out in FI mode using both conventional and W-trap system. The 

concentration of NaOH in NaBH4 solution was also investigated by conventional 

FI-HGAAS.  

 

The reaction and stripping coils lengths were optimized in FI mode by injecting a 

definite volume of Cd solution without the W-coil trap. The lengths of reaction and 

stripping coils were found to be dependent on each other. In some experiments the 

reaction coil was removed and a relatively longer stripping coil, 120 cm, was used 

since the same sensitivity was obtained in this case.  

 

Optimum trap and release temperatures were determined in CF mode by 

introducing the solutions for a period of time. The optimizations were based on the 

signal obtained after each release. The trapping was carried out at 150 ˚C. After 

vapor generation was complete, the trap temperature was increased to 1000 ˚C and 

the transient signal was obtained in less than 1 s. The peak height of the analytical 

signal was taken into account for these optimizations. The optimum gas flow rates 
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for collection and release steps were found to be the same with each other. Thus, 

similar to Pb experiments, gas flow rates were kept constant and not varied 

between collection and revolatilization stages. 

 

The effect of distances between GLS and W-trap, tip of transfer tubing and W-coil, 

and also trap and atom cell was investigated by varying the length of tubings. The 

stability of the trapped species was investigated by varying the time interval 

between collection and release stages. The effect of cooling time after each release 

step was also investigated. 

 

The effect of reaction temperature on the analytical signal was investigated by 

immersing the reaction coil in a water bath placed on a hot plate whose 

temperature was varied between 0 ˚C and 98 ˚C. Cooling was achieved by putting 

ice pieces into water bath. The temperature of water bath was measured using a 

thermocouple and a thermometer inserted into water. These experiments were 

carried out in both conventional FI-HGAAS and W-trap-HGAAS. Since the 

evaporation of water was high as the temperature of reaction coil increased, inner 

surfaces of GLS, transfer tubings and quartz T-tube was dried by passing Ar at a 

flow rate of 1 L/min between the injections until the water drops on the surfaces 

were removed completely.  

 

The effects of coating with Ir and Pt on the collection efficiency were investigated 

by coating the W-coil separately with 100 µg of each element by subsequent 

injections of 25 µL from their 1000 mg/L stock solution. The injection was 

repeated 4 times by applying a drying step under H2 environment between each 

injection. At the end, the coil temperature was increased to 1300 ˚C to reduce the 

coatings into metallic form. The optimization of collection and release 

temperatures were investigated for coated traps.   
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The tandem arrangement of consecutively coupled W-coil traps was used for the 

investigation of trapping efficiency and the nature of the released species from the 

trap surface. The volatile species that were not trapped on the first coil were tried 

to be trapped on the second one by injecting the analyte into the system by keeping 

both of the coils at collection temperature. The nature of released species from the 

first trap was investigated by trying to collect them on the second trap; during the 

releasing stage for the first trap, the second trap was kept at collection temperature.  

 

 

2.5.3 Lead  

 

The working Pb solutions were prepared in potassium hexacyanoferrate(III) 

K3Fe(CN)6. The optimum concentrations of HCl, NaBH4 and K3Fe(CN)6 were 

determined in conventional FI mode utilizing a 0.500 mL sample loop and 10 

ng/mL Pb solution. In these experiments the carrier gas was Ar and the carrier 

solution was 0.5% (w/w) K3Fe(CN)6 prepared in 0.06 mol/L HCl. The effects of 

nitroso-R salt and H2O2 on the generation of plumbane were also investigated 

under the same conditions by preparing the analyte solution in these reagents. 

 

Optimum collection and release temperatures for lead were determined in CF 

mode using 10.0 ng/mL Pb solution in 0.06 mol/L HCl and 0.5% (w/w) 

K3Fe(CN)6. The sample and the carrier solutions were pumped at a constant flow 

rate for 20 s and the generated plumbane was collected on the trap. The 

optimizations were based on the signal obtained for each release. The trapping 

temperature was 350 ˚C. After vapor generation was completed, the trap 

temperature was rapidly increased to 1300 ˚C and a transient signal was obtained. 

The optimum gas flow of collection step was the same as that of release step. Thus, 

there was no need to change the carrier gas flow rate between collection and 

revolatilization stages. 
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The effects of coating with Ir, Pd and Pt on the collection efficiency were 

investigated by coating the W-coil with 100 µg of each element separately by 

subsequent injections of 25 µL from their 1000 mg/L stock solution. The injection 

was repeated 4 times applying a drying step, under H2 environment between each 

injection. At the end, the coil temperature was increased to 1300 ˚C to reduce the 

coatings into metallic form (under H2 environment). 

 

The effect of distance between the trap and the atomizer was investigated by 

varying the length of the transfer tubing between 10 cm and 45 cm.  

 

The consecutively coupled W-coil traps were used for the investigation of trapping 

efficiency and the nature of the released species from the trap surface. The volatile 

species that were not trapped on the first coil was tried to be trapped on the second 

one by injecting the analyte into the system by keeping both of the coils at 

collection temperature. The nature of released species from the first trap was 

investigated by trying to keep them on the second trap; during the releasing stage 

for the first trap, the second trap was kept at collection temperature.  

 

 

2.6 Digestion of Standard Reference Materials 

 

The accuracy of the methods developed for Bi, Cd and Pb was checked by the 

analysis of various environmental certified standard reference materials (SRM) that 

have different matrices. The SRMs and the concentration of elements in them were 

summarized in Table 2.3. Microwave digestion program employed for the 

decomposition and digestion of solid standard reference materials was given in 

Table 2.4. The program was based on the temperature control. 
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Table 2.3 The standard reference materials used for the accuracy check of the 

methods developed for Bi, Cd and Pb and the concentrations of elements 

Analyte Standard Reference Material Concentration of analyte 

Bi 

GSJ Rock Reference Material JR-1 

GSJ Rock Reference Material JR-2 

Trace Metals in Drinking Water 
CRM-TMDW (Lot # 818921) 

0.51  

0.65  

10.00  

 

 

± 

µg/g 

µg/g 

0.05 µg/L 

Cd 

NIST SRM 1573a Tomato Leaves 

NIST SRM 1566b Oyster Tissue 

CRM 403 Trace Elements in Sea 
Water 

1.52 

2.48  

0.175  

± 

± 

± 

0.04 µg/g 

0.08 µg/g 

0.018 nmol/kg 

Pb 
NIST SRM 278 Obsidian Rock  

Ultra Scientific Metals on 
Soil/Sediment #4 

16.4 

95.3                      

± 

± 

0.2 µg/g 

5.3 µg/g 

 

 

Table 2.4 The temperature programa used for the decomposition of standard 

reference material and applied power valuesb 

 Bic Cdd Pbe 

Step T, ˚C t, min P, W T, ˚C t, min P, W T, ˚C t, min P, W 

1 150 3 500 180 5 1000 100 5 700 

2 210 3 700 180 5 1000 180 10 800 

3 240 3 800 200 5 1000 190 5 900 

4 240 20 800 200 5 1000 190 30 1000 
a Indicated temperatures are the temperatures reached at the end of that step 
b Indicated power values are the maximum power applied in that step 
c GSJ JR-1 and GSJ JR-2 
d NIST SRM1566b Oyster Tissue and NIST SRM 1573a Tomato Leaves  
e Metals on Soil/Sediment and NIST SRM 278 Obsidian Rock 
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For Bi two geological reference materials GSJ JR-1 and GSJ JR-2 supplied from 

Geological Survey of Japan were digested in microwave oven. Each geological 

standard reference material was analyzed in three parallel replicates, which were 

prepared by decomposing approximately 0.150 - 0.200 g of solid material using an 

acid mixture of 3.0 mL of 40% (w/w) HF and 5.0 mL of 65% (w/w) HNO3. The 

microwave program applied was given in Table 2.4. After complete 

decomposition, the clear solutions were transferred to polyethylene volumetric 

flasks and diluted to 50 mL with 1.0 mol/L HCl. Two different procedures were 

applied for the measurements. In the first one (P1), 2.0 mL from the diluted 

solution was injected to the system through injection valve using 2.0 mL sample 

loop. In the second one (P2), first the solution was further diluted 10 times with 1.0 

mol/L HCl and 18 mL of resulting solution was pumped to the reaction coil in CF 

mode. In addition to geological SRM, Trace Metals in Drinking Water CRM-

TMDW supplied from High Purity Standards (Charleston, USA) was also 

analyzed. For this purpose, 1.0 mL of water sample was diluted to 100 mL with 1.0 

mol/L HCl and the resulting solution was analyzed directly. For the analysis of 

water reference material, a sampling volume of 36 mL was used for the 

measurements. 

 

For the verification of method for Cd three different certified reference materials 

were used. NIST SRM 1566b Oyster Tissue and NIST SRM 1573a Tomato Leaves 

were decomposed and digested in microwave oven by using the program given in 

Table 2.4. The analyses were conducted by using three replicates for each certified 

reference materials. In the decomposition of oyster tissue, 5 mL of 65% (w/w) 

HNO3 were added onto 0.250 g portion of oyster tissue. For tomato leaves in 

addition to 5 mL (w/w) HNO3, 0.5 mL of 40% (w/w) HF was added onto 0.250 g 

of tomato leaves. After the material was decomposed by applying the microwave 

oven program given in Table 2.4, clear solutions were diluted to 50.0 mL with 

deionized water using volumetric flasks made of glass and polyethylene for oyster 

tissue and tomato leaves, respectively, and transferred to polyethylene bottles. Due 
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to strong matrix interferences, standard addition method was applied for the 

determination of Cd in tomato leaves; a 25 fold dilution was made for the 

minimization of matrix interferences by diluting them with 0.2 mol/L HCl. An 

aliquot of 2.1 mL (corresponds to 1.0 min collection time) of diluted solution was 

pumped to the generation system in CF mode and the generated volatile Cd species 

were collected on the trap. Spiked solutions were also injected in the same manner. 

In the analysis of oyster tissue SRM, the digests were further diluted 200 times 

with 0.2 mol/L HCl which allowed the use of direct calibration method with a 

collection period of 2.0 min that corresponds to a collection volume of 4.2 mL. 

The analysis of CRM 403 Trace Elements in Sea Water was carried out without 

any digestion procedure. Water sample was acidified with HCl and injected into 

HG system in CF mode. The collection volume was 4.2 mL and the direct 

calibration method was applied for the analysis of sea water SRM.  

 

The accuracy of the method developed for Pb was demonstrated by analyzing two 

different standard reference materials, Metals on Soil/Sediment #4 (Ultra 

Scientific) and NIST SRM 278 Obsidian Rock standard reference materials. The 

SRMs were decomposed in microwave oven employing the temperature program 

given in Table 2.4. A 0.100 g portion of soil/sediment was decomposed using 4.0 

mL of 65% (w/w) HNO3, 2.5 mL of 37% (w/w) HCl and 0.75 mL of 40% (w/w) 

HF. For the decomposition of obsidian rock material 5.0 mL of 65% (w/w) HNO3, 

5.0 mL of 37% (w/w) HF and 2.0 mL of deionized water were added onto 

accurately weighed sample. The SRMs were analyzed in three replicates. After 

their complete decomposition, they were transferred to PTFE beakers and 

evaporated to dryness. The residue was dissolved and diluted to 100 mL using 0.06 

mol/L HCl. Then they were transferred to polyethylene bottles for the 

measurements. During the measurements, the digests of soil/sediment SRM were 

diluted 100 times with 0.5% (w/w) potassium hexacyanoferrate(III) in 0.06 mol/L 

HCl solution. In the analysis of obsidian rock digests, the solutions were further 

diluted 25 times; the final solution was 0.5% (w/w) potassium hexacyanoferrate 
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and 0.06 mol/L in HCl. The samples were analyzed by FI-W-coil-HGAAS using 

0.5 mL sample loop. In these experiments the carrier solution was 0.06 mol/L HCl. 

No interferences were observed from the matrix elements. Both analyses were 

carried out by direct calibration method. 
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CHAPTER III 

 

 

RESULTS AND DISCUSSION 

 

 

3.1 Selection of Trap 
 

In the preliminary experiments Pt, W and Ni-Cr wires were tested as trap material. 

These materials were selected such that all can be heated resistively and thus the 

trapped species would be revolatilized rapidly. At the beginning of experiments, 

traps were made in the laboratory by coiling them in such a shape that could be 

placed in the inlet arm of quartz T-tube and supply maximum cross-sectional area. 

Although Pt is soft metal for making it in different shapes easily, its melting point 

is relatively low, 1769 ˚C [59], and becomes soft at about 1400-1500 ˚C. Therefore 

it is not convenient for the elements that require higher temperatures for 

volatilization. Ni-Cr wire can also be heated up to similar temperatures as Pt. 

Regarding the temperatures that can be reached, W has the advantage of having 

the highest melting point, 3410 ± 20 ˚C [59], among the elements in the periodic 

table. It can be heated up to temperatures as high as 3200 ˚C which is high enough 

to vaporize and even atomize most of the analyte compounds [51]. Another 

advantage is its inertness to most of acids and chemical reagents. Tungsten also 

has the disadvantage of being hard and that it can be easily broken during coiling 

process. The experiments showed that it is also capable of trapping volatile species 

of Bi, Cd and Pb when heated to moderate temperatures. 

 



 68 

At initial experiments, where the traps were made from Pt, Ni-Cr and W wires by 

coiling them into desired geometry, successful results were obtained by Ni-Cr 

traps used for the sequestration of bismuthine. However, it was not easy to 

reproducibly make Ni-Cr traps both in resistance and physical shape thus 

recalibration of temperature and applied voltage was necessary. Furthermore the 

hardness of W made the coiling process difficult since it could be broken easily 

during shaping process. However, it is inexpensive and can be obtained easily by 

extracting from ordinary projector bulbs in different shapes and electrical 

properties. Having observed that W-coil trapped bismuthine efficiently, it was 

selected as the trap material since it offered some advantages over other metals. 

Coiled W filament was preferred since its geometry was suitable to be placed in 

the inlet arm of quartz T-tube which was commonly used as atomizer in HGAAS 

techniques. In addition to its geometry, this type of filament has been the most 

widely used one employed in ETAAS with metal atomizers [51, 52, 53]. The coil 

was placed into the inlet arm of quartz T-tube in tilted position so that it would 

provide maximum cross-sectional area for efficient trapping. The dimensions of 

the coil extracted from bulbs and that made in the laboratory were given in the 

experimental section.  

 

 

3.2 Heating System of W-trap and Temperature Measurements  

 

The temperature measurements were done by using a thermocouple by bringing its 

tip in contact with W-coil. Since the tip was coated with a ceramic material, the 

contact did not create any problems during the temperature measurements. The 

temperature profile of the coil was not uniform along the coil. The measurements 

were done at the center of the coil which was the most heated part. The coil 

temperature as a function of applied voltage was given in Figure 3.1. The 

temperature of coil was found to be approximately linearly correlated with the 

applied temperature between 0-4 V as shown in the figure. The temperature of the 

coil was slightly affected by the purge gas especially when it contains H2. This 
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cooling effect was due to higher thermal conductivity of H2, 446 ⋅ 10-6 

(cal/s⋅cm)(˚C/cm) at 26.7 ˚C, which is approximately 10 times higher than that of 

Ar, 43⋅10-6 (cal/s⋅cm)(˚C/cm) [59]. The cooling effect of H2 was clear especially at 

higher temperatures. During the experiments, the temperature of the coil was 

controlled by the voltage applied by a transformer and a variable potential power 

supply. By the aging, if inadequate H2 was supplied or O2 entered to the system, 

the central part of the coil that was the most heated and oxidized region became 

thinner and thus electrical and thermal characteristics changed. In this case, the 

temperature was recalibrated against voltage.  

 

The peak height was strongly dependent on rate of heating at releasing step for the 

coil; higher heating rates caused sharper signals. Thus the coil must have been 

heated as fast as possible at the releasing stage in order to obtain sharp and 

reproducible signals. For this purpose a power switch was connected in front of 

variable potential power supply. At the releasing stage, first the power switch was 

kept in off position and the potential was adjusted to the desired release voltage on 

variable potential power supply and then the power switch was turned on. Thus the 

heating was very fast since the voltage was applied at once.  
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Figure 3.1 Voltage versus temperature of W-coil at different gas flow rates.  
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3.3 Composition of Carrier Gas  

 

In the conventional HGAAS studies the carrier gas was only pure Ar. However 

since W was easily oxidized when heated to the higher temperatures in the 

presence of traces of O2, it was necessary to create a reducing environment in 

order to minimize its oxidation. In the preliminary stages of trap experiments, only 

Ar gas was used as the carrier gas; in this case the horizontal arm of quartz T-tube 

as well as the inlet arm was gradually but definitely covered with a blue to brown 

opaque layer as shown in Figure 3.2. These colored layers possibly indicated the 

formation of WO2 (brown), W2O5 (blue) and W4O11 (blue) [59]; the last two 

compounds with higher oxygen content were deposited further away from the T- 

junction of quartz atomizer, where the O2 diffusion was higher. The addition of H2 

into the carrier gas eliminated the background absorption; this was accompanied 

by significant reduction in colored oxide formation. Although H2 was formed 

during HG process, the amount produced was not sufficient to prevent the W-coil 

from being oxidized during collection. The formation of such oxides depended on 

the reagent flow rate, collection time (sample volume) and the strength of HG 

reaction determined by the concentrations of HCl and NaBH4. The higher the flow 

rate and the concentrations of reductant and HCl, the more vigorous the reaction 

was; thus higher amount of aerosol and water vapor reached to trap. This was 

resulted in an increase in the oxidation. The sampling time was also found to be 

correlated with the oxidation of coil. For example sampling volumes higher than 

40 mL (for Bi) resulted in an increase in the background signal due to oxidation of 

W-coil; however, the signal magnitude was not affected significantly. 

Nevertheless, the increase in background should be interpreted as a sign of W-coil 

being oxidized; in this case, an increase in the percentage of H2 in carrier gas 

eliminated the background signal, protecting the W-coil from being oxidized. The 

oxidation definitely reduces the life time of W-coil. Therefore, choice of H2 flow 

rate depended on these factors and it was selected such that the oxidation was kept 

as minimum.  
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Figure 3.2 The effect of oxidation of W-coil on QTA when H2 was not used in the 

carrier gas 

 

 

3.4 Conditioning and Life Time of W-Trap 

 

The total efficiency of a fresh W-coil was relatively low and at the beginning an 

initial conditioning period with 10-30 firings was required to have a stable 

analytical signal. The requirement of the conditioning may be explained by the 

impurities present on the coil or the surface characteristics of new coil. As 

mentioned in the previous section, the life time of the coil was determined by the 

oxidation of W-coil. For prolonged use, the coil life was inversely proportional to 

working volume; the larger volumes causes the oxidation of W-coil more and this 

resulted in the shortening of the W-coil life. Each coil can be used for at least 2000 

firings but the life time strongly depended on the factors that caused oxidation.  

 

 

3.5 Bismuth 

 

 

3.5.1 Optimization of Hydride Generation Parameters 

 

The acidified solution of bismuth reacts with tetrahydroborate conveniently to 

form bismuthine, BiH3. Since it is relatively stable and the boiling point is low (17 

˚C) [5], it can be separated from the solution efficiently using a U-type GLS. The 

W4O11  

W2O5 

WO2 
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reaction coil was selected as 15 cm. The length of stripping coil was 2 cm. The 

optimum values of concentrations of HCl and NaBH4 were determined by 

conventional flow injection method (no W-coil on the way) by injecting 0.500 mL 

of 20 ng/mL Bi. During the optimization of sample acidity, the carrier Ar flow rate 

was 500 mL/min and the flow rates of solutions were 6 mL/min. The effect of HCl 

concentration in the analyte solution was given in Figure 3.3. In these experiments 

1.0 mol/L HCl was used as the carrier solution. A sharp increase in the analytical 

signal was observed between 0 and 0.10 mol/L. Between 0.10 and 1.0 mol/L the 

signal increased slightly and reached a plateau. Thus, optimum HCl concentration 

in the sample solution was selected as 1.0 mol/L.  
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Figure 3.3 Optimization of HCl concentration for BiH3 generation. Concentration 

of Bi was 20 ng/mL and the volume of sample loop was 0.500 mL. 

 

 

The optimization of NaBH4 concentration was also performed under the same 

conditions that were used in the optimization of HCl. For the stabilization, the 

solutions of NaBH4 were prepared in 0.2% (w/v) NaOH whose concentration was 

not examined. The optimization plot of analytical signal versus reductant 
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concentration is given in Figure 3.4. The analytical signal increased gradually up 

to a concentration of 0.5% (w/v) NaBH4. A further increase in the concentration 

was resulted in a decrease in the analytical signal probably due to the dilution of 

analyte species in the gas stream by the H2 generated in excess. Therefore a 

concentration of 0.5% (w/v) was found to be the optimum concentration of NaBH4 

for bismuthine generation.  
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Figure 3.4 Optimization of NaBH4 concentration for BiH3 generation. 

Concentration of Bi was 20 ng/mL and the volume of sample loop was 0.500 mL. 

 

 

3.5.2 Optimization of Trapping Conditions 

 

 

3.5.2.1 Collection and Revolatilization Temperatures 

 

The decrease in the analytical signal was an indication of trapping when the W-

coil, placed between hydride generator and the atomizer, was being heated 
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gradually. The estimation of the trapping temperature was made by observing the 

degree of decrease in the continuous signal. However it was not possible to decide 

about the collection temperature just by observing the continuous signal since the 

decrease might also be due to loss of analyte on the heated parts other than the trap 

itself. Later on, it was observed that quartz was also capable of trapping 

bismuthine when heated to moderate temperatures by W-coil. Therefore, in order 

to estimate the temperature at which maximum trapping was achieved by W-coil 

traps, always the signals obtained after each revolatilization were taken into 

account. The dependence of analytical signal on collection temperature together 

with release temperature was given in Figure 3.5. The optimum collection 

temperature range for bismuthine was rather narrow and reaches to maximum at 

270 ˚C; for higher temperature values, a sharp decrease was observed in the 

trapping efficiency due to loss of analyte during collection stage. The distance 

between the trap and the flame was only 5 cm and the trap was unavoidably heated 

slightly by the flame. Although all of the trapped Bi species can be revolatilized 

from the surface at 350 ˚C without any memory effect in the next run, a 

temperature of 1200 ˚C was necessary for rapid revolatilization so that the use of 

peak height in signals was justified. The peak height of analytical signal obtained 

by a release temperature of 350 ˚C was low due to slower rate of revolatilization 

and thus the broadening of the analytical signal was observed. Until 900 ˚C the 

signal increased slowly by an increase in the release temperature and a plateau was 

reached at 1000 ˚C. A release temperature of 1200 ˚C was selected since no 

significant increase was obtained in the analytical signal at higher temperatures.  
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Figure 3.5 The effect of collection and release temperatures on analytical signal for 

5.0 ng Bi. During the variations of collection and release temperatures, a constant 

release temperature of 1200 ˚C and a constant collection temperature of 270 ˚C, 

respectively, were employed. 

 

 

It has been reported [164] that quartz alone can also be used as a trap for 

volatilized Pb species; therefore, the rapid electrical heating of W-coil for a short 

time (1-2 s) in our case was an advantage to assure only the signal from tungsten 

moiety was analytically measured. Any interference from the collection and 

releasing of volatile Bi species on the quartz surface may be a problem especially 

if the heating were affected by external means. It was also observed that if higher 

collection temperature was used so that the quartz was also heated, the bismuthine 

was also trapped on the walls of quartz around W-coil. In those cases, if a higher 

release temperature was used, a second peak next to the analytical signal was 

appeared. In our case, no such interference was observed as electrical heating of 

W-coil was used which provide fast heating in a short time. 
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Since the thermal conductivity of H2 is higher than that of Ar, the change of 

temperature of coil at higher flow rates of H2 is expected to be larger and the 

decrease in the analytical signal could be more significant. Therefore the effect of 

H2 flow rate on the collection temperature was also investigated and the relevant 

graph is given in Figure 3.6. As it is seen from the figure, the trapping efficiency 

was slightly higher if no hydrogen was used during collection stage but the 

difference is not significant. Furthermore, the optimum range of collection 

temperature at no H2 condition was rather wider than that at flow rate of 70 

mL/min.  
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Figure 3.6 The effect of H2 flow rate on collection temperature for 5.0 ng Bi. 

During the variations of collection, a constant release temperature of 1200 ˚C was 

employed. 
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3.5.2.2 Carrier Gas Flow Rates 

 

 

3.5.2.2.1 Argon Flow Rate 

 

The optimum Ar flow rates for collection and release stages were determined in FI 

mode and optimization graphs were given in Figure 3.7 and 3.8, respectively. 

During these measurements, only Ar flow rate was varied for the determination of 

optimum carrier gas flow rate for collection and release steps while H2 flow rate 

was kept constant at a flow rate of 70 mL/min for both collection and release steps; 

the lower flow rates of H2 caused the oxidation of W-coil and resulted in relatively 

higher background absorption as discussed in previous section. It was clear that the 

efficiency of collection increased at lower flow rates of Ar. When the Ar flow rate 

was decreased from 75 mL/min to 50 mL/min, the trapping efficiency increased by 

only 5%. Although the trapping efficiency could be increased by using lower 

carrier flow rates, the optimum Ar flow rate at collection stage was chosen as 75 

mL/min in order not to increase the percentage of H2 in the carrier gas mixture for 

safety reasons. Hydrogen flow rate could not be decreased at the same rate as Ar 

flow rate since the lower flow rates resulted increased oxidation of W-coil.  

 

For the releasing stage, the optimum Ar flow rate was selected as 500 mL/min. 

The slower Ar flow rates for releasing stage caused peak broadening and decrease 

in the peak height of analytical signal. The decrease in the peak height was more 

pronounced when the release Ar flow rate was decreased as compared to an 

increase in the Ar flow rate. At the releasing stage, Ar flow rates higher than 500 

mL/min did not cause any significant change in signal shape up to 1000 mL/min. 

However the peak height decreased approximately 10% at 1000 mL/min. It can be 

concluded that the revolatilization of Bi species form the W-coil was a rapid 

process and could be achieved when the target temperature of coil is 1200 ˚C. At 

extreme release Ar flow rates the analytical signal become smaller due to reduced 

residence time and dilution of analyte species in the horizontal arm.  
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Figure 3.7 Effect of collection Ar flow rate on the peak height of analytical signal 

for 0.500 mL of 10 ng/mL Bi. 
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Figure 3.8 Effect of release Ar flow rate on the peak height of analytical signal for 

0.500 mL of 10 ng/mL Bi.  
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3.5.2.2.2 Hydrogen Flow Rate 

 

The effect of H2 on the collection efficiency was investigated by varying its flow 

rate during collection while keeping the Ar flow rate constant. The plot of 

analytical signal versus H2 flow rate was given in Figure 3.9. It was observed that 

H2 which was introduced in the carrier gas did not affect the trapping mechanism 

as expected since there was generated H2 already by hydride generation reaction. 

The slight decrease in the analytical signal at higher flow rates was considered to 

be the consequence of carrier or cooling effect of hydrogen since the temperature 

was also effected by the hydrogen flow rate and the trapping temperature was 

critical for Bi. The effect was also seemed to be not significant during release stage 

where its flow could not be decreased as for collection since the coil was oxidized 

and background absorption increased significantly.  
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Figure 3.9 Effect of H2 flow rate in the carrier gas on the analytical signal of 0.500 

mL of 10 ng/mL Bi. 
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3.5.2.3 Stability of Collected Species on the W-Trap 

 

The stability of the trapped species of Bi was investigated by varying the time 

interval between collection and release stages; the trap was kept unheated in this 

interval and the carrier gas at its optimum value for releasing step was passed 

through the HG system. When the time interval between collection and 

revolatilization stages was varied from 0.5 to 15 minutes, no significant change 

was observed in the peak height of analytical signal. The trapped Bi species were 

stable on the coil for at least 15 minutes if the coil was kept unheated.  

 

 

3.5.2.4 Effect of Cooling Time after Releasing Stage 

 

The effect of cooling time was investigated to see whether there was a need of 

cooling after each release or there should be an activation stage for the next 

collection. One of the main advantages of W-coil over graphite cuvette in ETAAS 

is that it does not need an external cooling system and the coil can be effectively 

cooled down by the purge gas as its size is small. In the developed methodology, 

the coil was cooled only by the carrier gas at the flow rates used for transportation 

of revolatilized species. The results also show that there was no need to wait for 

cooling and also activation of the surface of W-coil for the next collection. Once 

the collected species were released from the surface of W-coil, next collection 

process could be started immediately. Therefore the total analysis period was 

reduced significantly and was determined mostly by the collection time since the 

releasing step was completed in a few seconds. 

 

 

3.5.2.5 Length of Transport Tubing between W-Trap and Atomizer 

 

Although the nature of species released from the W-coil surface was unidentified, 

it is believed that they were mostly molecular. While volatile species are being 
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trapped in graphite tubes, first the hydride is decomposed and than analyte species 

was trapped [71]. Revolatilized analyte species might be atomic or molecular other 

than hydride. It was expected that if they were atomic, they could not be 

transported to long distances without being adsorbed on the surface of transport 

tubings and there should be a decrease in the analytical signal. For the 

investigation of nature of revolatilized species, they were transported to QTA held 

at room temperature. In addition, the length of transport tubing between trap and 

the heated QTA was varied. 

 

When they were sent to an unheated quartz T-tube at a distance of 5 cm, no atomic 

signal was obtained when 1200 ˚C was employed for releasing process; the analyte 

concentration was at ng/mL range. Thus, the revolatilized species were probably 

not atomic or initially atomic but immediately converted to molecular species after 

volatilization.  

 

When the distance between W-coil and the junction point of quartz T-tube 

atomizer heated by the flame was 2-3 cm, the temperature of coil was elevated to 

350-400 ˚C by the flame. At this temperature, the trapped species were not stable 

on the coil surface and thus sensitivity and reproducibility was degraded. The W-

trap was placed further away from the quartz T-tube after separating it in order to 

investigate the transport ability of released Bi species to long distances. The W-

coil trap was separated from quartz T-tube and placed into a piece of quartz tube 

identical in size to the inlet arm of quartz T-tube atomizer. The length of tygon 

transport tubing between the trap and atomizer was varied between 10 cm and 200 

cm. The change in both peak height and peak area of the analytical signal was 

given in Figure 3.10. When the transport length was increased to 200 cm, peak 

height signal was decreased to 28% of its value obtained at 10 cm. If the peak area 

was considered, the analytical signal was decreased to 76 % of that obtained at 10 

cm, which indicates significant peak broadening. The decrease in the analytical 

signal was mostly due to dilution of volatile analyte species during transportation 

since the peak height was much more affected than peak area. Furthermore, it was 
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also observed that as the length of transport tubing was increased from 10 cm to 

200 cm, the analytical signal was tailed and the base-width of the signal increased 

from 0.4 s to 0.8 s. Rather efficient transport properties of the released species 

indicate that they are probably molecular and the W-coil trap can be used as an 

ETV device for sample introduction for the determination of Bi by ICP-OES or 

ICP-MS, as well as by quartz T-tube atomizer. 
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Figure 3.10 Analytical signal versus trap-atomizer distance for 0.500 mL of 10 

ng/mL Bi (5.0 ng Bi). 

 

  

3.5.3 Relation between Collection Volume and Analytical Signal 

 

The relation between the analytical signal and the collection volume was 

investigated using a 0.100 ng/mL Bi solution in CF mode; the results were 

displayed in Figure 3.11. The analytical signal increased linearly with collection 

volume and the linearity was verified between 6.0 and 60 mL with a squared 

correlation coefficient of 0.998. Under the experimental condition, it took 10 

minutes to collect 60 mL of sample. Since the analysis time increased, the 



 83 

collection volume was not increased further. The linearity of the plot showing 

sample volume versus analytical signal was also demonstrated for smaller sample 

volumes (not shown here), ranging in 0.500 to 6.5 mL for 0.50 ng/mL of analyte 

solution in FI mode with a better correlation coefficient; the equation of the best 

line was y = 0.0372x + 0.0034 (R2 = 0.999).  
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Figure 3.11 Analytical signal versus collection volume for 0.100 ng/mL Bi in 1.0 

mol/L HCl; collection temperature, 270 ˚C; release temperature, 1200 ˚C. 

 

 

The blank signal started to become significant when the injection volume was 

increased to 25 ml. The concentration of Bi in the reagent blank was found to be 

0.0056 ng/mL. In this study, no purification process was applied to reagents. If the 

reagents blank values are reduced, the sample collection volume can be increased 

up to at least 60 mL since the linearity is conserved. The option of high sampling 

volume is advantageous in case of strong interferences in the sample, since the 

dilution of sample is a way of decreasing chemical interference in the hydride 

generation [5]. Higher collection volumes can be employed after diluting the 
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sample solution; instead of injecting 1 mL of sample solution, a volume of 10 mL 

could be injected after diluting it 10 times with blank solution. This was not shown 

for Bi since there was no such interference but proven for Cd in the analysis of 

SRMs for the accuracy check. 

  

The choice of collection volume was determined by the concentration of analyte in 

the sample solution and by the matrix interferences encountered. The sampling 

rate was also depended on the collection volume. It is better to choose appropriate 

sampling volume by considering these factors. The collection volume was 18 mL 

(3 min collection) for the analysis of geological SRMs and 36 mL (6 min 

collection) for drinking water SRM. 

 

 

3.5.4 Analytical Signal and Reproducibility 

 

The analytical signal obtained from 36 mL of 0.100 ng/mL Bi (3.6 ng Bi) and that 

obtained from 36 mL of 0.020 ng/mL Bi (0.72 ng Bi) were shown in Figure 3.12, 

respectively. An increase of five-fold in concentration results in approximately 

five times increase in the analytical signal. The base-width of analytical signal is 

almost the same for both 6.5 mL of 0.500 ng/mL Bi (not shown here) and 36 mL 

of 0.020 ng/mL and does not depend on the analyte concentration or sample 

volume. 

 

The replicate measurements of 0.010 ng/mL gave 5.8% and 3.2% RSD (based on 

peak height) for 18 mL (n=13) and 36 mL (n=7), respectively. The overall 

reproducibility of the peak height signal obtained in the linear range varied 

between 2-6% for RSD values. On the other hand, since the residence time of the 

analyte species was very short on the light path, the low integrated absorbance 

values were affected significantly by the lamp noise. Although the integration time 

was chosen as 1.5 s in order to minimize the effect of lamp noise on peak area 

values, the integrated absorbance values obtained from 0.010 ng/mL gave 27% and 
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13% RSD for 18 mL (n=13) and 36 mL (n=7), respectively; therefore use of peak 

height was preferred. However the peak area was also found to be well correlated 

with the concentration. 

 

 

 

 
 

Figure 3.12 The analytical signals for Bi. Collection at 270 ˚C and releasing at 

1200 ˚C. a) 36 mL of 0.100 ng/mL Bi (3.6 ng Bi), b) 36 mL of 0.020 ng/mL Bi 

(0.72 ng Bi) 
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3.5.5 Calibration Plot 

 

The calibration plot drawn by using peak height and peak area for 18 mL of 

aqueous standard solutions was given in Figure 3.12. It was found that the plot was 

linear between the concentrations of 0.030 ng/mL and 0.500 ng/mL Bi when 

drawn for peak height of the analytical signal with a collection volume of 18 mL 

sample volume (3 min collection). Above this concentration, a slight deviation 

from the linearity was observed. The peak area was also found to be linearly 

correlated with the concentration, but the precision of the measurements was poor. 

The calibration plot for 6.5 mL and 36 mL collection volume was also linear 

between 0.5 and 2 ng/mL (y = 0.2917x + 0.0327 and R2 = 0.988) and 0.020 ng/mL 

and 0.500 ng/mL (y = 1.4213x + 0.0116 and R2 = 0.998), respectively. 
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Figure 3.13 The calibration plot drawn by using peak height and peak area for 18 

mL of aqueous standard solutions of Bi under optimum conditions. 
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3.5.6 The Analytical Figures of Merit 

 

The analytical figures of merit of the method, which were calculated by using the 

peak height values of analytical signal, were given in Table 3.1. The enhancement 

factor in limit of detection (3σ) which was calculated by using 0.0156 ng/mL 

(including blank value which contains 0.0056 ng/mL Bi) is found to be 150 for 18 

mL collection volume (for 36 mL it is 270) when compared to conventional FI-

HGAAS. The characteristic concentration for 18 mL sample volume is calculated 

as 0.0023 ng/mL (per 0.00436 absorbance unit corresponding to 1% absorption) 

which was 130 times lower as compared to conventional FI-HGAAS. When peak 

area was used for these parameters the results were not as satisfactory as peak 

height values since obtained signals were so sharp that integrated absorbance 

values were numerically small and were affected by the lamp noise thus the %RSD 

values increased. The reagent blank value was another limitation for further 

improvement in the analytical figures of merit for the new technique. No 

purification method was applied in order to reduce blank values. 

 

The total efficiency of W trap for collection and revolatilization of Bi species were 

calculated using the peak area values obtained under the same carrier gas flow 

rates. During these calculations the total efficiency of conventional HGAAS was 

assumed to be 100%. The total efficiency of W-trap was found to be 23%.  

 

 

Table 3.1 Analytical figures of merit and enhancement factors for Bi calculated by 

using peak height of analytical signal. 

 FI-HGAASa W-Trap 
HGAASb 

Enhancement 
Factor 

Limit of detection, ng/mL 0.410 0.0027 150 

Characteristic 
concentration, ng/mL 

0.290 0.0023 130 

a The parameters were calculated by 10 replicate measurements of 0.500 mL of 1.0 ng/mL Bi solution. 
b The parameters were calculated by 10 replicate measurements of 18 mL of 0.010 ng/mL Bi 
solution. 
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The limit of detection of the developed method is compared with the literature 

values in Table 3.2. As seen on the table, the concentration limit of detection value 

is comparable with the others or better. Although absolute limits of detection of 

MS systems are better than that of the method presented here, their use is 

prohibited by high cost and they are not available in most laboratories. The main 

advantage of W-coil HGAAS is that it can be applied inexpensively in all 

laboratories having a simple AAS instrument. The time required for the analysis 

depends on the collection time. When Bi concentration in the sample solution is in 

the low ng/mL range, approximately 30 s was enough for both collection and the 

measurement of analytical signal. If the concentration is in the pg/mL range, 3-5 

minutes are enough for both collection and measurement of analytical signal. No 

memory effect was encountered in the experiments. 

 

 

Table 3.2 Comparison of the limit of detection and the sample volume of the 

method with those of others in literature. 

 

Method 

Concentration  
LOD, ng/mL 

Absolute 
LOD, pg 

Sample 
Volume, 

mL 

Reference 
Number 

W-Trap HGAAS 0.0027 49 18 This study 

Precipitation 
ETAAS 

0.016 8 0.5 108 

Electrodeposition 
ETAAS 

0.0078 78 10 70 

Direct Injection 
Nebulization ICP-
MS 

0.0097 0.19 0.020 115 

Microcolumn 
Preconcentration 
FI-ICP-AES 

0.030 3000 100 116 

In-situ trapping 
HG-ETAAS 

0.020 100 5 124 

In-situ trapping 
ETV-ICP-MS 

0.003 6 2 94 
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3.5.7 Accuracy of the Method 

 

The accuracy of the method was tested using a certified reference material CRM, 

Trace Metals in Drinking Water (Cat No CRM-TMDW Lot # 818921) supplied 

from High Purity Standards (Charleston, USA) and geological standard reference 

materials of GSJ (Geological Survey of Japan) JR-1 and JR-2. Determination in 

CRM-TMDW was carried out by diluting 1.0 mL of CRM to 100 mL with 1.0 

mol/L HCl, resulting in a solution of approximately 0.1 ng/ mL in Bi. For the 

analysis of water reference material the sampling volume was selected as 36 mL 

for both standards and sample. The analysis was performed by direct calibration 

method. 

 

The geological standard reference materials were analyzed by two different 

procedures; by direct injection of digested solutions (P1) and the analysis of 

solutions after further dilution (P2). In both cases no adverse effect was observed 

in any glass or quartz part of the system because of the presence of unconsumed 

HF remaining from the dissolution procedure. The results (n=3 for each analysis) 

given in Table 3.3 were in good agreement with the certified values. The t-test was 

applied to results assuming the certified values are the true values. The results 

passed the t-test at 95% confidence level. Aqueous standard solutions were used 

for the calibration plots; standard addition method was not needed or used.  

 

 

Table 3.3 Results of the analysis of standard reference materials and their certified 

values (n=3 for each measurement)  

SRM P 1a P 2b Certified Value 

GSJ JR-1 (µg/g) 0.51 ± 0.02 0.53 ± 0.03 0.51 

GSJ JR-2 (µg/g) 0.62 ± 0.02 0.64 ± 0.01 0.65 

CRM-TMDW (µg/L) - 10.3 ± 1.5 10 

a  Sample solution was analyzed directly without further dilution 
b Sample solution was diluted and then analyzed; for GSJ reference materials, the solutions were further 
diluted 10 times with 1.0 mol/L HCl; for TMDW, the solution was diluted 100 times with 1.0 mol/L HCl 
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In hydride generation studies the transition metals interferes with the analyte and 

usually negatively. These metals also react with sodium tetrahydroborate and 

reduced to their hydrides or metallic forms. If there are high amounts of transition 

metal in the analyte solution, inside of GLS, reaction and stripping coil and also 

the transfer tubing between GLS and atomizer become dark gray which is due to 

the formation of metallic particulates. The interferences expected from the 

transition metals were not investigated. The effect is usually measured as the 

interferent/analyte ratio. However, regardless of the interferent/analyte ratio, the 

concentration of interferent is also important. In other words, although the ratio is 

same in two solutions, the interference may not be observed in solution where both 

analyte and interferent concentration is low. The preconcentration method offer 

advantage of dilution of analyte solution if the interferent concentration is high. 

Only the interference effect of copper that is one of the most interfering elements 

was investigated by preparing the analyte in solution containing different 

concentrations of Cu. The interference was observed when the concentration of Cu 

in the analyte solution exceeds 2 µg/mL and the Bi concentration was 10 ng/mL 

(interferent/analyte ratio was 200). 

 

The interferences expected from the transition metals were not investigated. 

However analyzed solutions from P1 for geological reference materials contained 

high amounts of Si (106 times Bi), Al (105 times Bi), Fe (104 times Bi), Ti (103 

times Bi), Ca (104 times Bi), Mn (103 times Bi) and Mg (103 times Bi), which did 

not cause any matrix interference; the values in the parenthesis are the ratios by 

weight . The water standard reference material contained high amounts of Ca, Mg, 

Na, K, Sr, Al, Fe, As and Zn whose concentrations (by mass of species) are 3500, 

900, 600, 250, 25, 12, 10, 8 and 7 times higher than the Bi concentration, 

respectively. The fact that there was no need for standard additions to obtain 

accurate results strongly supports the absence of interferences. 
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It should be noted that high sensitivity of our method is an advantage regarding 

interferences. For example, although the mass ratio of interferent to analyte was 

1000 in both our work (for the geological reference materials GSJ JR-1 and GSJ 

JR-2) and elsewhere [167] for Mn, we observed no interference while a signal 

decrease of 15% was reported by Burns et al. [167]. However, it should also be 

noted that in our case Bi concentration in final sample solutions was about 0.20 

ng/mL, while the same value was reported as 500 ng/mL by Burns et al. [167]; 

therefore corresponding interferent mass in our case is much lower although 

interferent/analyte ratio was same in both studies. The similar trend was also 

reported in another study [70] where although the same ratio was 10000 and no 

interference was observed; the concentration of Bi was reported as 0.5 ng/mL. It is 

also well known that Cu is an interferent in HGAAS determination of Bi. During 

the determination of Bi in geological SRM samples, Cu/Bi mass ratio was only 3; 

no interference effect was observed. Elsewhere, a signal reduction of 37% [70] 

was reported when the same mass ratio was 10000; 77% and 100% signal 

reduction were reported for Cu/Bi mass ratio values of 20 and 200, respectively 

[167]. Therefore in case of high Cu concentrations interference should be 

expected.  

 

 

3.6 Cadmium 

 

 

3.6.1 Atom Cell 

 

Since the generated volatile species, presumably cadmium hydride, are unstable 

and quickly decompose to the atomic Cd vapor and H2 [7], there was no need for 

externally heated quartz T-tube atomizer. Therefore unheated quartz T-tube could 

be used as atom cell for Cd throughout the experiments. Furthermore, heating the 

QTA resulted in a decrease in the analytical signal due to the lowered residence 



 92 

time of Cd atoms in the cell because of thermal expansion of gases at elevated 

temperatures. When the QTA was heated by air/acetylene flame, the analytical 

signal was decreased approximately by one half. This observation was consistent 

with the findings of Sanz-Medel et al. [7]. Therefore, during Cd studies the quartz 

T-tube was not heated and kept at room temperature. The ends of T-tube were not 

covered with quartz plates as in the case of Hg in CV. When both ends were 

covered, the analytical signal decreased slightly. This reduction was probably due 

to the absorption of stable Cd atoms outside the quartz T-tube when they left the 

horizontal arm at both ends. When the ends were covered, the pathlength was 

reduced as compared to the case with no windows. The change in the signal 

magnitude was also related with the exhaustion hood flow rate and the movements 

of air around the cell [168].  

 

 

3.6.2 Optimization of Vapor Generation Parameters 

 

 

3.6.2.1 General Considerations in the Vapor Generation of Cd by 

Tetrahydroborate Reduction 

 

In the literature there are different conditions of vapor generation which are not 

consistent with each other [135]. When compared to other hydride forming 

elements, the generation of volatile species of Cd by the reduction with NaBH4 is 

rather problematic mostly due to unstability of cadmium hydride. The unstability 

of CdH2 was explained by substantial differences in the electronegativities of Cd 

and H atoms and less pronounced covalent character of the bond [135]. The rather 

less covalent character makes the VG reaction incomplete and there remains ionic 

Cd species in the GLS which may subsequently be converted to its hydride in next 

runs. Therefore, it was mentioned in the same report that there should be more 

than one set of optimum conditions for Cd for efficient VG. It requires careful 

control of acidity of both analyte and the carrier solutions since the concentrations 
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are very critical and the optimum ranges are very narrow. For common hydride 

forming elements, such as As and Se, the acidities of sample and the carrier 

solutions are not very critical and usually they are the same. However, this is not 

valid for Cd for which the optimum HCl concentration in sample solution is 

usually different from that in the carrier solution.  

 

It was observed that the presence of O2 in the carrier gas (Ar) strongly decreases 

the analytical signal. The presence of 1% O2 in the stripping gas decreased the 

analytical signal to about one third of the original signal. This may be attributed to 

inefficient hydride generation: probably in the presence of O2 some of the Cd 

could not be converted to hydride but instead its oxide is produced which is not 

volatile and quickly decomposes in the reaction medium. Use of H2 alone as the 

carrier gas did not change the analytical signal.  

 

Lampugnani et al. [135] summarized the literature data on the vapor generation of 

Cd by tetrahydroborate reduction. The optimum conditions showed significant 

variations from one study to another. Usually high concentrations of 

tetrahydroborate were utilized (3-5% (w/v) as Na or K salts). The concentration of 

HCl was usually in between 0.2-0.5 mol/L in CF or FI mode [135].  

 

 

3.6.2.2 Concentration of HCl in Sample and Carrier Solution 

 

The optimum acid concentration in the sample and the carrier solution was 

determined by FI-HGAAS and were interrelated; depending on the former, the 

optimum value of latter changes. When using univariate approach, multi-cycling 

was necessary to find the optimum value. The optimization plots of sample and the 

carrier acidity for FI-HGAAS were shown in Figure 3.14.  
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Figure 3.14 Effect of HCl concentration in sample and carrier solutions on the 

analytical signal of Cd obtained by conventional FI-HGAAS. Carrier solution and 

sample solution acidities were 0.25 mol/L and 0.15 mol/L HCl, respectively, as the 

other parameter was varied. 0.500 mL of 1.0 ng/mL Cd was used in the 

experiments. 

 

 

The optimum concentration of HCl in the carrier solution was investigated by 

keeping the HCl concentration in analyte solution at 0.15 mol/L. As it is seen, the 

analytical signal did not change significantly when the concentration of HCl in the 

carrier was in between 0.15 and 0.35 mol/L. However, since the signal obtained 

with 0.25 mol/L HCl was slightly higher and located at the midpoint of the 

plateau, this value was selected as the optimum HCl concentration in carrier 

solution in FI studies. The optimization of sample acidity was carried out by 

keeping the carrier concentration at its optimum value, 0.25 mol/L. The sample 

acidity was found to be more critical and slight variations resulted in a significant 

change in the analytical signal. Therefore a concentration of 0.15 mol/L was found 

to be optimum HCl concentration in sample solution. Almost no signal could be 

obtained when the concentration of HCl in either solution exceeds 0.8 mol/L. 
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Therefore, in FI-HGAAS the concentration of HCl in both solutions, especially in 

sample solution must be carefully controlled. 

 

The effect of sample acidity was also investigated in CF mode, since the trapping 

experiments were conducted in this mode. These experiments were conducted 

under trapping conditions. First, the generated species were trapped and then 

released from the trap. The optimization graph was given in Figure 3.15 for both 

peak height and peak area. The acidity of sample solution was again found to be 

critical. Maximum signal was achieved when the concentration was 0.2 mol/L. 

Therefore the solutions of Cd were prepared in 0.2 mol/L HCl in CF W-trap 

HGAAS experiments.  
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Figure 3.15 Effect of HCl concentration in the sample solution on the analytical 

signal of Cd obtained from W-trap system in CF mode. The signals were obtained 

by collecting 0.7 mL of 10.0 ng/mL Cd, a total of 7.0 ng Cd. 

 



 96 

 

 

3.6.2.3 Concentrations of NaBH4 and NaOH in Reductant Solution 

 

The effect of reductant concentration was investigated both in FI mode using 

conventional HG, and in CF using trap system. The change in the analytical signal 

with respect to reductant concentration for FI-HGAAS (without trap) was given in 

Figure 3.16. It was observed that the signal increases up to a concentration of 1.2% 

(w/v) and then decreased. The decrease can be explained by the dilution effect 

since more H2 was generated at higher concentrations of reductant. In CF-W-trap-

HGAAS, such decline was not observed since the analytical signal was obtained 

after preconcentration. The relevant graph was given in Figure 3.17. The signal 

increased with increasing reductant concentration and stayed almost constant after 

1.5% (w/v) up to 3% (w/v). A slight increase in the signal was not found to be 

significant and 1.5% (w/v) was selected as the optimum value. When compared to 

literature values, 3-5% (w/v) [135], the optimum concentration of tetrahydroborate 

was significantly lower. This may be attributed to the use of small volume GLS 

and lower flow rates of solutions. In the preliminary studies, U-type GLS was used 

and the optimum concentration of reductant was found to be higher than that found 

here; the analytical signal increased up to a concentration of 3% (w/v) NaBH4. 
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Figure 3.16 Effect of NaBH4 concentration on the analytical signal of Cd obtained 

in conventional FI-HGAAS. The concentrations of HCl were 0.15 and 0.25 mol/L 

in sample and carrier solutions, respectively. 0.500 mL of 1.0 ng/mL Cd was 

injected. 
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Figure 3.17 Effect of NaBH4 concentration on the analytical signal of Cd obtained 

from CF-W-trap system. The signals were obtained by collecting 0.7 mL of 5 

ng/mL Cd, a total of 3.5 ng Cd. 
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Concentration of NaOH used for the stabilization of NaBH4 was also found to 

have a significant effect on the analytical signal. Its concentration was optimized 

in FI mode by conventional HGAAS. The variation in the analytical signal as a 

function of NaOH concentration was given in Figure 3.18. The highest HG 

efficiency was obtained when the concentration of NaOH was between 0.1 and 

0.2% (w/v) so 0.15% (w/v) was selected as the optimum concentration.  

 

Although the molarity of NaOH in NaBH4 was about ten times lower than that of 

HCl in the sample solution, it has a significant effect on the hydride generation 

efficiency. When both solutions were merged, the pH of the reaction solution was 

determined by concentrations of HCl and NaOH. Since Cd is susceptible to change 

in the concentration of HCl in the sample solution, the concentration of NaOH in 

the reductant solution affected the HG efficiency. The pH of the reaction and also 

the equilibrium in the gas liquid separator was so critical that during the 

experiments when a solution having a different acid concentration was injected, 

the reproducibility was lost. 
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Figure 3.18 Effect of NaOH concentration in reductant solution on the analytical signal 

of Cd obtained in conventional FI-HGAAS. The signals were obtained by collecting 

0.500 mL of 1.0 ng/mL Cd in 0.15 mol/L HCl. Carrier acidity was 0.25 mol/L HCl. 
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3.6.2.4 Reaction and Stripping Coil Lengths 

 

These two parameters were found to be so dependent on each other that even one 

could be even eliminated by increasing the length of the other. The experiments 

were carried out in both conventional FI mode, and W-trap HGAAS in CF mode. 

The optimization plots for reaction and stripping coils were given in Figure 3.19. 

The optimum reaction coil length was found to be 60 cm when a 15 cm stripping 

coil was used. Although shorter stripping coil seems to be predominating, the 

minimum length of stripping coil was 15 cm due to the physical limitations. 

However, when no reaction coil was used, a length of 120 cm for stripping coil 

was found to give the same sensitivity with that was obtained by optimum length 

of reaction and stripping coils. Therefore, the experiments were carried out by 

employing either a 60 cm reaction coil and a 15 cm stripping coil or no reaction 

coil and a 120 cm stripping coil; sample, reductant and carrier gas were merged in 

a 4-way PTFE connector and the generated to GLS through stripping coil. 
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Figure 3.19 Effects of reaction and stripping coil lengths on the analytical signal of Cd 

obtained in conventional FI-HGAAS. Lengths of reaction and stripping coils were 60 

and 15 cm, respectively, as the other parameter was varied. The signals were obtained 

using 0.100 mL of 5.0 ng/mL Cd in 0.15 mol/L HCl. Carrier was 0.25 mol/L HCl. 
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3.6.2.5 Reaction Temperature  

 

The effect of reaction temperature on VG of Cd was investigated by using both 

conventional HGAAS and W-trap system. In order to increase the temperature of 

reaction coil, it was inserted into a water bath and the temperature was varied by 

heating water on a hot plate or addition of ice into the bath. Therefore, the effect of 

temperature was investigated between 0 ˚C and 98 ˚C. The plots of reaction coil 

temperature versus analytical signals of both peak height and peak area obtained 

from W-trap system are given in Figure 3.20. It was observed that when the 

temperature of the coil increased, the VG or separation efficiency increased. In the 

literature there are contradictory statements. Cacho et al. [27] stated the HG 

efficiency increased with an increase in reaction temperature. However, Sanz-

Medel et al. [7] reported that the temperature of reaction has an inverse effect on 

hydride generation; the lower the temperature, the higher the analytical signal was. 

The latter group used a cooled system for efficient vapor generation of volatile Cd 

species. Here, a linear correlation was found between the temperature and the 

hydride generation efficiency. The analytical signal obtained at 98 ˚C was about 

three times higher than that obtained at 25 ˚C for W-coil HGAAS. Such an 

increase was also verified by conventional HGAAS in CF mode; the same increase 

was obtained when the reaction coil was heated. Since the vaporization of water 

increased at elevated temperatures of reaction solution, the condensation of water 

on the inner surfaces of GLS, transfer tubings and unheated QTA was increased 

when the reaction coil temperature was increased. In order to remove the 

condensed water, the inner surfaces were dried between injections by allowing a 

flow of Ar at a flow rate of 1 L/min. Although the signal could be increased by 

increasing the reaction temperature, the experiments were carried out at room 

temperature, because application is easier since no heating was required. 

Furthermore, the analysis time was increased due to drying step needed between 

runs. 
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Figure 3.20 Effect of reaction coil temperature on the analytical signal of Cd 

obtained in CF-W-trap-HGAAS. The signals were obtained by collecting 0.7 mL 

of 5.0 ng/mL Cd in 0.2 mol/L HCl. 

 

 

3.6.3 Optimization of Trapping Conditions 

 

 

3.6.3.1 Placement of W-coil Trap 

 

Since the QTA was not heated by flame and used at room temperature, it was 

possible to place W-coil as close as possible to the junction point of inlet arm and 

the horizontal arm. The distance between the trap and the measurement cell was 1 

cm which was the minimum attainable distance. The volatile species generated by 

the HG reaction was trapped on the W-coil and then released as Cd atoms since 

there was no need to use atomizer as in the cases of Bi and Pb. Therefore, in these 

studies the W-coil trap was used for both vaporization and atomization of Cd 

species trapped.  
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3.6.3.2 Collection and Revolatilization Temperatures 

 

The atomic species of Cd was trapped on the surface of W-coil at relatively lower 

temperatures when compared to Bi and Pb. The variations in the analytical signal 

as a function of trapping and releasing temperatures were given in Figure 3.21. 

The collection temperature range for Cd was relatively wider than that for Bi or 

Pb. The optimum temperature for collection was found to be between 100 ˚C and 

160 ˚C. Temperatures higher than 190 ˚C resulted in a decrease in the signal due to 

the partial release of trapped species. The trapped species could be revolatilized 

from the surface at 300 ˚C completely but the rate of revolatilization was slow. 

Use of a release temperature less than 750 ˚C resulted in less reproducible peak 

heights of analytical signals. A temperature of 1000 ˚C was used for rapid 

volatilization that provided more reproducible peak heights.  
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Figure 3.21 The effect of collection and release temperatures on analytical signal 

for Cd. During the variations of collection and release temperatures, a constant 

release temperature of 1000 ˚C and a constant collection temperature of 150 ˚C, 

respectively, were employed. The signals were obtained by collecting 0.7 mL of 

5.0 ng/mL Cd in 0.2 mol/L HCl. 
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3.6.3.3 Carrier Gas Flow Rate 

 

The flow rate of H2 was kept constant at a flow rate at which the oxidation was 

minimized as in case of Bi and Pb. However slightly higher flow rate of H2 was 

required due to higher concentration of NaBH4 used for Cd. Only the carrier argon 

flow was varied during the optimization of carrier gas flow rate. The change in the 

analytical signal as a function of Ar flow rate during collection stage was given in 

Figure 3.22. The effect was not found to be very critical and the signal remained 

nearly constant between the flow rates of 150 and 350 mL/min. Above this value, 

the analytical signal decreased probably they could not find enough time to 

interact and be captured by W-trap. At lower flow rates, the peak height was also 

decreased probably due to inefficient hydride separation from the liquid phase and 

transportation to the trap since the same trend was also observed in conventional 

hydride generation signal as shown in Figure 3.23. Volatile Cd species must have 

been separated from the liquid phase and taken into gas phase as soon as possible 

in order to minimize their re-dissolution in the liquid phase as discussed in 

previous section where the effect of NaOH concentration was discussed. 
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Figure 3.22 The effect of collection Ar flow rate in the carrier gas on the signal of 

W-trap HGAAS; H2 flow rate was kept at 150 mL/min. The signals were obtained 

by collecting 0.7 mL of 5.0 ng/mL Cd in 0.2 mol/L HCl. 
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Figure 3.23 Effect of carrier Ar flow rate on the peak height of analytical signal of 

Cd in conventional FI-HGAAS. The signals were obtained using 0.100 mL of 5.0 

ng/mL Cd in 0.15 mol/L HCl. Carrier acidity was 0.25 mol/L HCl. 

 

 

 

The effect of Ar flow rate during release stage was not found to be critical for Cd 

and the relevant graph was given in Figure 3.24. The peak height of analytical 

signal remained almost constant over a wide range of Ar flow rates between 150 

and 800 mL/min. This indicates fast revolatilization of Cd atoms from W-trap at 

1000 ˚C. However, the peak area decreased at high Ar flow rates because of short 

residence time of the atom plug in the QTA. If peak area values are to be used in 

the experiments, the carrier gas flow rate should be selected less that 200 mL/min. 

Since peak height values were used, a flow of 270 mL/min was selected as carrier 

flow rate during both collection and release stages. Therefore similar to Pb, the 

carrier gas flow rates was the same for both collection and release stages.  
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Figure 3.24 The effect of argon flow rate in the carrier gas on the trapping 

efficiency during collection; H2 flow rate was kept at 150 mL/min. The signals 

were obtained by collecting 0.7 mL of 5.0 ng/mL Cd in 0.2 mol/L HCl. 

 

 

 

The effect of H2 on the collection and release processes was also investigated by 

changing only the H2 flow rate. In these experiments no reaction coil was used and 

a 120 cm stripping coil was employed. Hydrogen was introduced at a point 

between GLS and W-coil; it was not involved in the analyte stripping off the 

solution. No significant effect of H2 during collection and release stages were 

observed.  

 

 

3.6.3.4 Coating with Pt and Ir 

 

When the W-trap was coated either by Ir or Pt, the collection efficiency did not 

improve. However, the trapping temperature range extended to lower 

temperatures: the Cd species trapped efficiently at even room temperature when 
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the coil was coated with 100 µg of Ir. The highest limit of optimum collecting 

temperature did not improve and above a collection temperature of 190 ˚C the 

analytical signal decreased which meant that Ir did not stabilize Cd species at 

higher temperatures but increased trapping efficiency at lower temperatures. When 

W-coil was coated with Pt, the stabilization effect was not significant as for Ir. 

Iridium as a coating material showed higher stabilization effect at lower 

temperatures. However, use of these coating materials increased the 

revolatilization temperatures to above 1300 ˚C and 1500 ˚C, for Pt and Ir, 

respectively.  

 

 

3.6.3.5 Distance between Tip of Transport Capillary and W-trap 

 

Use of PTFE tubing (0.8 mm i.d.) for the transportation of volatile species of Cd to 

the W-trap allowed to be inserted into inlet arm of quartz T-tube. Therefore, the 

interaction of Cd species with the inlet arm of quartz T-tube atomizer was 

minimized. This configuration prevented the possible losses of Cd species on the 

surface of inlet arm before being collected by W-trap. Since the outer diameter of 

capillary by which the volatile species were transported to W-trap was smaller 

than the inner diameter of inlet arm, the capillary was directed into the center of 

W-coil by using a cladding formed by PTFE tape so that it was fixed at the center 

of inlet arm. The effect of this distance on the analytical signal was shown in 

Figure 3.25. It was observed that as the distance between tip of capillary and the 

W-trap increased, the analytical signal decreased probably due to loss of analyte 

species on the inner surface of inlet arm. The trapping efficiency was at maximum 

when the distance was 0.5 cm; shorter distances resulted in degradation of tip 

made of PTFE since this part was heated to high temperatures at the releasing 

stage. Therefore during the experiments the distance was kept at its optimum 

value. When it was varied between release and collection stages, the 

reproducibility became poorer. 
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Figure 3.25 Effect of distance between capillary tip and the W-trap on analytical 

signal. The signals were obtained by collecting 0.7 mL of 5.0 ng/mL Cd in 0.2 

mol/L HCl. Collection and release temperatures were 150 ˚C and 1000 ˚C, 

respectively.  

 

 

3.6.3.6 Stability of Collected Species on the W-Trap  

 

In order to investigate the stability of collected species on the W-coil, the trapped 

species were released after a period of time. The effect of this time interval 

between end of the collection step and release step on the analytical signal was 

given in Figure 3.26. It can be concluded from the figure that the trapped species 

were stable for at least 12 min. During this period of time, the W-coil was kept at 

room temperature and the carrier gas passed through the trap. A slight increase 

was observed when the collected species were released after waiting for a period 

of 60 seconds. During collection, the inlet arm between W-coil and horizontal arm 

was heated slightly by the trap and this might decrease the signal by trapping 

released Cd atoms on quartz surface. When the revolatilization was done 
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immediately after the collection, signal is reduced. However, this decrease was not 

significant and the analysis time was increased if a cooling period was used. 

Therefore no such cooling period was applied during the experiments. 
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Figure 3.26 Effect of time between collection and release stage on the trap signal 

of Cd. The signals were obtained by collecting 0.7 mL of 5.0 ng/mL Cd in 0.2 

mol/L HCl. Collection and release temperatures were 150 ˚C and 1000 ˚C, 

respectively. 

 

 

3.6.3.7 Effect of Cooling Time after Releasing Stage 

 

One of the main advantages of W-coil used in the ETAAS systems is its fast 

cooling rate after each atomization or vaporization cycle. The flow of purge gas 

was sufficiently high for effective cooling. The length of cooling period after each 

releasing stage was investigated to observe whether there was a need for cooling 

between runs or there was a need for activation of W-coil before each collection 
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cycle. The effect was investigated between 15 s and 7 minutes and the graph was 

given in Figures 3.27. Only the carrier gas passed through the system at its regular 

flow rate for both collection and release. The analytical signal did not depend on 

the cooling time. Moreover, there was no need for the activation of W-coil trap 

before collection. It can be concluded from the figure that the next collection step 

can be started just after the release stage. Therefore the analysis time depended on 

the collection time since the revolatilization took just a few seconds.  
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Figure 3.27 Effect of cooling time after each revolatilization stage for Cd. The 

signals were obtained by collecting 0.7 mL of 5.0 ng/mL Cd in 0.2 mol/L HCl. 

Collection and release temperatures were 150 ˚C and 1000 ˚C, respectively. 

 

 

3.6.3.8 Length of Transport Tubing between GLS and W-Trap 

 

In conventional HGAAS studies, it was observed that as the distance between GLS 

and the atom cell increased, the peak height of analytical signal decreased. 

However, when it was investigated for W-coil HGAAS, such decrease was not 
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observed. The variations in the analytical signal for peak height and peak area 

measurements are given in Figure 3.28. The generated Cd species by the reaction 

with tetrahydroborate could be transported at a distance of at least 70 cm without 

any significant decrease in the analytical signal by W-coil HGAAS. Thus, the 

decrease in the peak height of analytical signal obtained by conventional FI-

HGAAS (no trap) can be explained by dilution of analyte species but not the loss 

on the surfaces. But it must be noted that the analyte species were transported 

through the PTFE tubing (0.8 mm i.d.). If it were transported through a glass 

tubing, loss on the surfaces was expected; when the distance between capillary tip 

and W-coil was increased the analytical signal decreased since analyte species 

came in contact with quartz surface.  
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Figure 3.28 The effect of length of PTFE transport tubing between GLS and W-

trap. The signals were obtained by collecting 0.7 mL of 5.0 ng/mL Cd in 0.2 mol/L 

HCl. Collection and release temperatures were 150 ˚C and 1000 ˚C, respectively. 
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3.6.3.9 Distance between W-Trap and Atomizer 

 

The length of transfer tubing between the trap and the atom cell was varied 

between 10 cm and 110 cm and the analytical signal was recorded. The variation 

in the analytical signal as a function of distance was given in Figure 3.29. Both 

peak height and peak area of the analytical signal decreased by 70% when the 

distance was increased to 50 cm and remained nearly the same up to 110 cm when 

tygon tubing (3.1 mm i.d.) was used for transportation of released species from the 

trap. However, if tygon was replaced with a PTFE tubing (4.0 mm i.d.), decrease 

in the peak area of analytical signal was only 20% at a distance of 110 cm. 

Although the inner diameters were different for an exact comparison, the tubing 

with a larger inner diameter was prone to adsorb more than that with a smaller 

diameter. Therefore, it was clear that Cd atoms were lost on the inner surface of 

tygon tubing. In order to investigate further, the transfer tubing was replaced with 

FEP coated tygon tubing with larger inner diameter (6 mm i.d.). In the case of FEP 

coated tygon tubing the decrease was 30% at 110 cm. Therefore, the Cd species 

could be transported to long distances but a significant decrease was observed in 

both peak height and peak area of the analytical signal, especially when a tygon 

tubing was used. The decrease was less in case of PTFE. For Bi and Pb the 

decrease in the peak height was more pronounced than that in peak area. However 

in case of Cd, both in peak area and the peak height decreased together. This may 

be attributed to the atomic nature of Cd species released from the surface of W-

coil. 
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Figure 3.29 The effect of distance between the trap and atomizer on the 

normalized peak height and peak area signals of Cd. 

 

 

3.6.4 Relation between Collection Volume and Analytical Signal 

 

The relationship between the collection volume and the analytical signal for both 

peak height and peak area of analytical signal is given in Figure 3.30. The figure 

was drawn by injecting 0.5 ng/mL Cd solution in CF mode under optimum 

conditions with a sample flow rate of 2.1 mL/min. Therefore, it took 2 minutes to 

collect 4.2 mL sample. The figure shows that both peak area and peak height of the 

analytical signal was highly correlated with the collection volume up to 4.2 mL 

with high correlation coefficients. Above this volume a slight negative deviation 

from the linearity was observed. The analytical signal increased significantly but it 

was less than expected.. A volume of 6 mL can be selected as the sampling volume 

for further increments in the concentration sensitivity and the detection power of 

the method. As mentioned before, the selection of collection volume depends on 

the desired analytical figures of merit. Reagent blank values were not seemed to be 

significant up to a collection volume of 6.3 mL. Therefore a volume of 4.2 mL can 

be selected without any reagent blank problems.  
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Figure 3.30 Relationship between the collection volume and the analytical signal 

for both peak area and peak height using 0.50 ng/mL Cd solution under optimized 

conditions; the flow rate was 2.1 mL/min for both sample and the reductant. 

 

 

3.6.5 Analytical Signal and Reproducibility  

 

The analytical signal obtained by injection of 4.2 mL of 0.025 ng/mL Cd was 

given in Figure 3.31. The reproducibility of the measurements was 5.4% RSD for 

2 min collection of 0.025 ng/mL Cd solution and better at higher concentrations 

when the peak height was used. The use of peak area resulted in higher %RSD 

values (10-15% at this concentration level) as the integrated absorbance values 

were numerically small due to sharp transient signals as discussed earlier for Bi. 

Moreover, slight drift in the baseline was also responsible for such poor 

reproducibility value. The full width at half maximum of analytical signal was 

around 0.4 s. Although 2.0 s was selected as the integration time, the peak area of 
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the analytical signal was affected by the lamp noise which resulted in poorer 

reproducibility.  

 

 

 
 

Figure 3.31 The analytical signals for 4.2 mL of 0.025 ng/mL Cd in 0.2 mol/L 

HCl. Collection at 150 ˚C and releasing at 1000 ˚C. 1.5% (w/v) NaBH4 was used. 

 

 

Aging of W-coil resulted in an increase in the collection efficiency; the efficiency 

was found to increase by 20-30% after 600-800 runs when compared to that 

obtained by new coil. This may be explained by the change of surface 

characteristics such as porosity. As the surface becomes more porous, the surface 

area increases and collection efficiency increases. 

 

 

3.6.6 Calibration Plot 

 

The calibration plot for 2 min collection time which corresponds to a collection 

volume of 4.2 mL was given in Figure 3.32. Both peak area and peak height of the 
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analytical signal were found to be linear between the concentrations of 0.025 

ng/mL and 0.350 ng/mL. Above this concentration a negative deviation from the 

linearity was observed. Therefore for 4.2 mL collection volume (2 minutes 

collection) dynamic range of the calibration graph is between 0.025 and 0.35 

ng/mL which is slightly larger than one order of magnitude which is the generally 

encountered range in HGAAS studies.  
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Figure 3.32 The calibration plot of Cd for both peak height and peak area of the 

analytical signal obtained by W-coil HGAAS. The collection volume was 4.2 mL 

and aqueous standard solutions were employed; the flow rate was 2.1 mL/min for 

both sample and reductant. 
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3.6.7 The Analytical Figures of Merit 

 

The analytical figures of merit of the method for Cd are given in Table 3.4; peak 

height was used in the calculations. The enhancement factor in limit of detection 

(3σ) which was calculated by using 0.025 ng/mL was found to be 25 for 4.2 mL 

collection volume when compared to conventional FI-HGAAS where the injection 

volume was 0.100 mL and the concentration of Cd was 0.5 ng/mL. The 

characteristic concentration for 4.2 mL sample volume was calculated as 0.003 

ng/mL for peak height which was 31 times lower as compared to conventional FI-

HGAAS. When peak area was used the analytical figures was not better than those 

with the peak height values due to very sharp transient nature of analytical signal. 

 

The limit of detection of the developed method was compared with the literature 

values in Table 3.5. As seen on the table, the concentration limit of detection value 

was comparable with the others or better. Although absolute limit of detection of 

MS system is very low, they are cost prohibitive and not available in most 

laboratories. Furthermore, the concentration limit of detection was better in our 

system. The main advantage of W-coil HGAAS is that it can be applied in all 

laboratories having a simple AAS instrument. When the Cd concentration is in the 

mid ng/L range, approximately 1-2 minutes are enough for both collection and the 

measurement of analytical signal. If the concentration is in the low ng/L range, 3-4 

minutes are enough for both collection and measurement of analytical signal. A 

memory effect was observed but it was not cumulative. It was probably arising 

from the Cd species condensed on the inner walls of GLS as well as the transfer 

tubings. If blank was injected after a higher concentration of Cd, always a 

significant signal appeared from blank. If the walls were dried, the memory effect 

was more. However, the memory signal disappeared after consecutive injections of 

blank solution. Drying between injections reduced the number of blank injection 

required to eliminate memory effects.  
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Table 3.4 Analytical figures of merit and enhancement factors for Cd calculated by 

using peak height of analytical signal 

 FI-HGAASa W-Trap 
HGAASb 

Enhancement 
Factor 

Limit of detection, ng/mL 0.100 0.004 25 

Characteristic 
concentration, ng/mL 

0.092 0.003 31 

a The parameters were calculated by 10 replicate measurements of 0.1 mL of 0.5 ng/mL Cd 
solution. 
b The parameters were calculated by 9 replicate measurements of 4.2 mL of 0.025 ng/mL Cd 
solution. 
 

 

 

Table 3.5 Comparison of the limit of detection and the sample volume of the 

method with those of others in literature 

 

Method 

Concentration  
LOD, ng/mL 

Absolute 
LOD, pg 

Sample 
Volume, ml 

Reference 
Number 

W-Trap HGAAS 0.004 16.8 4.2 This study 

W-Coil ETAAS 0.05 0.5 0.01 130 

HG in-situ 
ETAAS 

0.002 3.6 1.8 135 

HG-AAS 0.01 3 0.3 136 

VG-ICP-MS 0.026 2.6 0.100 139 

HG in-situ 
ETAAS 

0.06 84 1.4 140 

HG in-situ 
ETAAS 

0.005 7 1.4 141 
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3.6.8 Accuracy of the Method 

 

The accuracy of the method was tested using certified reference materials Oyster 

Tissue, Tomato Leaves and Sea Water. The certified values and the found values 

are given in Table 3.6. As indicated on the table, all three SRM results were found 

to be in good agreement with the certified values. In the analysis of tomato leave 

SRM, although the digested solutions were further diluted 100 times with 0.20 

mol/L HCl, standard addition method was required due to significant matrix 

interferences. In the determination of Sea Water SRM, the sample was acidified 

with HCl and direct calibration method was employed. When analyzing Oyster 

tissue, if the samples were diluted 25 times with 0.2 mol/L HCl, the matrix 

interferences were significant and the use of direct calibration did not gave 

satisfactory results. However, when digested solutions were further diluted 250 

times, matrix interference was eliminated and the direct calibration gave 

satisfactory results.  

 

 

 

Table 3.6 Results of the analysis of standard reference materials and their certified 

values (n=3 for each measurement)  

SRM Found value Certified value 

Oyster Tissuea, µg/g 2.34 ± 0.21 2.48 ± 0.08 

Tomato Leavesb, µg/g 1.54 ± 0.09 1.52 ± 0.04 

Sea Waterc, nmol/L 0.165 ± 0.007 0.175 ± 0.018 

a 0.25 g sample was digested in microwave oven and diluted to 50 mL with deionized water. Then 
the solutions were further diluted 250 times with 0.2 mol/L HCl and direct calibration method was 
employed 
b 0.25 g sample was digested in microwave oven and diluted to 50 mL with deionized water. Then 
the solutions were further diluted 25 times with 0.2 mol/L HCl and standard addition method was 
employed 
c Analyzed directly after the solutions were made 0.2 mol/L in HCl. Direct calibration method was 
employed. 



 119 

 

3.7 Lead 

 

 

3.7.1 Optimization of Hydride Generation Parameters 

 

For the generation of plumbane, the samples were prepared in HCl and reacted 

with NaBH4. The flow rate of solutions was 6 mL/min. For phase separation a U-

type gas liquid separator was utilized. The length of reaction coil was not found to 

be very critical and the signal remained nearly constant between 15 and 60 cm. 

Thus a 30 cm PTFE tubing (0.8 mm i.d.) was used as reaction coil throughout the 

experiments. No stripping coil was used. The carrier argon was introduced at the 

entrance of GLS. No signal could be achieved when Pb solutions were prepared in 

HCl without any oxidizing agent. In order to increase hydride generation 

efficiency, potassium hexacyanoferrate(III) was used.  

 

3.7.1.1 Concentrations of HCl and NaBH4  

 

Optimum concentrations of HCl and NaBH4 were determined by conventional FI-

HGAAS (without W-coil trap) using U-type gas liquid separator. The effect of 

concentration of HCl on the analytical signal was given in Figure 3.33. As it was 

seen from the figure, HCl concentrations less than 0.03 mol/L and higher than 0.12 

mol/L resulted in a decrease in the analytical signal. Between these values, the 

signal remained nearly the same. Thus 0.06 mol/L was selected as the optimum 

concentration of HCl in sample solution for hydride generation medium.  
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Figure 3.33 Effect of sample acidity on Pb signal in conventional FI-HGAAS. The 

signals were obtained using 0.500 mL of 10.0 ng/mL Pb in 0.5% (w/v) K3Fe(CN)6. 

NaBH4 concentration was 1.0% (w/v). 

 

 

 

Optimum NaBH4 concentration was also determined under the same conditions 

and the optimization graph was given in Figure 3.34. The reductant solutions were 

prepared daily in 0.1% (w/v) NaOH for the stabilization. A NaBH4 concentration 

less than 0.5% (w/v) was not found to be adequate for efficient plumbane 

generation. A slight increase in the analytical signal was observed when the 

concentration of NaBH4 was increased further, but this increase was not found to 

be significant and also increased reagent consumption. Therefore, a concentration 

of 1.0 % (w/v) NaBH4 was found to be optimum for plumbane generation. 
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Figure 3.34 Effect of NaBH4 concentration on Pb signal in conventional FI-

HGAAS. The signals were obtained using 0.500 mL of 10.0 ng/mL Pb in 0.06 

mol/L HCl and 0.5% (w/v) K3Fe(CN)6. 

 

 

 

3.7.1.2 Concentration of Oxidizing Reagent in the Reaction Medium 

 

The hydride generation efficiency for Pb in acidified sample solution was very low 

unless an oxidant was added; even no signal could be observed. For the effective 

generation of volatile species of lead by NaBH4 reduction, it was necessary to use 

oxidizing reagents such as potassium hexacyanoferrate (III), hydrogen peroxide 

etc. reported in the literature that was summarized in the introduction. In this 

study, no signal was achieved from sample solutions prepared in only HCl at 

optimum concentrations. In order to increase the generation efficiency, some 

oxidants used in the literature were tested. These were H2O2, nitroso-R salt (1-

nitroso-2-naphthol-3,6-disulphonic acid disodium salt) and potassium 

hexacyanoferrate(III) (K3Fe(CN)6. Use of H2O2 did not improve the analytical 

signal and almost no signal was obtained under the optimized HCl and NaBH4 
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concentrations. The highest analytical signal was obtained when K3Fe(CN)6 was 

used as the hydride generation medium. Tyson et al. [159] also found superior 

sensitivity with K3Fe(CN)6 among some other oxidizing reagents tested. 

 

The increase in the efficiency of plumbane generation, although not proven, is 

attributed to the oxidizing effect of the reagent since the common properties of 

reagents that increased efficiency are their oxidizing properties. Such increase in 

the generation efficiency was explained by the formation of Pb(IV) ions in the 

solution [5]. However the oxidizing power of K3Fe(CN)6 is lower than that of 

H2O2; the latter did not improve the analytical signal. In addition, an organic 

compound, PAN-S, does not have any oxidizing character and its effect can not be 

accounted for the formation of Pb(IV). However, it was used for the generation of 

plumbane in the literature [155]. Therefore the increase in the efficiency was 

possibly the result of chelated Pb(II) which is kinetically more easily reduced by 

NaBH4 than free Pb(II) [155]. 

 

The dependence of analytical signal on K3Fe(CN)6 concentration is given in Figure 

3.35. Addition of K3Fe(CN)6 into the solution of analyte significantly increased the 

analytical signal up to a concentration of 0.5% (w/v). Although the increase was 

continued up to 2%, 0.5% (w/v) was selected as the working concentration 

because the solid K3Fe(CN)6 contained significant amount of Pb as a contaminant 

which was found to be the limiting factor in the trap experiments. An attempt was 

made to synthesize it in the laboratory starting from solid KCN and FeCl3. The 

analysis of the reactants by ETAAS showed that they were also contaminated with 

significant amounts of Pb, so the synthesis was not further pursued. 
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Figure 3.35 Effect of concentration of K3Fe(CN)6 on analytical signal in 

conventional FI-HGAAS. The signals were obtained using 0.500 mL of 10.0 

ng/mL Pb in 0.06 mol/L HCl. 

 

 

 

In addition to K3Fe(CN)6, nitroso-R salt was also found to increase hydride 

generation efficiency but its effect was much less; the sensitivity was about 6 times 

less. The change in the analytical signal as a function of nitroso-R salt 

concentration was given in Figure 3.36. The analytical signal was increased 

gradually and linearly up to a concentration of 1.5% (w/v). Above this 

concentration, the linearity was lost and a plateau was reached. Although the 

increase in the sensitivity was lower than that of K3Fe(CN)6, it was also considered 

that if it has lower reagent blank values, then it could be used in trap studies 

instead of K3Fe(CN)6. However, it was found that it also contained significant 

amount of Pb as contaminant. Another problem with this reagent was that the 

solubility in water was limited. The dissolution process was slow and even a 2% 

(w/v) solution contained undissolved solid material. 
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Figure 3.36 Effect of nitroso-R salt concentration on analytical signal in 

conventional FI-HGAAS. The signals were obtained using 0.500 mL of 10.0 

ng/mL Pb in 0.06 mol/L HCl. 

 

 

 

3.7.2 Optimization of Trapping Conditions 

 

 

3.7.2.1 Collection and Revolatilization Temperatures 

 

Collection and release temperatures were optimized by considering the trap signal 

at the end of collection. While one was being optimized, the other one was kept 

constant at its optimum value. The optimization plot for trapping and releasing 

temperatures are given in Figure 3.37. The optimum trapping temperature was 

found to be 350 ˚C as measured at the center of coil; at higher temperatures the 

collected species were lost and a decrease in the analytical signal was observed. A 

temperature of 500-600 ˚C was enough for revolatilization of all of trapped Pb 
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species from the surface but the revolatilization was rather slow and the signals 

were broad. The peak height of analytical signal increased linearly up to a release 

temperature of 1200 ˚C and reached to a plateau. A temperature of 1300 ˚C was 

necessary for rapid and reproducible volatilization of Pb species so that the use of 

peak height in signals was justified. Above this temperature, no further 

enhancement was observed in the peak height of analytical signal. Similar to Bi, 

when higher temperatures were employed in the collection step, the surface of 

quartz around the coil started to collect Pb species which are then observed as a 

secondary peak next to the analytical peak at high release temperatures. At the 

optimum trapping and release temperatures, there was only one analytical peak 

observed and no signal was observed from quartz.  
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Figure 3.37 The effect of collection and release temperatures on analytical signal 

for 5.0 ng Pb. During the variations of collection and release temperatures, a 

constant release temperature of 1300 ˚C and a constant collection temperature of 

350 ˚C, respectively, were employed. 
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3.7.2.2 Carrier Gas Flow Rate 

 

Since the trapping temperature of plumbane was slightly higher than that of Bi, a 

higher hydrogen flow rate was required for the minimization of oxidation of W-

coil. The flow rate of H2 was kept constant at 100 mL/min; the lower H2 flow 

rates caused the oxidation of W-coil and resulted in relatively higher background 

absorption. The optimum collection and release Ar flow rates were investigated 

independent from each other while keeping the H2 flow rate constant. The 

optimization graphs for Ar flow rates during collection and revolatilization were 

given in Figure 3.38 and 3.39, respectively. In contrast to Bi where collection 

and release Ar flow rates were different from each other, the optimum collection 

and release Ar flow rates were found to be almost the same for Pb. During 

collection Ar flow rate was not very critical and the signal remained almost the 

same between 100 and 400 mL/min, above which a decrease was observed in the 

analytical signal. The effect of Ar flow rate during revolatilization was found to 

be more important than that in collection step. Higher analytical signals were 

obtained when the release Ar flow rate was kept at 210 mL/min. When it was 

increased further the analytical signal decreased due to dilution of analyte by the 

carrier gas. Therefore, the Ar flow rate for both collection and release steps was 

found to be optimum at 210 mL/min; therefore it was not needed to vary the flow 

rate between collection and release stages. The effect of H2 flow rate on the 

collection and release was also investigated for Pb and no significant effect was 

observed; a value of 100 mL/min has been applied for H2 flow rate in both 

stages. 
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Figure 3.38 Effect of collection Ar flow rate on the analytical signal obtained by 

W-coil HGAAS; H2 flow rate was 100 mL/min, release Ar flow rate was 210 

mL/min; 0.500 mL of 10 ng/mL Pb was used. 

 

 

0.00

0.10

0.20

0.30

0.40

0 100 200 300 400 500 600 700

Ar flow rate, mL/min

A
bs

or
ba

nc
e

 
Figure 3.39 Effect of release Ar flow rate on the analytical signal obtained by W-

coil HGAAS; H2 flow rate was 100 mL/min, collection Ar flow rate was 210 

mL/min; 0.500 mL of 10 ng/mL Pb was used. 
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3.7.2.3 Coating with Pd, Pt and Ir 

 

In the collection stage there was significant breakthrough signal due to untrapped 

plumbane. This was an indication of low trapping efficiency. In order to increase 

the trapping efficiency, the surface of W-coil was coated with Ir, Pd and Pt which 

were generally used for the stabilization of analyte species in ETAAS. These 

elements have been widely used for in-situ trapping in graphite furnaces. It was 

shown that, Pt was an efficient coating material for the in-situ preconcentration of 

Se in W cuvette [82]. The coil was treated with 100 µg of each of these elements. 

The coating was carried out by addition of 25 µl aliquots of 1000 mg/L stock 

solution. The process was repeated 4 times by drying injected solution between 

injections. At the end, the coil was heated to release temperature under H2 

environment for the reduction of coated metal to its elemental form. In this study, 

the coating materials were not investigated in detail and the amount of coating 

material was not optimized.  

 

Coating with Pd resulted in very irreproducible signals. It was observed that Pd 

was not stable on the coil. The releasing required higher temperatures; as high as 

1800 ˚C or more. The collection efficiency was not increased any more. Therefore 

it did not provide any advantage. 

 

When the coil was coated with Pt, a slight increase, approximately 20-40%, was 

observed in the trapping efficiency. Furthermore, the range of optimum collection 

temperature was improved. The temperature range of uncoated W-coil for efficient 

collection was between 300 ˚C and 350 ˚C. By coating with Pt this range was 

broadened and the W-coil was capable of trapping the volatile species of Pb in 

between 200 ˚C and 500 ˚C. The analytical signals obtained from Pt coated W-coil 

as a function of coil temperature is given in Figure 3.40.  
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Figure 3.40 The dependence of analytical signal on the collection temperature of 

Pt coated W-coil for 5.0 ng Pb. During the variations of collection temperature, a 

constant release temperature of 1300 ˚C was employed. 

 

 

Coating the W-coil with Ir significantly increased the optimum trapping 

temperature to about 450 ˚C. Approximately a 2-fold increase was observed in the 

sensitivity but the optimum temperature range for collection was decreased. In 

other words, slight variations in the collection temperature resulted in high 

changes in responses. 

  

Although Ir-coating resulted in a 2-fold increase in the sensitivity, it was not used 

since it required higher collection temperatures and the slight changes in the 

collection temperature resulted in significant changes in the analytical signal since 

the maximum signal was limited to a narrow temperature range. The increase in 

the collection efficiency by using Pt coating was only 20-40% and this can be 

achieved by collection higher sample volumes. Therefore, in order to simplify the 

procedure, these coating was not preferred. However, it was shown that the 

trapping efficiency could be increased by coating the W-coil. 
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3.7.2.4 Distance between W-Trap and Atomizer 

 

The length of transfer tubing between the trap and atomizer was varied between 10 

cm and 45 cm and the analytical signal was observed. The change in the analytical 

signal as a function of the distance was given in Figure 3.41. When the length of 

tygon transport tubing used for the transportation of revolatilized species was 

increased form 10 cm to 45 cm, the full width at half maximum of the analytical 

signal was increased and peak height signal was decreased by 43%. If the peak 

area was considered, the decrease in the analytical signal was not found to be 

significant indicating significant peak broadening. The decrease in the peak height 

of analytical signal was mostly due to dilution of volatile analyte species during 

the transportation since the peak height was much more affected than peak area. 

Since the volatilized species were transported to a distance of about half a meter, 

they were probably molecular or converted to molecular species just after their 

revolatilization. The fact that no signal could be obtained by the revolatilized 

species when sent to unheated QTA supports this idea. 
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Figure 3.41 The effect of distance between the trap and atomizer on both peak 

height and peak area signals of Pb. 0.500 mL of 10 ng/mL Pb was used. 
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3.7.2.5 Tandem W-Trap Arrangement 

 

During the trapping studies, it was observed that a significant amount of Pb 

species were not trapped on the trap and there always appeared a breakthrough 

signal when the concentration of Pb was appropriate for direct measurements. A 

tandem W-trap arrangement was designed to collect these untrapped Pb species. 

Two identical traps were consecutively coupled so that the species that were not 

trapped on the first one would be trapped on the second one. In order to 

accomplish these experiments, both trap temperatures were kept at collection 

temperature. After the trapping was complete, the revolatilized species from the 

first and the second traps were sent to the atomizer in separate experiments. It was 

observed that the peak area of the analytical signal obtained from the first trap 

(closer to GLS) was approximately 6 times higher than that was obtained from the 

second one. If the untrapped species remained as hydride and reached to the 

second trap, the analytical signal of second trap should be approximately 16% less 

than that of the analytical signal from the first trap since the total efficiency of W-

trap was 14%. Therefore the untrapped Pb species were either decomposed and 

turned into another form or lost before reaching to second trap.  

 

 

3.7.3 Relation between Collection Volume and Analytical Signal 

 

The relation between analytical signal and the collection volume was investigated 

in CF mode. As already mentioned the blank reagents, mostly K3Fe(CN)6, were 

contaminated by Pb. The blank reagent gave an analytical signal equal to that 

would be obtained by using approximately 0.2 ng/mL Pb solution. The relation 

between collection volume and peak height of analytical signal given in Figure 

3.42 was obtained by using blank reagents. The solution of 0.5% (w/v) K3Fe(CN)6, 

which was blank, was continuously pumped and the generated plumbane was 

trapped on the coil. The analytical signal obtained by using blank was significant 

even the collection volume was as low as 1.0 mL. As it is seen on the figure, the 
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analytical signal increases almost linearly up to at least 40 mL which corresponds 

to 6.5 min collection time. If the collection volume is to be increased, the reagent 

blanks must be decreased by applying appropriate purification methods so that the 

collection volume can be increased up to 40 mL. The linear relation was an 

indication of stability of Pb species on the coil (R2 = 0.978). No further 

investigation was carried out on the stability of Pb species on the coil.  
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Figure 3.42 Analytical signal versus collection volume obtained by using reagent 

blank solutions: 0.5% (w/v) K3Fe(CN)6 in 0.06 mol/L HCl and 1.0% NaBH4 (w/v) 

(reagent blanks gave a signal equal to that obtained from 0.2 ng/mL Pb, and no Pb 

was added); collection temperature, 350 ˚C; release temperature, 1300 ˚C. 

 

 

3.7.4 Analytical Signal and Reproducibility 

 

The analytical signal obtained from 0.5 mL of 10 ng/mL Pb (5.0 ng Pb) was shown 

in Figure 3.43. The full with at half maximum of the analytical signal was 

approximately 0.3 s. In addition, the peak was tailed. The signal shapes obtained 
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under different conditions of concentration or collection volume, were similar to 

the one shown here. Less than 5% RSD (n=7) was obtained by replicate 

measurements of reagent blanks (0.2 ng/mL) for a collection volume of 15 mL (2.5 

min collection). As discussed for Bi and Cd, the reproducibility of the peak area 

measurements was poorer than that of peak height values because of very sharp 

signals which resulted numerically small peak area values. Moreover, since the 

integration period was longer than the basewidth of the analytical signal, small 

drifts in the baseline and also tailing of the analytical signal resulted in higher 

%RSD values. Therefore, higher relative standard deviation was observed when 

the peak area values were taken into account; typically 10-15% RSD values were 

obtained.  

 

 
Figure 3.43 The analytical signals for 2.0 mL of 5.0 ng/mL Pb; Collection at 350 ˚C 

and releasing at 1300 ˚C. 

 

 

3.7.5 Calibration Plot 

 

The calibration plot drawn by using peak height and peak area for 2.0 mL of 

aqueous standard solutions was given in Figure 3.44; no blank correction was 
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made. It was found that the plot was linear between the concentrations of 0 and 3.0 

ng/mL for peak height for 2 mL collection volume (20 s collection). The peak area 

was also found to be linearly correlated with the concentration, but the precision 

was poor due to very sharp transient signals as discussed earlier. Since the reagent 

blank values due to high Pb content of K3Fe(CN)6 was significant, the signal 

obtained from only blank was significant even at a collection volume of 1.0 ml.  
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Figure 3.44 The calibration plot drawn by using peak height for 2.0 mL of aqueous 

standard solutions of Pb in 0.5% (w/v) K3Fe(CN)6 under optimum conditions (No 

blank correction was made). 

 

 

3.7.6 The Analytical Figures of Merit 

 

The total efficiency for trapping, releasing and transportation to the atomizer for 

trapping was calculated by comparing the peak area values of the signals obtained 

by conventional FI-HGAAS (no W-trap) and that obtained by W-trap HGAAS 
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under the same carrier gas flow rates. These experiments showed that the total 

efficiency was 14% and the rest was either untrapped or lost between trap and 

atomizer. 

 

High reagent blank values were the limiting factor for the enhancement of figures 

of merit for Pb. The blank solution already contained 0.2 ng/mL Pb. The same 

problem was also observed elsewhere where the same reagent was used for 

efficient hydride generation [155, 159]. Therefore the characteristic mass and the 

limit of detection was calculated from the blank solution for both conventional FI 

HGAAS and W-trap HGAAS. The analytical figures of merit of the method for Pb 

were given in Table 3.7; peak height was used for the calculation of parameters. 

The limit of detection values of both conventional FI-HGAAS and W-trap 

HGAAS were calculated using 0.5% (w/v) K3Fe(CN)6. The enhancement factor in 

the limit of detection (3σ) found to be 12 for 2.0 mL collection volume when 

compared to conventional FI-HGAAS where the injection volume was 0.500 mL. 

The characteristic concentration of W-trap HGAAS for 2.0 mL collection volume 

was calculated as 0.011 ng/mL for peak height which was 20 times lower as 

compared to conventional FI-HGAAS whose characteristic concentration was 0.18 

ng/mL of Pb. The observed enhancement factor in the sensitivity could not be 

reached in the limit of detection due to high blank values, since the solution used 

for calculation of LOD contained significant amount of Pb.  

 

When peak area was used the improvement in analytical figures was as much as 

for peak height values due to sharp transient nature of analytical signal. The 

enhancement factor in the limit of detection was only 3. The characteristic mass 

for conventional FI HGAAS was 0.15 ng whereas that of W-trap HGAAS was 1.0 

ng since the collection efficiency was only 14% and also the signal was very sharp. 

Therefore use of peak area did not provide any advantage.  
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Table 3.7 Analytical figures of merit and enhancement factors for Pb calculated by 

using peak height of analytical signal.  

 FI-HGAASa W-Trap 
HGAASb 

Enhancement 
Factor 

Limit of detection, ng/mL 0.180 0.015 12 

Characteristic 
concentration, ng/mL 

0.23 0.011 20 

Characteristic massc, ng 0.15 1.0 - 

a The parameters were calculated by 10 replicate measurements of 0.500 mL of blank solution 
containing 0.2 ng/mL Pb in FI mode. 
b The parameters were calculated by 10 replicate measurements of 2.0 mL of blank solution 
containing 0.2 ng/mL Pb in CF mode. 
c Characteristic mass values were calculated by using peak area values obtained at optimum 
working conditions for each method. 
 

 

The limit of detection of the developed method was compared with the literature 

values in Table 3.8. As seen on the table, the concentration limit of detection value 

was comparable with other hydride generation systems or better. The LOD of ICP-

MS is lower than ours but as mentioned its cost is relatively higher than the simple 

and low cost method presented here. If reagent blank values are reduced, the 

analytical figures of merit can be improved further by using higher sample 

volumes since the linearity between collection volume and analytical signal is 

conserved up to 40 mL.  

 

The effects of interfering elements were not studied. Copper have been assigned as 

one of the most interfering transition metal. Brindle et al. studied the interferences 

of transition metals and showed that Cu is the most interfering element; presence 

of 1 µg/mL Cu decreased the analytical signal obtained from 20 ng/mL Pb by 48% 

[158]. In the same study, it was reported that when the concentration of Fe(III) and 

Mn(II) was 1 µg/mL, the decrease in the analytical signal was 8% by each metal. 

Therefore at higher concentrations of these elements, interference should be 
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expected. Dilution of sample and collection of larger volumes may be required; the 

reagent blanks must be reduced.  

 

 

Table 3.8 Comparison of the limit of detection and the sample volume of the 

method with those of others in literature 

 

Method 

Concentration  
LOD, ng/mL 

Absolute 
LOD, pg 

Sample 
Volume, ml 

Reference 
Number 

W-Trap 
HGAAS 

0.015 30 2.0 This study 

W-Coil ETAAS 0.63 6.3 0.010 129 

HG in-situ 
ETAAS 

0.500 250 0.5 157 

ETAAS 0.93 9.3 0.010 147 

DCP-AES 0.7 350 0.500 158 

HG-ICP-MS 0.007 3.5 0.5 161 

HG in-situ 
ETAAS 

0.03 30 1.0 159 

HG in-situ 
ETAAS 

0.06 30 0.500 163 

 

 

 

3.7.7 Accuracy of the Method 

 

The accuracy of the method was tested using certified reference materials, Metals 

on Soil/Sediment #4 (Ultra Scientific) and NIST SRM 278 Obsidian Rock. The 

certified and found values are given in Table 3.9. The results of analysis of both 

SRM were found to be in good agreement with the certified values. In the analysis 

of soil/sediment, the digested solutions were further diluted 100 times with blank 
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solution. The digests of obsidian SRMs were further diluted 25 times with blank 

solution and then injected. The determination of Pb in the SRM solutions was 

performed in FI mode with a sample volume of 0.500 mL. Each injection took 

approximately 20 seconds. Since reagent blank, 0.5% (w/v) K3Fe(CN)6, contained 

significant Pb as contaminant, a solution containing only 0.06 mol/L HCl was used 

as carrier solution in order to decrease the blank values. Significant signal was 

obtained from 0.500 mL of reagent blank solution which was also injected together 

with sample and standards. No matrix interference was encountered during the 

analysis. Direct calibration method was applied since no matrix interference was 

observed during the determination.  

 

 

Table 3.9 Results of the analysis of standard reference materials and their certified 

values (n=3 for each measurement)  

SRM Found value Certified value 

Soil/Sedimenta, µg/g 96.1 ± 5.0 95.3 ± 5.3 

Obsidian Rockb, µg/g 16.0 ± 1.1 16.4 ± 0.2 

a 0.100 g sample was digested in microwave oven and diluted to 100 mL with 0.06 mol/L HCl. The 
solutions were further diluted 100 times with 0.5% (w/v) K3Fe(CN)6 in 0.06 mol/L HCl just before 
the measurements.  
b 0.250 g sample was digested in microwave oven and diluted to 100 mL with 0.06 mol/L HCl. The 
solutions were further diluted 25 times with 0.5% (w/v) K3Fe(CN)6 in 0.06 mol/L HCl just before 
the measurements.  
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CHAPTER IV 

 

 

CONCLUSIONS 

 

 

Novel analytical techniques for the determination of Bi, Cd and Pb have been 

developed by using on-line preconcentration on heated W-coil and revolatilization. 

The methods provide relatively easy, low cost and fast on line preconcentration 

and determination of Bi, Cd and Pb at ng/L range. Furthermore they can be applied 

in laboratories having a simple AAS instrument and a hydride generation system 

with a very low additional cost. The system can be easily manufactured in any 

laboratory.  

 

A regular W-coil atomizer was not used since its geometry is not ideal for 

trapping. A W-coil extracted from a commercial halogen lamp was employed. The 

inlet arm of the T-tube was chosen for the best trapping geometry; the trapping 

efficiency depends on the alignment of W-coil in the inlet arm.  

 

The analytical signals are very sharp due to fast heating rate of W coil which 

allowed the use of peak height values; half widths are less than a second. The peak 

area values are rather small which resulted in a decrease in the reproducibility and 

enhancement factors. However if peak area values are to be used, the heating rate 

and the carrier gas flow rate can be reduced in order to improve reproducibility.  

 

The total efficiency of trapping and revolatilization for Bi was 23% and the 

achieved limit of detection for Bi was 0.0027 ng/mL for 18 mL sample volume. 
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Revolatilized Bi species can be transported for at least 50 cm without any 

significant decrease in the peak area; however peak heights were decreased due to 

broadening. The enhancement factor in the sensitivity was 130 with 18 mL sample 

volume. 

 

The generation of atomic species of Cd by tetrahydroborate reduction is rather 

problematic when compared to Bi and Pb due to the atomic nature of volatile 

species. The decrease in the analytical signal of Cd in the presence of O2 in 

conventional HG can also be attributed to atomic nature. However this must be 

investigated further. A close control of experimental parameters is required for 

efficient and reproducible vapor generation. The efficiency of generation of Cd 

atoms is linearly correlated by the reaction coil temperature. A significant decrease 

was observed in both peak height and peak area when the distance between trap 

and atomizer was 25 cm. The decrease depends on the tubing material used for 

transportation. The sensitivity was improved 31 times when compared to 

conventional HG. The limit of detection achieved with 4.2 mL sample volume was 

0.015 ng/mL. 

 

Among the tested reagents used to increase plumbane generation efficiency, 

K3Fe(CN)6 is the best but it has high blank values. High reagent blanks is the 

major problem for the improvement in the LOD for Pb. Characteristic 

concentration was improved 20 times for 2.0 mL collection volume when 

compared to conventional HGAAS. The limit of detection was 0.015 ng/mL for 

2.0 mL sample volume. The analytical figures of merit for Pb can be improved 

further using sample volumes of up to 4 mL. However, reagent blanks must be 

purified for the achievement of enhancement factors close to that was obtained for 

Bi. The total trapping and revolatilization efficiency is 14%. Revolatilized Pb 

species can be transported for at least 45 cm without any significant reduction in 

the peak area however peak heights were decreased due to broadening. 
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The achieved concentration limits of detection are well comparable with that of in-

situ trapping in the literature. Although absolute limits of detection of ICP-MS 

systems are much lower than presented here, the concentration limits are 

comparable. However ICP-MS systems are cost prohibitive.  

 

The revolatilized species of Bi and Pb are either molecular or short living atomic 

in nature; since no signal was observed when quartz T-tube was not heated. 

However Cd is revolatilized from the surface as its atomic species. Rather 

convenient transport properties of revolatilized species suggest that they can be 

transported to another detection system such as ICP or ICP-MS that will improve 

the limit of detection. 

 

In order to extend the applicability of this method for other analytes there are three 

requirements: 1. The analyte must be volatilized; Hg and all the hydride forming 

elements fulfill this requirement. 2. The analyte must be collected on a suitable 

trap; including W-coil there may be several other metal traps that could be used for 

this purpose. 3. Trapped analyte must be thermally revolatilized and then atomized 

in an absorption cell. It seems that the method can be applied to some other 

hydride forming elements using electrically heated metal wires. 

 

 

The following article (Reference 104) was published from this work. 

 

O. Cankur, N. Erta�, O.Y. Ataman, Determination of bismuth after on-line 

preconcentration by trapping on resistively heated W-coil and hydride generation 

atomic absorption spectrometry, Journal of Analytical Atomic Spectrometry 2002, 

Vol 17, 603-609. 
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