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ABSTRACT (EN)   

 

The presented dissertation thesis summarizes the results contained in five original 

research papers that were published in prestigious international scientific journals in the 

field of analytical chemistry and atomic spectrometry. It is devoted to the method of 

generation of volatile compounds using a tetrahydroborate reaction and detection in a 

quartz multiatomizer by atomic absorption spectrometry. The thesis can be divided into 

two thematic parts – speciation analysis of arsenic based on hydride generation 

technique with collection and separation in a cryogenic trap and generation of volatile 

species of transition metals.  

In the first thematic part pre-reduction of pentavalent inorganic and methylated 

arsenicals has been studied. A simple setup for on-line pre-reduction employing 

thioglycolic acid as a fast pre-reductant has been developed, connected with a current 

hydride generator and applied/verified to oxidation state specific arsenic speciation 

analysis of human urine samples. In the same method the possibility of drying the 

gaseous phase from water vapor has been investigated to avoid incidental blocking the 

cryogenic trap by frozen water and to decrease fluctuations of signal baseline. 

Pronounced losses of methylated species have been discovered on Nafion tube dryer 

currently used in analytical atomic spectrometry. Such behavior can lead to serious 

errors in determination by the methods where hydride generation step is involved. The 

sodium hydroxide dryer has been suggested as a possible and safe alternative. 

In the second thematic part generation of silver and gold species by the 

tetrahydroborate reaction has been thoroughly investigated. A considerable effort has 

been made to identify the volatile analyte species released to the gaseous phase. 

Transmission electron microscopy experiments as well as a detailed aerosol study have 

proven the formation of nanoparticles and their transport by the carrier gas to the 

atomizer along with aerosol droplets. The analyte transfer within the generator has been 

studied using 111Ag and 198,199Au radioindicators and efficiencies in each individual 

process of generation have been determined. These radiotracer experiments have 

contributed to the improvement in the design of the generator and atomizer so that 

generation efficiency as well as limits of detection could be enhanced significantly. 
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ABSTRAKT (CZ) 

 

Předložená disertační práce shrnuje výsledky obsažené v pěti původních 

vědeckých článcích, které byly publikovány v prestižních mezinárodních časopisech v 

oboru analytické chemie a atomové spektrometrie. Konkrétně se práce věnuje rozvoji 

metody generování těkavých sloučenin reakcí s tetrahydroboratem a detekcí atomovou 

absorpční spektrometrií v křemenném multiatomizátoru. Práce může být tematicky 

rozdělena do dvou částí – speciační analýza arsenu založená na generování hydridů s 

kolekcí a separací v kryogenní pasti a generování těkavých forem přechodných kovů.  

V prvním tematickém okruhu byla studována předredukce pětimocných 

anorganických a methylovaných sloučenin arsenu. Bylo vyvinuto jednoduché 

uspořádání on-line předredukce pomocí kyseliny thioglykolové, které bylo spojeno se 

stávajícím hydridovým generátorem, a tento systém byl ověřen pro použití na speciační 

analýzu arsenu ve vzorcích lidské moče. Dále byla ve stejné metodě testována možnost 

sušení plynné fáze od vodní páry z důvodu možného ucpávání kryogenní pasti či snížení 

vlivu vodní páry na stabilitu přístrojové základní linie. U nafionové sušicí trubice, která 

se dosud běžně používá v analytické atomové spektrometrii, byly pozorovány 

významné ztráty těkavých methylovaných arsanů. Takové chování může vést při 

stanovení metodami, které využívají techniku generování hydridů, k závažným chybám. 

Jako bezpečná alternativa se jeví sušení na bázi pevného hydroxidu sodného.  

Druhá část se detailně věnuje technice generování těkavých forem stříbra a zlata 

pomocí reakce s tetrahydroboratem. Velký důraz byl kladen především na identifikaci 

doposud neznámé formy analytu v plynné fázi. Experimenty s transmisní elektronovou 

mikroskopií a zevrubná studie aerosolu tvořeného generátorem dokazují tvorbu 

nanočástic kovů a jejich transport do atomizátoru proudem nosného plynu společně s 

kapénkami aerosolu. Pomocí radioaktivních indikátorů 111Ag a 198,199Au byl studován 

postup analytu generátorem a byly stanoveny účinnosti jednotlivých kroků procesu 

generování. Výsledky těchto experimentů byly následně využity k dalším cíleným 

změnám v uspořádání generátoru a atomizátoru pro dosažení co nejlepší účinnosti 

generování, a tím i limitu detekce.   

 



 8 

TABLE OF CONTENT 

 

ABSTRACT (EN) ........................................................................................................... 6 

ABSTRAKT (CZ)........................................................................................................... 7 

TABLE OF CONTENT ................................................................................................. 8 

LIST OF SYMBOLS AND ABBREVIATIONS.......................................................... 9 

1 INTRODUCTION AND OBJECTIVES .............................................................. 11 

2 GENERATION OF VOLATILE COMPOUNDS FOR ANALYTICAL 
ATOMIC SPECTROMETRY .................................................................................... 13 

2.1 Analytically Useful Volatile Compounds........................................................... 14 
2.2 Generation Techniques ....................................................................................... 15 

2.2.1 Hydride Generation ................................................................................... 15 
2.2.2 Chemical Vapor Generation of Transition Metals .................................... 16 
2.2.3 Other Techniques....................................................................................... 17 

2.3 Collection Methods............................................................................................. 18 
2.4 Atomization ........................................................................................................ 18 
2.5 Speciation Analysis of As Based on Hydride Generation .................................. 20 

2.5.1 Selective Hydride Generation....................................................................21 
2.5.2 Generation of Substituted Arsines and Cryotrapping................................ 23 

3 EXPERIMENTAL ................................................................................................. 24 

3.1 Instrumentation ................................................................................................... 24 
3.2 Generators........................................................................................................... 24 

3.2.1 Hydride Generator ..................................................................................... 25 
3.2.2 Generator for Ag and Au........................................................................... 26 

3.3 Atomizers............................................................................................................ 27 
3.4 Radiotracer Experiments .................................................................................... 28 

4 RESULTS AND DISCUSSION............................................................................. 30 

4.1 On-line Pre-reduction of Pentavalent Arsenicals by Thioglycolic Acid (Paper I)         
     ........................................................................................................................ 30 

4.2 Losses of Methylated Arsines on the Nafion Membrane Dryer (Paper II)......... 33 
4.3 Chemical Vapor Generation of Ag and Au – Method Optimization             

(Papers III–V) ..................................................................................................... 34 
4.4 Nature of Ag and Au Volatile Species (Papers III and V) ................................. 36 
4.5 Radiotracer Study of Generation Efficiency (Papers III–V) .............................. 37 
4.6 Analytical Performance and Application of Ag and Au Chemical Vapor 

Generation (Papers IV and V) ............................................................................ 39 

5 CONCLUDING REMARKS................................................................................. 42 

REFERENCES ............................................................................................................. 44 

ACKNOWLEDGEMENTS......................................................................................... 56 

APPENDICES (PAPERS I–V).................................................................................... 57 



 9 
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1 INTRODUCTION AND OBJECTIVES 

 

The presented dissertation thesis summarizes the results contained in five original 

research papers that were published in prestigious international scientific journals in the 

field of analytical chemistry and atomic spectrometry. It could be divided into two 

thematic parts – speciation analysis of arsenic based on hydride generation technique 

with collection in a cryogenic trap and generation of volatile species of transition metals 

by the reaction with tetrahydroborate. The entire thesis is believed to present important 

advances in the wide range of volatile compound generation technique. 

The introduction part briefly describes all volatile compounds useful for analytical 

atomic spectrometry. A special emphasis is placed on chemical vapor generation by 

means of the tetrahydroborate reaction for hydride forming elements, especially for 

arsenic, and for transition metals with detection in quartz tube atomizers by means of 

atomic absorption spectrometry. This description is focused mainly on the topics 

contained in the thesis but it does not go much into detail with respect to the presented 

introduction part included in the individual attached paper. In the experimental part, the 

employed instrumentation, generation systems, atomizers and radiotracer experiments 

are shortly described. Each section contained in the Results and Discussion part tries to 

comment on achieved results and refers to corresponding papers included as appendices. 

The general objectives of this thesis have been as follows: 

1) to develop a simple setup for on-line pre-reduction of pentavalent arsenicals 

coupled to a hydride generator and to apply it to oxidation state specific arsenic 

speciation analysis (Paper I), 

2) to test and compare membrane dryers and a sodium hydroxide dryer for their use 

in the same method with respect to losses of methylated arsines (Paper II), 

3) to evaluate the relevance of individual experimental parameters of chemical vapor 

generation of silver and gold species using atomization in a multiatomizer and 

atomic absorption spectrometry for sensitive detection (Papers III and V), 

4) to characterize the nature of silver and gold species in the gaseous phase (Papers 

III and V),  
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5) to track the analyte transfer in the course of chemical vapor generation of silver 

and gold including the determination of efficiencies in each individual process of 

generation by means of radioactive indicators (Papers III–V), 

6) to investigate and minimize transport losses of volatilized silver species (Paper 

IV). 
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2 GENERATION OF VOLATILE COMPOUNDS FOR 

ANALYTICAL ATOMIC SPECTROMETRY 

 

Volatile compound generation (VCG) has been established as a powerful sample 

introduction technique in analytical atomic spectrometry [1]. It is known as a beneficial 

alternative to nebulization techniques utilized for flames and plasma sources and to 

liquid sampling that is typical of a graphite furnace (GF) atomic absorption 

spectrometry (AAS) [2]. In comparison to these techniques that introduce liquid 

sample, VCG employs conversion of an analyte from a liquid sample to a volatile 

compound (VC) that is introduced to a detector in the gaseous phase. The generation 

step, performed in a generator, thus consists of these sequential processes: conversion 

of the analyte to the VC, release of the VC from the solution to the gaseous phase and 

transport of the released VC by a flow of a carrier gas to the detector [1].  

The most important parameter that affects the performance of the system is 

overall VCG efficiency (εVCG). In general, it is defined as the portion of the analyte 

introduced to the detector. Similarly, volatilization efficiency (εvol) is defined as the 

fraction of the volatilized analyte and transport efficiency (εtr) as the fraction of the 

volatilized analyte transported to the detector [3]:  

 

εVCG = εvol · εtr · (εcol)                                                  (1) 

 

If a collection step is included, the efficiency of collection (εcol) should be also 

considered. In this case, overall εcol can be expressed as follows:  

 

εcol = εtrap · εrev · εctr                                                    (2) 

 

where εtrap represents trapping efficiency, εrev revolatilization efficiency and εctr the 

efficiency of transport from the collection device to the atomizer.  

In principle, VCG can serve as the sample introduction technique for various 

analytical methods but it has attained the most extended use in AAS due to its 

simplicity and cheap instrumentation. It is also the only practical approach for the 
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analyte introduction in atomic fluorescence spectrometry (AFS). High efficiency of the 

analyte introduction is the reason for the popularity of hyphenation with the inductively 

coupled plasma (ICP), either in combination with atomic emission spectrometry (ICP-

AES) or more sensitive mass spectrometry (ICP-MS). Nevertheless, their use requires 

much more complicated and expensive apparatus compared to the AAS detectors [1]. 

The use of VCG offers much better detection power for all above-mentioned 

detection techniques, which is given by following aspects. Firstly, the analyte is 

separated from the sample matrix. Secondly, much higher introduction efficiency and εtr 

of the gaseous analyte to the detector can be achieved in comparison to nebulization 

techniques. Thirdly, the analyte collection and preconcentration from the gaseous phase 

is feasible. And finally, extremely mild atomization conditions can be used for the 

VCs [1]. Another great potential of VCG lies in the trace element speciation analysis 

(see Sec. 2.5).  

 

2.1 Analytically Useful Volatile Compounds  

At present the most popular VCs are hydrides of “classical“ hydride forming 

elements, i.e. As, Bi, Ge, In, Pb, Sb, Se, Sn, Te and Tl. Hydride generation (HG) using 

tetrahydroborate in acid medium is considered to be the most widespread and successful 

technique for conversion of those elements to their corresponding volatile hydrides [4]. 

Mercury is usually included in this list even though it is generated as cold vapor of Hg0. 

By some authors Zn is also believed to form a volatile hydride [5–7]. There are 

contradictory reports on the nature of the VCs of Cd [8]. While some prefer free atom 

vapors [9,10] (analogous to Hg cold vapors), the others suggest the formation of 

hydride again [6,11–13].  

Recently, the scope of VCG based on the tetrahydroborate reaction has been 

significantly expanded to the formation of volatile species of other transition elements:  

Ag, Au, Co, Cr, Fe, Ir, Mn, Mo, Ni, Os, Pd, Pt, Rh, Ru and Ti [14,15]. However, the 

real identity of those generated VCs has not been experimentally identified up to now 

(see Sec. 2.2.2).  

A quite important group of analytically useful VCs are alkyl derivatives of As, Cd, 

Cu, Ge, Hg, Pb, Se, Sn, Tl and Zn [16–22]. Generation of other VCs, such as carbonyls 

(Co, Fe, Ni, Se) [16,18,22–29], chelates (Al, Be, Bi, Cd, Co, Cr, Cu, Fe, Ga, Hg, Mn, 



 15 

Ni, Pb, Pd, Sb, Se, Ti, V, Zn) [4,16,22,30–33], oxides (Os, Re, Ru) [16,22,34–37], 

chlorides (As, Bi, Cd, Ge, Mo, Ni, Os, Pb, Pt, Ru, Sb, Se, Si, Sn, Tl, Zn) [16,22,38,39] 

and fluorides (Ge, Mo, Re, Si, U, V, W) [16,22,30,40,41] has also been described so far. 

Nevertheless, their practical analytical use is not so common at present.  

 

2.2 Generation Techniques 

The most usual way of analyte conversion to the analytically useful VCs uses 

chemical reaction. There is more than a century long history in Marsh [42] and Gutzeit 

tests [43] for toxic arsenic identification. These tests utilized a reaction of metallic Zn in 

sulfuric or hydrochloric acid with the analyte solution for generation of volatile arsine. 

However, the works published as late as the end of 1960s dealing with generation of 

cold Hg vapors [44,45] and Holak’s paper [46] are usually considered as the real 

introduction of VCG to the modern analytical spectrometry. These metal/acid reactions 

were abandoned [47] and chemical vapor generation (CVG)a by the tetrahydroborate 

reaction became by far the most common approach to VCG [17].  

 

2.2.1 Hydride Generation  

Thousands of research papers on HG by means of tetrahydroborate (NaBH4 or 

KBH4) in acid medium have been published since its first application [48,49], 

undoubtedly due to a high reaction yield within a broad range of reaction conditions and 

favorable reaction kinetics [4]. However, only limited efforts have been dedicated to 

mechanistic aspects of this reaction. The first mechanism of the tetrahydroborate 

reaction with the hydride forming elements was assumed to be nascent hydrogen 

mechanism [50]. It was based on the formation of nascent hydrogen during 

decomposition of tetrahydroborate in acid medium:  

 

BH4
–
 + 3H2O + H+  →  H3BO3 + 8H.                                         (3) 

Am+ + (m+n)H.  →  AHn + mH+                                            (4) 

                                                 
a The term of chemical vapor generation (CVG) specifies the general term of volatile compound 

generation (VCG) which does not take into consideration the means how the VCs are generated; CVG or 

hydride generation (HG) will be further used in the thesis as terms for VCG of transition metals and of 

hydride forming elements, respectively, by the tetrahydroborate reaction. 
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where m and n, respectively, is valency of the analyte A in the sample solution and in 

the corresponding hydride. Although this mechanism had been accepted for a long time, 

D´Ulivo and his coworkers ruled it out and postulated the hydrogen transfer theory  

[51–56]. It is based on the formation of analyte-borane complex intermediates through 

which the direct stepwise transfer of hydrogen atoms from boron to analyte atom takes 

place. In this way the original analyte is stepwise converted to individual hydridometal 

complexes and then to the final hydride.  

    

2.2.2 Chemical Vapor Generation of Transition Metals  

Since the first report on Cu generation in 1996 [57], successful CVG of Ag, Au, 

Co, Cr, Fe, Ir, Mn, Mo, Ni, Os, Pd, Pt, Rh, Ru, Ti and Zn by the tetrahydroborate 

reaction has already been reported [14,15]. In spite of some analytical applications to 

real samples, the situation is not as simple as in the case of HG [14,15]. The mechanism 

of generation is unclear and is apparently more complex than that for the formation of 

hydrides [51,58]. It is also difficult to model the reaction scheme with respect to yet 

unknown identity of a final product. Many hypotheses regarding the nature of those 

generated VCs in the gaseous phase have been suggested, such as formation of hydrides 

[6,8,59–62], nanoparticles [63,64] or hydridometal complexes [58], but none of them 

has been proven by the real experimental evidence yet.  

The crucial point of CVG is overall CVG efficiency (εCVG) that is typically poor 

in the case of unmodified tetrahydroborate reaction. εCVG can be significantly enhanced 

when CVG is performed in the presence of various reaction modifiers. The use of             

8-hydroxyquinoline [7,11,65,66], 1,10-phenantroline [7,66,67] and diethyldithio-

carbamate [60,61,64,68–71], the use of surfactants [5,63,66,72], the presence of other 

metals [7,11,65,66,72] or the most recently room temperature ionic liquids have been 

published in literature with remarkable enhancement of generation [64,73]. The positive 

influence of mixed reductant (addition of tetraethylborate to the tetrahydroborate 

solution) has also been reported for Au determination [71]. Nevertheless, even the best 

reliably determined values for εCVG appear to be only around 20% [3]. In comparison to 

HG, where all efficiencies (εHG, εvol, εtr) are usually close to 100% [1,4], the estimation 

of these values with respect to potential improvement in the CV generator is necessary. 
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The relatively low efficiencies are probably sources of low stability and reproducibility 

of signals [3]. Huge inconveniences are also caused by memory effects, which might be 

related to the fact that much analyte remains deposited inside the generator [3,15,74]. 

Therefore, the improvement in εCVG is an essential task before this technique approaches 

a stage of routine analysis. Further advances may lie in better experimental arrangement 

or in chemical modification of the tetrahydroborate reaction. Better understanding the 

processes and mechanisms and discovering yet unknown volatile metal species are also 

highly desired.  

 

2.2.3 Other Techniques 

Apart from VCG based on chemical reaction, there are two other approaches how 

to convert an analyte to the analytically useful VC. Electrochemical generation employs 

the electric current instead of a chemical reductant [13,75–78]. Hydrides and cold Hg 

vapors [79] are generated in the presence of acids of high purity in the electrolytic cell 

which consists of two compartments, anodic and cathodic spaces. They are usually 

separated by a semi-permeable membrane, which enables electrical contact but limits 

the diffusion of reaction products between those two compartments. While hydride is 

formed on the cathode together with molecular hydrogen, water is oxidized to oxygen 

on the anode. The main advantage of electrochemical generation lies in the absence of 

chemical reagent, so that the risk of contamination is substantially reduced and the limit 

of detection (LOD) can be enhanced accordingly [75,76].  

The latest approach is applied in photochemical generation technique [80]. In this 

case the VCs are generated using a low pressure mercury lamp as the source of UV 

radiation in the presence of low molecular weight organic acids [18]. The character of 

the generated VCs is dependent on the used acid. As an example, inorganic arsenite 

(iAs(III)) can be converted to yield arsine in the presence of formic acid, trimethylarsine 

in acetic acid, triethylarsine in propionic acid and tripropylarsine in butyric acid 

solutions [19]. Besides the hydride forming elements, some transition metals [22,27–29] 

and even iodine and sulfur [22,81,82] have been reported to form the useful VCs as 

well. 
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2.3 Collection Methods 

The important advantage of VCG is a possible collection and preconcentration of 

the VCs from the gaseous phase [1,4]. Collection methods can be divided according to 

the place where preconcentration is realized. It can be carried out in a special collection 

device or directly in the atomizer, i.e. in-situ collection. In the former case, the VCs are 

trapped until the evolution is completed and then they are transported to the atomizer all 

at once. The cryogenic collection is currently the most suitable for hydrides because 

they are relatively stable even at temperatures below their boiling points. The latter 

approach can be performed by means of the GF [83], a quartz tube atomizer (QTA)  

[84–88] and a tungsten coil [89–93]. In-situ trapping in the GF is the most popular way, 

which is practically feasible for both hydrides and even all the other VCs 

[23,25,26,67,69,70]. Since the sample volume can be, in principle, very high, analyte 

collection significantly enhances the procedure sensitivity (expressed as ratio of 

measured signal to concentration). Simultaneously, the collected VC is released and/or 

atomized in very short time so that very sharp peak signals can be measured. The 

collection methods thus allow to attack LODs typical of ultratrace analysis with the use 

of still inexpensive equipment. 

 

2.4 Atomization 

As for hydrides atomization, there are four groups of atomizers used in AAS: 

flames, on-line atomization in the GF, plasma sources and the QTA [1,94]. The third 

case is usually in AAS presented by dielectric barrier discharge (DBD) atomizer which 

is a miniature plasma operating at the atmospheric pressure [95]. With regard to its 

operation simplicity and possible miniaturization DBD seems to be very promising for 

portable instruments [96,97]. Since reports on flames (usually miniature diffusion 

flame) and on-line atomization in the GF appear nowadays very scarcely, atomization in 

the QTA remains the most common approach. This is mainly due to its excellent 

sensitivity, easy operation and cheap equipment. QTA is also suitable for the use with 

separation techniques for speciation analysis because it operates continuously [1,4]. In 

general, there are three types of the QTA: a flame in tube atomizer (FIT), an externally 

heated quartz tube atomizer (EHQTA) and a multiple microflame quartz tube atomizer 

(multiatomizer) [94].  
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The FIT is a quartz T-tube that consists of an inlet arm, an optical tube and a 

capillary for oxygen delivery ending near the T-junction. It does not require to be heated 

because a small flame burns at the end of this capillary.  

EHQTA is more popular and all the commercial systems are of this type. It does 

not contain the capillary for oxygen delivery but its optical tube is heated either by an 

acetylene-air flame or electrically. The optimal sensitivity is commonly reached within 

800–1000 °C. At the beginning of the hot zone of the EHQTA a cloud of H radicals is 

formed by the reaction of hydrogen evolved from the tetrahydroborate decomposition 

and oxygen that is usually present as a contaminant.  

Hydrides are atomized in both FIT and EHQTA by reactions with extremely 

energetic H radicals as shown for arsine: 

 

AsH3 + H.  →  AsH2 + H2                                               (5)  

AsH2 + H.  →  AsH + H2                                                (6)  

  AsH + H. → As + H2                                                    (7) 

 

There are two processes of removing free analyte atoms from the optical tube. 

Either they are carried from the optical tube by convection of a carrier gas or they decay 

by chemical reactions because the free atoms are very unstable outside the H radical 

cloud [1,4,94]. The serious disadvantages of the EHQTA are its poor resistance to 

atomization interferences and linearity of calibration graphs. These are due to the fact 

that the free analyte atoms can react with other present species in the optical tube after 

leaving the H radical cloud [1,4,94].  

In order to remove these drawbacks the multiatomizer was developed [98,99]. Its 

construction is different from the FIT and EHQTA because the heated multiatomizer 

horizontal tube consists of two concentric tubes and the wall of its inner tube is 

perforated by tiny holes (see Fig. 3a). The purpose of the cavity between the inner and 

outer tubes is to introduce air or oxygen through the holes into the optical tube. Clouds 

of H radicals are thus formed at the holes and fill much higher volume of the optical 

tube. As a result, the calibration curvature is eliminated and the resistance to 

interferences is about two orders of magnitude better than in the conventional 

QTA [99].  
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As in the case of CVG of transition metals, atomization of those volatile species 

has not been so widely investigated so that the exact atomization mechanism could be 

suggested. At the same time, before we started our investigations, there had been only 

few reports dealing with atomization in the QTA [6,11,60,70,71,74] because the 

detection was usually performed in ICP-AES(MS) instruments or by means of 

commercial available AFS instruments with the miniature diffusion flame.     

 

2.5 Speciation Analysis of As Based on Hydride Generation  

Element speciation analysis is defined as all analytical activities of identifying 

and/or measuring the quantities of one or more individual chemical species of the 

element in a sample. All chemical compounds can be regarded as distinct chemical 

species when they differ in isotopic composition, conformation, oxidation or electronic 

state, or in the nature of their complexed or covalently bound substituents [100].  

Arsenic is a ubiquitous element that is found in the environment in several 

chemical forms. Chronic exposure of humans to As from food and water is generally 

associated with cancer of skin and of other internal sites and with a further range of 

adverse health effects, including diseases of the peripheral vasculature and 

cardiovascular systems and dysfunctions of the endocrine, nervous and reproductive 

systems [101–104].  

In fact, inorganic As, i.e. arsenite (iAs(III)) and arsenate (iAs(V)), is a prevalent 

form of As that is extensively metabolized by humans and other animals, which yields 

methylated arsenicals. The metabolism consisting of reduction of pentavalent arsenicals 

and oxidative methylation of trivalent species can be summarized as follows [105–108]:  

 

AsVO4
3– + 2e–  →  AsIIIO3

3– + CH3
+  →  CH3AsVO3

2– + 2e–  →  CH3AsIIIO2
2– + CH3

+  →  

 iAs(V)                           iAs(III)                       MAs(V)                        MAs(III)  

→  (CH3)2AsVO2
– + 2e–  →  (CH3)2AsIIIO– + CH3

+  →  (CH3)3AsVO                (8)  

                     DMAs(V)                       DMAs(III)                                   TMAs(V)O  

 

All these species are considered as toxicologically important. Their toxicity 

differs significantly and is closely related to their oxidation state. Simultaneously due to 

their various mutagenic, teratogenic and carcinogenic effects they are required to be 
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determined separately, not as a sum, even at ultratrace levels [101–103,109]. On the 

other hand, there are other As species, such as arsenobetaine, arsenocholine, 

arsenosugars and others [110]. They can be found in sea organisms and they are 

generally considered to be nontoxic.  

Today, ICP-MS with high performance liquid chromatography (HPLC) as a 

powerful separation method for As species is a predominant method for As speciation 

since other detectors are insufficiently sensitive for most real samples. However, this 

solution cannot deal with a problem in determination of As species in biological 

samples where As species are bound to proteins including cell lysates [107]. This type 

of matrices requires extraction of protein bound to As species if they are separated by 

HPLC. There is also a risk that the original species distribution can be changed during 

separation on the column, which can arise during determination of very unstable species 

(MAs(III) and DMAs(III)) [108,110,111]. A relatively low cost and simplicity make the 

alternative approach of HG beneficial for the determination of all toxicologically 

important As species participating in Scheme 8. Fortunately, all these species are 

hydride active, i.e. they can be converted to their corresponding arsines [112–114]. 

In principle, there are three approaches to speciation analysis of As based on HG: 

selective HG, generation of substituted arsines with cryotrapping separation and post-

separation HG [1,4]. The first two options are treated in detail in following paragraphs. 

The third possibility involves separation of individual analyte species followed by HG 

and detection. HPLC is usually performed for separation [110]. In this case, HG indeed 

substantially increases sensitivity so that it can be coupled with less sensitive detectors 

than ICP-MS, however, it does not overcome the above-mentioned problems of HPLC 

separations. There is also a problem that post-separation HG can be used only for 

speciation analysis of hydride active species. This drawback can be solved by 

incorporating of an on-line decomposition step between the column and the hydride 

generator [110]. 

 

2.5.1 Selective Hydride Generation 

Using the method of selective HG the distinguishing between trivalent and 

pentavalent arsenicals is often based on pH specific efficiency of generation 

[106,107,112,113]. In strong acidic environment generation of arsine is carried out from 
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both trivalent and pentavalent arsenic forms. At higher pH only trivalent forms can be 

converted to arsines. However, the serious disadvantage of this simple approach lies in 

different sensitivities for trivalent and pentavalent forms [106,107,115]. It is probably 

caused by slow reaction kinetics of conversion of iAs(V) to arsine [1]. Instead of the 

choice of pH, the selective HG in the presence or absence of a pre-reductant overcomes 

the above-mentioned problem. Potassium iodide, usually in combination with ascorbic 

acid [110,116–119] or with very concentrated HCl [120], was originally used as the pre-

reductant of iAs(V). Nowadays, pre-reducing agents with –SH group, namely              

L-cysteine (L-cys), become more popular [115,121–127] owing to higher stability in 

comparison to KI. L-cys reduces pentavalent arsenicals to trivalent and reacts with 

trivalent arsenicals forming arsinothiolderivates [122,128–131]. It has also been 

suggested that L-cys enhances the HG performance by forming borane complexes with 

tetrahydroborate [55]. By means of L-cys treatment equal sensitivities are obtained for 

iAs(V), MAs(V) and DMAs(V) [115,126] but in a very narrow concentration range of 

HCl which seemed to be the source of potential errors during the determination 

[115,127]. This problem has been solved by the use of Tris-HCl buffer (at pH 6) that 

was found to be the suitable reaction medium enabling to yield 100% εHG for all hydride 

active As species [115]. One aliquot is pre-reduced by L-cys in order to determine the 

sum of trivalent and pentavalent arsenicals, another sample aliquot is not treated by          

L-cys and arsines solely from trivalent forms are generated from Tris-HCl medium. 

Concentration of pentavalent forms is thus calculated from the difference. Besides           

L-cys, thioglycolic acid (TGA) and other similar compounds with –SH group were 

tested as the pre-reducing agents [129] but only TGA acted well. For example, thiourea 

commonly used for pre-reduction of Se(VI) to Se(IV), does not reduce methylated 

species sufficiently.  

The replacement of time-consuming pre-reduction by a method with integrated 

pre-reduction step (on-line pre-reduction) is desirable for method automatization. On-

line pre-reduction can substantially simplify sample pretreatment, decrease a risk of 

accidental contamination and increase sample throughput. Since pre-reduction of 

iAs(V), MAs(V) and DMAs(V) by L-cys or KI is slow [115,129], the reactor must be 

heated to perform pre-reduction on-line by means of L-cys [131,132] or by KI with 

ascorbic acid [133]. However, this is not practical. Potential on-line pre-reduction by 
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means of TGA was suggested by Howard and Salou [129] for its short reaction times 

with pentavalent As species but its application has never been mentioned. 

 

2.5.2 Generation of Substituted Arsines and Cryotrapping 

Conversion of As species to their corresponding arsines by means of the 

tetrahydroborate reaction and coupling of HG to cryogenic trapping and gas 

chromatography (HG-CT) were used for the first time by Braman and Foreback [112] 

nearly 40 years ago. In the collection step, iAs(III, V) and methylated As forms are 

converted to arsine and methylated arsines that retained in the cryogenic trap cooled by 

liquid nitrogen. Separation is then simple because the collected arsines evolve 

sequentially in the course of heating of the trap thanks to significant differences in their 

boiling points [112–114,134]. The corresponding boiling points are –55,  2, 35.6 and 

70 °C in the sequence of arsine, methylarsine, dimethylarsine and trimethylarsine, 

respectively [112–114]. 

This technique offers following advantages. Firstly, minimal sample pretreatment 

is required so that the risk of changes with respect to the original distribution of analyte 

species can be minimized. Secondly, the analysis in complex biological matrices, such 

as cell lysates that cannot be separated on HPLC columns, can be carried out directly. 

Thirdly, the hydrides are evolved very fast from the trap. It means that much sharper 

signals are obtained in comparison to the post-separation HG where serious peak 

broadening cannot be avoided. And finally, the hydrides can be theoretically collected 

from whatever large volume of a sample, which can result in significant improvement in 

LODs. The sample volume is limited only by the capacity of the trap to handle water 

vapor and aerosol formed in the generator. The cryogenic collection has also 

disadvantage: the procedure is time-consuming and a considerable effort is 

needed [1,4]. On the other hand, it must be added that the time per one analysis does not 

exceed the time typical for HPLC separations. It is not common but the whole 

procedure can be automated as well [115,135]. 
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3 EXPERIMENTAL 

 

3.1 Instrumentation 

The measurements of the atomic absorption signal have been performed in all the 

papers included in this thesis by means of atomic absorption spectrometers PE 503 

(Perkin-Elmer, Bodenseewerk, Germany), AAnalyst 800 (Perkin-Elmer, Norwalk, 

Mass, USA) or Varian SpectrAA 30 (Varian, Mulgrave, Australia). Digitized signals 

were exported as ASCII files into Microcal™ Origin® 6.0 (Microcal Software, USA) or 

Microsoft® Excel 2000 (Microsoft Corporation, USA) for further processing. If not 

stated otherwise averages from at least 3 replicate measurements of peak areas have 

been evaluated. 

To reveal the identity of the volatile species of Ag and Au a transmission electron 

microscope (TEM) Philips CM100 (FEI, formerly Philips EO, The Netherlands) 

equipped with a slow-scan CCD camera MegaViewII (Olympus, formerly Soft Imaging 

Systems, GmbH, Germany) has been employed in Papers III–V. An energy dispersive 

X-ray spectroscopy (EDS) microanalysis of the samples has been performed in a Philips 

CM12/STEM electron microscope (FEI, formerly Philips EO, The Netherlands) 

equipped with EDAX DX4 X-ray analytical system (EDAX, AMETEK, Inc.).  

In Paper III, a scanning mobility particle sizer (SMPS; 3986L25, TSI, USA) has 

been used to determine number/charge size distributions of submicrometer particles 

produced by the generator. The SMPS consisted of an electrostatic classifier (3080, 

TSI) and ultrafine condensation particle counter (3025A, TSI). When aerosol particles 

have been recharged to Boltzmann charge equilibrium, the aerosol neutralizer (3077, 

TSI) with 85Kr ionizer has been utilized.  

 

3.2 Generators 

In general, two different generators for mixing the analyte solution with 

tetrahydroborate have been employed in the thesis. The manual system for oxidation 

state specific speciation analysis of toxicologically important arsenicals based on HG 

has been described in Paper I. In Paper II, automated version of such system has been 

employed [115]. In Papers III–V a special arrangement taken over from Matoušek and 
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co-workers [63,72,74] has been further developed for CVG of chosen transition metals 

(Ag ang Au). 

 

3.2.1 Hydride Generator  

The general scheme of the manual HG-CT-AAS system for speciation analysis of 

inorganic and methylated arsenicals is depicted in Fig. 1a. The sample solution in a 

carrier (deionized water (DIW)), the Tris-HCl buffer solution and tetrahydroborate have 

been mixed and propelled via a reaction coil to the plastic gas-liquid separator (GLS, 

volume 50 ml). The most important part of the manifold, a cryogenic trap, has consisted 

of a glass U-tube wrapped with a resistance wire for gradual heating and filled with 

chromatographic packing (Chromosorb WAW-DMCS 45/60, 15% OV-3, Supelco, 

Bellefonte, USA). During the collection stage the U-tube has been immersed in the 

liquid nitrogen. At the beginning of the volatilization stage a flask with liquid nitrogen 

has been manually removed and the heating of the resistance wire has been switched on. 

It has enabled to gradually release the individual methylated arsines by the flow of 

carrier gases – 75 ml min–1 of He and 15–20 ml min–1 of H2. When on-line pre-

reduction by TGA has been tested the system has been modified between the injection 

valve and the reaction coil as displayed in Fig. 1b,c in a way that additional channels for 

a pre-reductant solution and air (the formation of a segmented flow has improved 

mixing with the sample) as well as a the pre-reduction coil have been added.   

In Paper II, the automated system for selective HG-CT-AAS developed by 

Matoušek et al. [115] has been utilized. The difference from the system depicted in 

Fig. 1a is that the whole process of HG has been controlled by an AAnalyst computer 

software, allowing even to operate cooling of the U-tube by liquid nitrogen and its 

subsequent heating with precise time schedule. Furthermore, a Nafion membrane 

(copolymer of tetrafluoroethylene and perfluoro-3,6-dioxa-4-methyl-7-octenesulfonic 

acid) dryer or a sodium hydroxide dryer have been incorporated between the GLS and 

the cryogenic trap in order to test the possibility of removing water vapor from the 

gaseous phase. 
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Fig. 1a,b,c Experimental setups of the manual HG-CT-AAS; a) with off-line pre-

reduction, b,c) with on-line pre-reduction; PP1–4 – peristaltic pumps, 0.597 ml sample 

loop. (Reproduced from Paper I.) 

 

3.2.2 Generator for Ag and Au 

The scheme of the generator in a flow injection mode (FI) is displayed in Fig. 2. 

The core of the system is a special mixing manifold based on 3 concentric capillaries 

and the GLS. The innermost capillary (quartz, 0.25 mm i.d.) leads a carrier liquid 

(HNO3) with a sample plug and a reaction modifier (surfactant Triton X-100), the 

middle one (quartz, 0.53 mm i.d.) the reductant solution with Antifoam B solution and 

the outer one (PTFE, 1 mm i.d.) the carrier gas Ar – 50 ml min−1 in the case of Ag and 

240 ml min−1 in the case of Au if not stated otherwise. The capillaries end in 1mm 

distances and protrude inside the glass GLS (volume 3 ml). Therefore the mixing of the 

reagent solutions is carried out in a very small volume and the generator produces also a 

great amount of a spray. The precise draft of the mixing manifold is shown in Electronic 

supplementary information appended to Paper III. In order to eliminate H2 evolution 

inside the waste liquid tubing and thus to ensure a stable liquid level inside the GLS, a 

NaOH solution has served as a waste stabilizer and has been pumped to the waste outlet 
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of the GLS. The permanent modification of the generator by Pd solution [72] has been 

carried out in Papers III and IV to shorten preconditioning time. In Paper III, the GLS 

has been connected to the multiatomizer via a miniature double-pass glass spray 

chamber [63].  

 

 

Fig. 2 The scheme of the FI-CVG system for Ag and Au; 0.25 and 0.5 ml sample loops, 

respectively. (Reproduced from Paper V.) 

 

3.3 Atomizers 

Two types of the quartz multiatomizer that were developed in our 

laboratory [98,99] have been used throughout the thesis. 

In Papers I–III and V, the multiatomizer displayed in Fig. 3a has been employed. 

It has been utilized for atomization of arsines as well as of Ag and Au species formed 

by the tetrahydroborate reaction. 

In Paper IV, the elimination of pronounced transport losses has been tried out and 

the multiatomizer (similar to the model MM4 in Ref. [99]) with a modified inlet arm 

has been designed (Fig. 3b). The difference from the former model (Fig. 3a) is that the 

inlet arm has been let single-walled and that the outer gas (air) has been introduced to 

the cavity between the optical and the outer tube from the sides. The inlet arm (170 mm 

long, 2 mm i.d., 6 mm o.d.) has been prolonged and bent in order to connect it directly 
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to the GLS outlet. Furthermore, it has been wrapped with a resistance wire for constant 

heating to desired temperature.  

 

Fig. 3a,b Multiatomizers; a) typical shape [99], b) improved for better transport of Ag 

volatile species. (Reproduced from Paper IV.)   

 

If not stated otherwise all these atomizers have been heated electrically to 900 °C 

by an in-house made furnace controlled by a REX-C100 controller (Syscon, Indiana, 

USA) with a K-type thermocouple sensor (Omega Engineering, USA).  

In Paper V, when the measurements with the GF have been performed, the GF of 

Massmann type and the Varian SpectrAA 30 instrument equipped with a Zeeman 

background correction system have been used. 

 

3.4 Radiotracer Experiments 

Besides AAS measurements, radioactive indicators have been applied to study 

εCVG and εtr involved in the generator. The employed radioisotopes of high specific 

activities have been prepared by bombarding of target nuclides 110Pd and 197Au with a 

high flux of neutrons in a core of a research nuclear reactor (LVR-15 Nuclear Research 

Institute Řež plc, Czech Rep.). Their brief characteristics are summarized in Tab. 1. 
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Tab. 1 Characteristics of the used radiotracers  

Radioisotope T1/2 (days)a Eγ, window (keV)b Radionuclide production process 

111Ag 7.45 d 200 – 400 110Pd(n,γ)111Pd(β–)111Ag 

198Au, (199Au)c 2.70 d, (3.14 d) 211 – 477 197Au(n,γ)198Au(n,γ)199Au 

a half-life 
b range of energy measured 
c 199Au radionuclide has been generated in the nuclear reactor due to the high neutron flux and high value 

of the cross section of neutron capture (reaching 25 000 barns) of the primarily formed 198Au 

radionuclide. 

 
111Ag radionuclide has been isolated from target 110Pd and 192Ir, formed from 

iridium traces present in target material, chromatographically according to the detailed 

description in Paper III.  

The activity in the individual parts of the apparatus has been quantified using an 

automatic gamma radiation counter Minaxi 5000 (Packard) or Wizard 3 (Perkin Elmer) 

equipped with a scintillation NaI(Tl) well-type detector. The spatial distribution of the 

radiotracer has been investigated by an image plate autoradiography. The radiograms 

have been evaluated using a Fuji BAS 5000 laser scanner. 
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4 RESULTS AND DISCUSSION 

 

4.1 On-line Pre-reduction of Pentavalent Arsenicals by Thioglycolic 

Acid (Paper I) 

Paper I demonstrates the feasibility of the alternative pre-reducing agent, TGA, for 

determination of pentavalent inorganic, mono-, di- and trimethylated arsenicals in 

comparison to currently used L-cys [115]. It has been shown that 2% (m/v) L-cys can 

be substituted with 1% (m/v) TGA without any AAS response suppression when the 

samples are pre-reduced off-line, i.e. the pre-reductant added to each sample prior to 

analysis. Since TGA has been supposed to react much faster with pentavalent 

arsenicals [129] at ambient temperature a new setup for on-line pre-reduction by TGA 

has been proposed. The application of segmented flow by air bubbles for suppression of 

axial dispersion and better mixing with the analyte solution in the pre-reduction coil has 

been considered as the most suitable way. The sufficient volume of 2.4 ml of the pre-

reduction coil has been found to complete the pre-reduction process of iAs(V), MAs(V) 

and DMAs(V) with TGA. Approximate reaction time has been calculated from the 

volume of the pre-reduction coil and the flow rate of the reagents and it responds to time 

between mixing the analyte with TGA and with the tetrahydroborate solution (see 

Fig. 1c). Fig. 4 shows that at ambient temperature iAs(V) is fully reduced in about 45 s 

and complete pre-reduction of MAs(V) and DMAs(V) occurs in less than 120 s.  
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Fig. 4 Dependence of the AAS response on the pre-reduction coil volume; 1 – iAs(V), 

2 – MAs(V), 3 – DMAs(V); sample loop volume 0.597 ml, 2 ng ml−1 of As for each 

species. (Reproduced from Paper I.) 

 

The comparison of slopes of calibrations measured with on-line pre-reduction has 

showed good uniformity of sensitivities evaluated from peak areas for iAs(III), iAs(V), 

MAs(V) and DMAs(V) after on-line pre-reduction and even of sensitivities for iAs(III) 

and TMAs(V)O measured without pre-reduction. In particular, this is favorable for 

possible standardization on single species (e.g. iAs(III) or iAs(V) standard) for 

quantification of unstable trivalent methylated species which was proven elsewhere 

[115]. Since these species are hardly available they have not been tested in Paper I.  

Typical chromatograms of pentavalent species measured with on-line pre-

reduction and of iAs(III) and TMAs(V)O measured without pre-reduction are displayed 

in Fig. 5a,b.  
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Fig. 5a,b Typical chromatograms of As species; a) measured with on-line pre-

reduction, solid line – 2 ng ml−1 of iAs(V), MAs(V) and DMAs(V), dotted line – blank; 

b) measured without on-line pre-reduction, solid line – 2 ng ml−1 of iAs(III) and 

TMAs(V)O , dotted line – blank; 1 – iAs(V), 2 – MAs(V), 3 – DMAs(V), 4 – iAs(III), 

5 – TMAs(V)O, NS – non-specific signal; sample loop volume 0.597 ml.  
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The LODs (based on 3σblank
 criterion, sample volume 0.597 ml) for all methylated 

arsenicals have ranged between 30 and 50 pg ml−1. LODs for iAs(III) and iAs(V) have 

been worse, 100 and 135 pg ml−1, respectively, mainly due to iAs(III, V) content in the 

blanks and non-specific absorption (Fig. 5a). This non-specific signal could have been 

solved by the use of background correction that has not been available at our 

instrument. It has been proportional to TGA or L-cys consumption and attributed to 

hydrogen sulfide or other sulfur compound.  

In order to demonstrate the method application to human urine samples a recovery 

study has been performed. The recoveries of As species have been between 96 and 

105%, which verifies the possible use of water standards of single species for 

quantification of other toxicologically important arsenicals even in such complex 

matrix. 

 

4.2 Losses of Methylated Arsines on the Nafion Membrane Dryer 

(Paper II) 

The Nafion membrane dryer has been commonly used in analytical atomic 

spectrometry. It is an elegant way to remove water vapor and droplets from the gaseous 

stream and thus to avoid incidental blocking of the cryogenic trap by frozen water. The 

presence of water vapor can also cause fluctuations of signal baseline of AAS or AFS 

instruments. No problems have been reported with the Nafion membrane dryers over 

the years [136,137] and it also became a standard part of a commercial atomic 

fluorescence spectrometer [138]. However, in this technical note (Paper II) we have 

reported on the serious losses of volatile methylated arsines while passing this Nafion 

tube dryer. Two dryer tubes have been tested, both products of Perma Pure inc. (Toms 

River, NJ, USA): tube NM1 with a 305 mm long membrane tube of 2.18 mm i.d/2.74 

mm o.d. and tube NM2 with a 610 mm long membrane tube of 1.52 mm i.d/1.83 mm 

o.d. For comparison, a PTFE tube (tube TT) of the same inside dimensions as tube NM2 

has been tested as well. As it is seen in Fig. 6, there have been absolutely no losses of 

any species in the TT tube which rules out adsorption or condensation losses. In the 

dryers NM1 and NM2 losses of 19% and 66% of dimethylarsine have been observed, 

respectively. Trimethylarsine has been completely lost in both dryers. Impacts of such 
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behavior on the accuracy of the speciation analysis based on the HG approach have 

been discussed in Paper II. 
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Fig. 6 Relative responses of individual As species with the use of the individual dryers 

(related to signals with the GLS connected directly to the cryogenic trap); * – Not 

detectable. (Reproduced from Paper II.) 

 

The dryer with NaOH pellets as a water absorbent has been proposed as an 

alternative. It has been found safe for all arsines because the relative signals (related to 

signals without dryer) are all close to 100%. Moreover, non-specific signal, perhaps 

hydrogen sulfide partially interfering with iAs signal, has completely disappeared which 

should improve LOD for iAs(III, V) measured with L-cys or TGA notably.  

 

4.3 Chemical Vapor Generation of Ag and Au – Method Optimization 

(Papers III–V) 

At the beginning of Paper III, the previously optimized generation 

conditions [63,72] have been adapted for measurements with the quartz multiatomizer. 

The pH of the reaction mixture below 2 has been found necessary and it has been 

influenced mainly by an intake of HNO3 and KOH stabilizing the tetrahydroborate 
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solution. The beneficial effect of the addition of Antifoam B to the reductant solution 

and Triton X-100 as the modifiers has also been confirmed [63].  

As for atomization in the multiatomizer (Fig. 3a), linear increase of sensitivity 

with atomization temperature has been observed in the working range of the 

multiatomizer (750–950 °C), limited by thermal properties of quartz. There has been no 

significant influence of O2 (outer gas to the multiatomizer) up to 10 ml min−1 

(regardless if it is provided as pure O2 or air) while signal then has decreased when O2 

intake has been over the stoichiometric ratio with H2 (about 13 ml min–1 of O2 

corresponds to 26 ml min–1 of H2 evolved from the tetrahydroborate decomposition). On 

the basis of these findings the thermal mechanism of Ag atomization in the quartz 

multiatomizer has been presumed in contrast to H radical mechanism proven in 

atomization of classical hydrides [4,139,140]. 

The conditions found as optimal for generation of Ag has been taken as a base for 

generation of Au species in Paper V with following differences. In accordance with 

earlier reports [60,61,68–71] sodium diethyldithiocarbamate (DDTC) has been found a 

further generation enhancer when its concentration of 0.01% (m/v) in the sample has 

yielded three times higher signal than in the absence of DDTC. Secondly, the optimum 

carrier Ar flow rate has been 240 ml min–1, which is about 5 times higher in comparison 

to Ag study. Furthermore, the increase of Ar flow rate to 600 ml min–1 has reduced 

sensitivity only slightly. Thirdly, sharp signal maximum has been observed at 

atomization temperature of 900 °C instead of steady signal increase with rising 

temperature. Finally, the effect of outer O2 or air flow rate has been rather significant 

with evident optimum, 6 ml min–1 and 30 ml min–1, respectively. Since the suboptimum 

O2 supply has reflected in a pronounced decrease of the response, in contrast to Ag 

atomization, the different atomization mechanism has been preferred. 

A special attention is paid in Paper IV to transport of the Ag species in the gaseous 

phase to the atomizer. The possible reasons of transport losses under various conditions 

have been analyzed. Subsequently, the new multiatomizer design has been produced 

(Fig. 3b) in order to connect it directly to the GLS outlet and to keep the transport path 

as short as possible. The remarkable improvement and much better performance have 

been found when the multiatomizer inlet arm has been heated to 300 °C and when a 

small amount of O2 to the carrier gas Ar has been added. For comparison, the 
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sensitivity, reflecting εCVG, has increased approximately 3 times in comparison to the 

previous setup with the spray chamber employed in Paper III. The transport process has 

been thoroughly investigated by 111Ag radiotracer as well (see Sec. 4.5). 

 

4.4 Nature of Ag and Au Volatile Species (Papers III and V) 

In Paper III, some investigations have been carried out in order to identify yet 

unknown nature of the volatile Ag species formed by the tetrahydroborate reaction. The 

hypothesis that the species are actually metallic nanoparticles released with good 

efficiency to the gaseous phase [63] has been followed.  

It should be noted that the presented design of the generator, optimized for 

efficient CVG of Ag, has produced a far more aerosol than the typical hydride 

generator [63]. The generated aerosol, under unchanging concentration of dissolved 

ionic species and physical parameters, is nearly monodisperse and acquires 

characteristic charge [141]. The presence of particles different in charge and size from 

the main mode generated by simple liquid disintegration, allows identification of other 

particle-forming processes that take place during CVG. On the basis of this fact the 

number/charge size distributions of the generated aerosol have been measured by the 

SMPS. The difference of distributions between blanks and Ag standards has revealed 

that the increase in the aerosol charge is proportional to Ag concentration at particles of 

about 40 nm in diameter when the distributions are measured at the original charge. 

This has indicated that those 40 nm particles had been formed by additional process, 

other than by simple liquid disintegration. When the particle counter has been 

substituted by the atomic absorption detector the maximum of Ag has been present in 

40–45 nm size range again at its original charge and at about 150 nm when the aerosol 

charge has been changed to equilibrium, i.e. the main aerosol size mode produced in the 

generator. 

In order to test an assumption that Ag and Au are volatilized in the form of 

nanoparticles and transported along with the aerosol, in Papers III and V the presumed 

particles have been collected on the glow discharge activated carbon/formvar coated 

copper grids [142] at the GLS outlet. The grids have been then investigated in the TEM. 

As it is depicted in Fig. 7a,b the spherical particles of around 10 nm in size have been 

identified and they have been mainly associated in isolated clusters of a few to a few 
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tens of particles. The Ag particles and clusters have been even stable after passing 

through the heated inlet arm to 300 °C and no change in their structure has been 

observed as shortly described in Paper IV. The Ag and Au atoms in those particles have 

been clearly identified with the help of EDS analysis but it has remained uncertain if the 

nanoparticles material has also contained light elements such as H, B, N or O. 

Both investigations have thus proven that the analyte in the gaseous phase is 

apparently in the form of nanoparticles associated with the aerosol and transported by 

the carrier gas to some extent to the detector.  

 

 

Fig. 7a,b TEM images of generated particles sampled at the GLS outlet onto the carbon 

coated/formvar Cu grids; a) Ag (scale bar = 100 nm), b) Au (scale bar = 200 nm). 

 

4.5 Radiotracer Study of Generation Efficiency (Papers III–V) 

A choice of approaches to estimate εCVG, εvol and εtr is limited [3]. The use of a 

radioactive indicator is the most trustworthy and effective approach to efficiency studies 

because it enables not only quantification of efficiencies in each individual process of 

generation but even visualization of analyte spatial distribution in the apparatus by 

autoradiography.  

εCVG of Ag and the distribution of the analyte within the system have been studied 

using 111Ag indicator in Paper III. The radioactive analyte found in the waste liquid and 

deposited within the system has been assessed as 40.5% and 36.7%, respectively. The 

fraction found in the trapping device situated in place of the multiatomizer, 

corresponding to εCVG, has been 8.1%. Another 15.3% has been found deposited in the 

conduits leading the gaseous phase. This translates into εvol of 23.4% and εtr of only 
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35% since the pronounced loss of the volatilized analyte has been observed mainly in 

the spray chamber. 

In Paper IV, these data have resulted in modification of the multiatomizer design 

(Fig. 3b) so that the gaseous phase with Ag species would be effectively transferred to 

the optical tube. The radiotracer study has not been focused only on the assessment of 

εCVG but above all on transport at various temperatures. As it is seen in the 

autoradiogram in Fig. 8a the analyte losses at ambient temperature have been mainly at 

the beginning of the inlet arm, which has been caused by settling of aerosol droplets 

immediately after leaving the GLS. At 700 °C (Fig. 8c) the losses have been probably 

due to decomposition of Ag particles and atomization already in the inlet arm. There 

have been no pronounced losses observed along the whole quartz arm in Fig. 8b when 

the inlet arm has been heated to 300 °C.  

 

 

Fig. 8a,b,c Autoradiograms of the inlet arms heated to various temperatures after 

3 replicates with 111Ag; a) 25 °C, b) 300 °C, c) 700 °C; exposition time 60 min, arrows 

indicate the gas flow direction. (Reproduced from Paper IV.) 
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Subsequently, transport losses have been assessed by measuring the activities in 

the leachates of those inlet arms. They have been calculated as 24.4%, 4.4% and 78.6% 

for 25 °C, 300 °C and 700 °C, respectively. These numbers clearly demonstrate 

superiority of 300 °C in the inlet arm over the other temperatures for efficient transport. 

For this optimal value of temperature εCVG has been determined as 32.5%.  

In the 198,(199)Au radiotracer experiments of Paper V, εCVG of 11.9% and εtr of 

around 92% via a short PTFE and quartz tube to the multiatomizer optical tube have 

been assessed at the optimized carrier gas flow rate – 240 ml min–1. The remaining 

88.1% of the analyte has been deposited all over the generator or in the waste again. 

Further results have also indicated that the release of Au to the gaseous phase can be 

even doubled when Ar purge flow rate is increased to 600 ml min–1. With regard to still 

small transport losses, apparently by virtue of high Ar flow rates, the present 

multiatomizer (Fig. 3a) could be used for Au atomization without making any changes 

in its design. However, atomization of Au species in the multiatomizer is not an ideal 

approach to Au determination because Ar flow rate compatible with a maximum εCVG is 

too high for the optimal atomizer performance.  

 

4.6 Analytical Performance and Application of Ag and Au Chemical 

Vapor Generation (Papers IV and V) 

In general, applications of CVG of transition metals have been seldom reported in 

literature. Paper IV tries to present improved method of Ag CVG with atomization in 

the modified quartz multiatomizer as quite suitable for water analysis. The LOD 

(3σblank, sample volume 0.25 ml) has been assessed as 1.0 ng ml–1. As an illustration, the 

typical shape of the measured FI signals is shown in Fig. 9. 
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Fig. 9 Comparison of FI signals at different Ag concentration; 1 – 0 ng ml–1, 2 –

 5 ng ml–1, 3 – 10 ng ml–1, 4 – 20 ng ml–1, 5 – 50 ng ml–1; sample loop volume 0.25 ml. 

(Reproduced from Paper IV.) 

  

The interference study has been performed when the Ag response of 50 ng ml–1 

has been measured in the presence of two typical hydride-forming elements (As and Se) 

and other transition metal ions (Cu, Co, Ni and Au). No significant suppression has 

been observed up to interferent concentration of 10 µg ml–1 with the exception of Au 

causing 18% signal depression already at 0.5 µg ml–1 level. In order to look into the 

mechanism of such interference, TEM has been employed for the mapping of supposed 

changes in the structure of generated Ag particles. The Au presence or Au mass itself 

has significantly altered the morphology of the particles and the signs of coalescence 

have been evident already at Au concentration of 0.5 µg ml–1. However, it has not been 

specified which individual step of the CVG process is attenuated by the Au presence. 

The developed method has been also evaluated by analyzing two proficiency-testing 

samples of drinking water with satisfactory conformity of results. 

The analytical performance for Au determination has been rather poor in 

Paper V compared to conventional determination of Au by liquid sampling to the GF 

(1.5 ng ml–1 for sample volume of 15 µl). Under optimized conditions the reached LOD 
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(3σblank, sample volume 0.5 ml) for atomization in the multiatomizer has been               

28 ng ml–1. This inferior analytical performance has been given most likely by the high 

Ar carrier flow rate that has not been compatible with the best multiatomizer 

performance due to serious dilution inside the atomizer. In order to decrease the LOD, 

in-situ trapping of the generated Au species in the GF has been widely investigated in 

Paper V. Nevertheless, even in the optimized method the LOD for in-situ trapping in the 

GF has been still worse (6.4 ng ml–1 for sample volume of 0.5 ml) owing to only 14% 

εtrap compared to conventional liquid sampling to the GF.  

It must be noted that the atomization process of Au will be the subject of our 

further investigation. Simultaneously, promising high εCVG (see Sec. 4.5) suggests 

hyphenating of the Au CVG technique with other detectors (ICP-MS or AFS) that are 

better suited for such high carrier gas flow rates. 
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5 CONCLUDING REMARKS 

 

The entire thesis is devoted to the method of VCG using the tetrahydroborate 

reaction. It represents significant and previously unpublished contributions to 

understand the processes in VCG for analytical atomic spectrometry. All five papers 

included in this thesis have been published in the prestigious international scientific 

journals. The results were also presented at both national and international conferences 

in the form of poster contributions or lectures (9 posters and 7 lectures) and three 

posters were awarded the best poster prize. All the objectives listed in the Introduction 

section have been successfully fulfilled and the main outputs can be thus summarized as 

follows: 

1) The setup for on-line pre-reduction of pentavalent inorganic, mono- and 

dimethylated As species using TGA as the fast pre-reductant has been developed. 

All the pentavalent species are completely reduced in the pre-reduction coil within 

2 min. This unique way of pre-reduction is to our best knowledge the first method 

to perform on-line pre-reduction without the need of impractical heating of the 

reactor. It is better suited for the analysis of various samples that would require 

under normal circumstances time-consuming and laborsome pretreatment of each 

individual sample. The pre-reduction step is now predestined to be implemented to 

our fully automated HG-CT-AAS system for oxidation state specific As speciation 

[115]. Another prospective application of presented on-line pre-reduction could be 

in As speciation analysis methods employing post-separation HG approach where 

high and uniform generation efficiency for all forms would be highly desirable. 

2) Pronounced losses of methylated species have been discovered on the Nafion tube 

dryer currently used in analytical atomic spectrometry. Such behavior can lead to 

serious errors in determination by the methods where HG step is involved. The 

sodium hydroxide dryer has been suggested as a possible and safe alternative. 

3) In the method of CVG of Ag and Au the individual parameters of generation (e.g. 

optimum pH of the reaction mixture, the presence of reaction modifiers) and the 

parameters of atomization (e.g. multiatomizer temperature, influence of the carrier 

gas and oxygen) have been optimized with regard to the best εCVG obtained. 
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4) Ag and Au species released to the gaseous phase by tetrahydroborate reaction 

have been experimentally identified. The TEM and EDS experiments of collected 

species from the gaseous phase as well as the detailed study of aerosol 

number/charge size distribution have proven the formation of nanoparticles that 

are transported by the carrier gas to the atomizer along with aerosol droplets. In 

particular, these results of the thesis are believed to be the most important because 

the character of those (volatile) species has been only hypothesized in literature 

but never experimentally proven so far. These findings can help to explain yet 

unclear mechanism of generation of transition metals.  

5) The transfer of Ag and Au within the generator has been investigated using 111Ag 

and 198,(199)Au radioindicators and efficiencies in each individual process of 

generation (εCVG, εvol, εtr) have been directly determined. These radiotracer studies 

are extremely important regarding the potential improvement in the generator and 

atomizer design or for connection with the other detection techniques.  

6) Based on knowledge of 111Ag radiotracer experiments the multiatomizer has been 

modified in order to minimize transport losses of volatile Ag species and to 

increase εCVG substantially. The feasibility of such design has been proven by both 

AAS and further radiotracer investigations. From the practical point of view the 

method of Ag CVG has been verified for measurements of real water samples 

with satisfactory results. 
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