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Summary

Optical emission spectrometry with microwave induceé plasmas in structures based on
microstrip technology for the determination of Hg,As, Sb, CI, Br and S with the aid of

cold vapour generation techniques

Andrés Israel Humberto Jiménez Zapata
University of Hamburg, Dissertation
144 P., 213 Ref., 47 Fig., 11 Tab.

The use of two types of microstrip plasmas (MSBjdea and exiting the sapphire wafer with
Ar and He as working gases at a forward power o¥\fbr the determination of metals and
non-metals, such as Hg, As, Sh, CIl, Br, S and @hair volatile form using cold vapour
generation techniques with SaGs reducing agent, chemical and electrochemicdfidhsy
generation as well as redox reactions coupled ticapgemission spectrometry is investigated
in the present work. The vapour generation systermase determined with a univariant
procedure for the different parameters such asiliziag reagent substances, reagent
concentrations as well as reagent and gas flow fatean efficient production and separation
of the volatile analyte species to be introduced the MSP source. The use of a miniaturized
spectrometer (USB2000 Ocean Optics) is shown tadvantageous due to the affordance of
the systems developed for micrototal analysis syst¢u-TAS), to portability, to lower
working costs, to less use of reagents and tacfasnical analyses. Studies for the removal of
the water vapours were performed. The use of a fide#d with H,SO, was found to be the
most reliable way to separate the analyte from rtfuesture due to its long-term life ad

effectiveness.

In the first part of the work, a comparison of éatton temperatures and electron number
densities for the case of He and Ar as working gj@s&l plasmas sustained fully inside the
sapphire wafer is done when introducing Hg vapoerserated with Snghs reducing agent.
At a maximal forward power of 40 W, an Ar plasmasviaund to be the most appropriate for
the determination of Hg with the cold vapour tecjus. Further investigations of an Ar-MSP
sustained inside the wafer for the determinationAsf and Sb using chemical hydride
generation were performed. The by-products of #aetion and especially the excess of H

influence the plasma features and lead to a de&ioo of figures of merit like the limits of



detection. They are 18 and 31 ng'nidr As and Sb, respectively, when the plasma ¢osita
28 % of H.

In the second part of the work, a comparison of wiberent cold vapour generation
techniques for the determination of Hg using an M&#ng the wafer is investigated. An Ar-
MSP exiting the wafer overcomes the geometry litiates of a plasma sustained inside the
wafer and shows a higher resistance 1¢+50 %) as compared to the plasma sustained inside
the wafer. The performance with Sp@k reducing agent is better than when using NaBH
Indeed the limit of detection found for an MSP austd inside the wafer for the case of Hg is
12 times lower when using SnCDue to its low amount of by-products, the eledtemical
hydride generation with a miniaturized cell usindlafion cation exchange membrane, a Pt
rod as anode and a carbon fiber bundle as catloydiad determination of As and Sb was
found to be better than chemical hydride generdtoihe case of an MSP exiting the wafer.
The electrochemical hydride generation further vedlat to reduce the use of expensive
reagents as NaBfiwhich also can be a source of contamination affié@rsfrom long term-
stability problems. The figures of merit of the @techemical hydride generation are better
than those of the chemical hydride generation bédrtunately it presents disadvantages such

as an irreversible pollution of the electrodes.

In the last part of the work, the determinatiornoh-metals such as Cl, Br, S and C with a
He-MSP was investigated. For the determination of &hd Br, KMnO, was used as
oxidizing agent. The redox reaction is realizetiigh acidic conditions using430,. For CI
and Br different acid conditions were found to be optimurhey are higher for an efficient
generation of Brthan in the case of the oxidation of,@Vhich is due to the fact that Bis
heavier and less volatile than,Clt was also found necessary to use a slightlizdrigas flow
rate to transport the Bthan in the case of €lFor the determination of’S the sample
solution can be mixed with HCI so as to generai®.Vhen introducing a solution of GO
molecular bands appear which stem from the sp&i&sCO,, N," and CN. The limits of

detection for C are lower than those found whengigas chromatography.

The effects of NaCl concentrations similar to thasesea water for the Hg cold vapour
generation technique were studied as well. Forditermination of As and Sb using the
chemical hydride generation, the effects of tramsitmetals and volatile-hydride forming

elements were studied. No especial trend couldbed. For the case of the determination of



As and Sb using the electrochemical hydride geiweraechnique, the effects of transition
metals were found to be lower than those of vadtydride-forming elements. The effects
caused by a series of anions in the determinafi@l @and Br were discussed as well.

To verify the accuracy of the procedures developishdard reference materials such as
sewage sludge (NIST SRM 1633a and 2781) subsedqoesample dissolution, and water
samples (drinking, river and lake water)were aredyzlhe results were found to be in good
agreement with the certified values. Finally, thegedures developed were used for the
determination of the elements mentioned in waterpdes collected from different points of

Hamburg, as well as in industrial process watedsssmwage sludge.



Zusammenfassung

Optische Emissionspektrometrie mit mikrowelleninduzerten Plasmen in
mikrostrukturierten Systemen fir die Bestimmung vonHg, As, Sb, Cl, Br and S nach

ihrer Uberfiihrung in fliichtige Verbindungen

Andrés Israel Humberto Jiménez Zapata
Universitdt Hamburg, Dissertation
144 S., 213 Ref., 47 Abb., 11 Tab.

Im Rahmen dieser Arbeit wurden zwei Arten von Msirp-Plasmas (MSP) als
Strahlungsquellen fur die optische emissionsspeid¢toe (OES) untersucht, die innerhalb
und am Ausgang eines Saphirwafers mit Ar und He daldgergas und einer
Mikrowellenleistung von 40 W betrieben wurden. $erden zur Bestimmung von Metallen
und Nichtmetallen, wie Hg, As, Sb, CI, Br, S undirCihren flichtigen Verbindungen
verwendet, die mittels Kaltdampftechnik mit SpGils chemischem Reduktionsmittel,
chemischer und elektrochemischer Hydriderzeuguogjesdurch Redoxreaktionen erzeugt

wurden,.

Die univariate Kaltdampftechnik hinsichtlich untelgedlicher Betriebsparameter, wie
Reagenzkonzentrationen, Reagenzien und Arbeitsgasflir eine effiziente Produktion und
Abtrennung des Analyten in der Gasphase und des M&Pvorgestellt. Der Gebrauch des
Minispektrometers USB2000 Ocean Optics ist vortdtlin Bezug auf die Mobilitdt des
Systems, geringere Arbeitskosten und geringerengéteaenverbrauch, sowie schnellere
chemische Analysen. Zur Trocknung des mit Analyatdenen Tragergases erwies sich die
Verwendung eines mit konzentriertepF0, geflllten Gefalles zur Trennung des Analyten

von der Feuchtigkeit aufgrund der langen Lebensdade® Systems als zuverlassig.

In dem ersten Teil der Arbeit wurden die Anreguaggteraturen und die
Elektronenanzahldichten in einem MSP innerhalb 8aphirwafers bei He und Ar als
Arbeitsgasen bestimmt. Es wurde Hg eingeleitet, dasch Einsatz von Snglals
Reduktionsmittel erzeugt wurde. Ein Ar Plasma niitee Mikrowellenleistung von 40 W
stellte sich fur die Bestimmung von Hg(l)-Verbindm mit der Kaltdampftechnik als
optimal heraus. Bei weiteren Untersuchungen deMBR innerhalb des Wafers im Falle des



durch chemische Hybriderzeugung ins Plasma eingbtaa As und Sb wurde festgestellt,
dass der erzeugte:idie Stabilitdt des Plasmas beeintrachtigen kainAs und Sb liegen die
Nachweisgrenzen bei jeweils 18 und 31 ng.ml

Im zweiten Teil der Arbeit wurde ein Vergleich zel®en 2zwei verschiedenen
Kaltdampftechniken zur Bestimmung von Hg im Faliees MSP, das aus dem Wafer
austritt, durchgefthrt. Ein solches Ar-MSP hat imr§leich zu einem Plasma im Waferkanal
keine geometrische Einschrankungen, und weist leihere Resistenz gegen 50 %) auf.
Der Einsatz von Snglals Reduktionsmittel ist besser als der Einsatm ¥aBH,. Die
Nachweisgrenze, die bei einem MSP im Waferkanalrgggn wurde, ist fur Hg 12 mal
niedriger, wenn SnGlverwendet wird. Aufgrund der niedrigen Mengen ap ist die
elektrochemische Hydriderzeugung mit einer miniaterten Elektrolysezelle bei der
Verwendung einer Nafion Membran, eines Pt-StabsAalede und eines Bindels aus
Kohlenstofffasern als Kathode fur die Bestimmung V&s und Sb besser geeignet als die
chemische Hydriderzeugung. Aul3erdem braucht di&trelthemische Hydriderzeugung
keine teuere Reagenzien wie NaBias Ubrigens auch eine Quelle von Blindwertermmst
eine geringe Warmebestandigkeit aufweist. Die QGiitem der elektrochemischen
Hydriderzeugung sind besser als die der chemis¢éhahiiderzeugung, aber leider gibt es
auch Nachteile, wie beispielsweise eine irreveeskintaminierung der Elektroden.

Im letzten Teil der Arbeit wurde die Bestimmung Wdithtmetallen wie CI, Br, S und C mit
einem He-MSP untersucht. Zur Bestimmung von ©Ghd Bf wurde KMnQ als
Oxidationsmittel verwendet. Die Redoxreaktion wuthiger stark sauren Bedingungen unter
der Verwendung von 50, durchgefihrt. Es wurde festgestellt, daf3 bei @id Br die
optimalen Konzentrationen von KMnQund HSO, unterschiedlich sind. Die optimale
Saurekonzentration fur eine effiziente Erzeuguran Br, ist hdher als fur die Oxidation von
CI'. Dies liegt daran, dass Bschwerer und weniger flichtig als,@t. Zur Bestimmung von
S* kann die Probenlésung mit HCI gemischt werderdass HS erzeugt wird. Beim Einsatz
einer CQ* Loésung treten Molekiilbanden auf, die aufgrund Sieezies ¢, CO,, N,* und
CN entstehen. Die Nachweisgrenzen fiur C sind rgedrals die bei der Verwendung der

Gaschromatographie gefundenen Nachweisgrenzen.

Auch der Einfluss von NaCl in konzentrationen, wie in Meerwasser auftreten, wurde fur

die Hg Kaltdampftechnik untersucht. Bei der cheimést Hydriderzeugung wurden fir die



Bestimmung von As und Sb die Einfliisse von Ubergaregallen und der Hydridbildenden
Elemente untersucht. Es konnte keinen besondemndTherausgefunden werden. Bei der
Bestimmung von As und Sb mit Hilfe der elektrocherhen Hydriderzeugung waren die
Einfluisse der Ubergangsmetalle niedriger als diefl&se der Elemente, die fliichtige
Hydride bilden. Bei der Bestimmung von Qind Bf wurden die Einflisse von Anionen

ebenfalls untersucht.

Zur  Uberprifung der Richtigkeit der  entwickelten riéaren  wurden

Standardreferenzmaterialen analysiert. Die Ergsbrsimmten mit den zertifizierten Werten
gut Uberein, wie es fur den Fall eines KlarschlanfRiST SRM 1633a and 2781) und einer
Wasserprobe (Trink-, FluB- und Seewasser) gezeigtdev AbschlieBend wurden die
entwickelten Verfahren fur die Bestimmung der emt&éh Elemente in an verschiedenen
Orten Hamburgs gesammelten Wasserproben, sowiéndiiistrielle Prozessgewdasser und

Schlammproben nach Aufschluld eingesetzt.
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Introduction 1

A. Introduction

In plasma spectrometry the use of different eleldl®ss microdischarges and discharges
operated with electrodes, comprising the microwadeiced microstrip plasma, the
capacitively coupled microplasma, the direct currgiow discharge microplasma, the
stabilized capacitive plasma and the microfabratateluctively coupled plasma have been
found useful for the determination of different bes in the gaseous phase.

The present work deals with a contribution on tee af microwave plasma focusing on two
types of miniaturized plasma in wafers and micipstechnology (MSP). Here, the plasma
once is fully sustained inside the wafer and in thieer case it exits the wafer and the
discharges are coupled to different types of vielapecies generation for the determination

of Hg, As, Shb, Cl, Br and S, respectively.

Optical emission spectrometry (OES) is a well-knamalytical principle for the quantitative

determination of the elements. For purposes ofatunization of the whole analytical system,
a USB2000 spectrometer of a small size equippeld aiCCD-array detector is used. This
miniature fiber optic spectrometer is plugged inbe USB port of a PC and used for
recording the spectra of the MSP, which elimin#itesneed of using external A/D converters.

In the last years, great progress in the instruatiemt for atomic emission spectrometry was
made. Innovations took place with respect to thession sources, the spectrometric systems
and the detector technologies. A growing intereshoticed in the miniaturization of the
plasma discharge devices used for atomic spectmuche analysis including their use as
chromatographic detectors. Miniaturized plasma sircould also be used for the
determination of the elements capable of formingouwas or volatile species through
chemical vapour generation reactions performedlati®n, however, in this field much less

research has been performed.

The analytical features of a microwave-induced mpsustained inside the wafer based on
microstrip technology have been demonstrated by déermination of Hg in aqueous
solutions through the cold vapour generation tegpmiusing SnGlas reductand. Hence,
investigations on the coupling of novel small-scafel chip-based analytical microplasma

sources with different sample introduction techegjienabling an efficient loading of the
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plasma with the volatile species of the elementerpio their excitation and subsequent
detection by atomic emission spectrometry or mpestsometry are of special importance for
the development of miniaturized and portable measant instrumentation. The influence of
the low residence time of the analytes in the plasirannel of the microdischarges as well as
the relatively low excitation temperatures in theserces in comparison with other plasma
sources, however, must be investigated in detailadd He plasmas, based on microstrip
technology and combined on-line with continuousla@pour generation were studied for the
determination of Hg. For both Ar and He plasmaspted with the CV technique, the effect
of the forward power and the gas flow rate on thatation temperature (Ar I, He 1) and the
electron number density was investigated. Furttneir influence on the relative intensity of
the Hg 253.6 nm line and the signal-to-backgrowattb r(SBR) for that line was studied. It
was also found that the MSP could tolerate theedtproduced with the volatile hydrides in
chemical hydride generation CHG at well selecteaddmns. Accordingly, a direct coupling
of continuous flow-hydride generation (CF-HG) toetiMIP under the use of different
introduction samples systems has been realizedavipecial membrane-based separation of
H, and water vapour, concentrategS3@, tanks, or water cooled condensers for a desiatatio
of the water vapour before entering the gases thw radiation sources. With all the
techniques studied it has been found that thedottion of H and water vapour into the MIP
is critical for the MIP discharge and the analytiogures of merit of HG-MIP-OES. With the
different types of the sample introduction systersed for CF-HG and microwave structures
such as surfatrons, the Beenakker cavity and mavevwplasma torches, the high amounts of
H, originating from the reaction, which sometimesstdnte up to 30 % of the working gas,
made it necessary to operate the discharges atploigyer input. Despite this experience the
coupling of continuous flow-chemical hydride genena (CF-CHG) performed in a small
volume HG system to an MSP with a plasma sustaim&de was found to be possible. The
experimental conditions for the HG and the MSP uest were investigated in detail. The
analytical performance of the CF-HG-MSP-OES procedavas optimized for As and Sb.

An MSP in which the microstrip was located neaithte open end of the gas channel was
found to enable the plasma to exit from the waltsranalytical application in combination
with gaseous analyte species generation is descrieliminary experiments showed that
this MSP exiting from the wafer can be coupledhte ¢themical Hg CV generation technique
even when NaBklis used as reductant and an excess pfsHproduced. Although both

NaBH, and SnCGl can be used for the reduction of Hg(ll) in acidadutions to its volatile
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elemental form, NaBHlis very often preferred over SpGs the reduction of both inorganic
and organic Hg is more effective and faster. Tlueeefit has been decided to compare the
analytical performance of the MSP exiting from tiafer for the determination of Hg by the

CV generation technique when both Spn&id NaBH are used as reductants in detail.

To minimize the CF-CHG disadvantages, the readtias to be carried out under carefully
optimized conditions regarding the NaBebncentration and the flow rates of a sample and a
reducing agent, as they determine the amount,grblduced in the HG reaction. Instead of
using CHG with NaBH as a reducing agent for the formation of hydriddsctrochemical
hydride generation (ECHG) performed in an elecBislycell can also be used as an
alternative. As it has been shown, that such amoagp usually allows a better analytical
performance in the case of the MIP, mostly becaidise higher achievable plasma stability
due to reduced volumes of co-generatedcdmpared with CHG. Both techniques were

compared with respect to their figures of merit.

As a further topic of the work the microwave inddgagasma (MIP) operated with He at
atmospheric pressure was found to be of a particgitmificance for the optical emission
spectrometric (OES) determination of the halogem$ @ther non-metals. In this study, an
atmospheric pressure He MSP exiting from the was coupled to CF chemical generation
of Br,, Cl, and BHS and their determination investigated by OES. i@giticonditions for the
generation of gaseous BCl, and HS were identified and the analytical charactesstitthe
He MSP-OES with gas-phase sample introductionHerdetermination of Br, Cl and S was
evaluated and discussed.

It could be expected that changes in the chemuialtile species generation occur as a result
of interferences by concomitants in the reactiossdu Therefore, the influence of transition
metals in cold vapour and hydride generation wadistl. The use of masking elements was
also considered for complexing the interferents amducing interferences. Analyses of
synthetic and real liquid samples as well as ohdded reference materials subsequent to
dissolution with the aid of microwave assisted digm were performed for validation

purposes.
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B. Theoretical Part

1.1 Atomic emission spectrometry

First atomic line spectra were observed by von inater, Brewster and Herschel in the
1820s. Bunsen and Kirchhoff demonstrated thatitreedpectra could be used for qualitative
chemical analysis in 1859. Significant observationsil 1860 were also made by Stokes,
Stewart, Fox, Talbot and others. Bunsen and Kirffhbloowed like Swan (1850) that the
yellow line which coincidences with the Fraunhofdark D solar line stems from
contaminations in the sodium salts. Further, Bunsetated Cs and also Rb and In were
discovered on the basis of their atomic emissioacsp. Crokes in 1861 detected the
existence of Tl by using spectroscopy. Kirchhoffgée the chemical analysis of the
atmosphere, of the sun and of the stars using emisseasurements and found that the dark
Fraunhofer lines stem from the same elements, wbélsed atomic emission lines at the
same wavelengths. In 1925 Gerlach introduced timeipte of the use of an internal standard.
Lundergarth sprayed a solution into a premixedaaetylene flame and in 1928 he also
constructed the first calibration graphs for quatitte analysis. This development can be
considered the beginning of modern atomic spectigmia the forthcoming decennia, signal
detection with the aid of photographic emulsionssweeplaced by photocells or
photomultipliers and direct reading spectrometaxviding for simultaneous multielement
determinations at high speed became availabléndnnid-1930s Siemens and Zeiss were the

first manufacturers of emission spectrometers.

Nowadays flame emission spectrometry is still usedhe determination of Na but since the
beginning of the 1960s flames have been replacedlitbgrent sources, such as plasma
discharges. During the 1970s the first commerclabipa emission spectrometer became
available. The inductively coupled plasma (ICP3ti8 the most used source for routine work.
Walsh gave a very important contribution to atospectrometry between 1944 and 1986 by
the introduction of atomic absorption spectrometAtomic absorption became most
prominent after its applicability to the analysisreal samples has been shown, e.g. in the

direct determination of Pb in gasoline.

As a result of the interaction between electromtigmadiation and matter, such as a crystal

lattice, molecules or free atoms, absorption, ensand scattering of radiation occur. The
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electromagnetic radiation can be used in spectpsconethods for qualitative and
guantitative analysis. Because of its relative dicitp, sensitivity and ability to provide
gualitative information, the presence of absorleditted or scattered radiation at element-
specific wavelengths can be used as criterionHerpgresence of a chemical compound. For
guantitative analysis, the intensities of the etaofgnetic radiation at these element-specific

wavelengths can be used.

Each atom has a nucleus, around which the electotiogy orbits. If energy is transferred to
the atoms, as it is the case in flames, plasmastrigl arcs or sparks, they undergo excitation
and the electrons move to higher orbits. Atoms moll remain in this state, especially if they
are removed from the source of energy and returtheéa original state by the electrons
falling back to lower orbits. This transition iscaenpanied by the emission of a quantum of
radiation energy of which the magnitude dependdhenenergy at the orbit involved. The

released energy is given by:

E=ho=hcla (1)

h is Planck’s constand, is the frequency, c is the velocity of the lighta is the wavelength.
Hence, the larger the light quantum, the shortemthvelength.

Atomic emission spectrometry is based on the pranaif valence electrons to higher levels
by energy taken up during collisions with othernasoand these atoms return to their more
stable state of energy by emitting element-specduiation, which can be measured with

suitable detectors.

The improvement and development of the sourceadétion aim at a better performance of
chemical analysis. For atomic emission spectrométe source should have a robust
geometry enabling the analyte to pass through yighkrgetic zones with a high excitation

efficiency as a result of high electron temperaiufidne electron number density is influenced
by the analyte ionization and its value should bestant so as to keep matrix interferences
low. The analyte dilution should be high enoughasoto obtain narrow lines. Every line

spectrum is specific for an element. A dispersistean is required to realize an adequate line
selection and isolation of an element line to wetiie presence of an element and to

determine its concentration. An atomic emissiortruimeent comprises a radiation source, a
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sample introduction system, an optical dispersistesn, a detector and electronics for data
acquisition and processing. As radiation sources, dlames or plasmas can be used. Their
radiation is spectrally resolved with the aid dfrdiction gratings.

In atomic emission spectrometry the sample anahwist be adequately introduced into the
radiation source (plasma, flames, arcs, etc). $tep is called the sample introduction and
involves physical and chemical transformations, avhican be realized by a sample
nebulization system or volatilization devices. Thegduce aerosols or bring the analyte into
the gaseous phase, respectively. Both processeésdean atomization of the sample. The
effectiveness of the atomization process dependsaoous plasma properties such as the
plasma temperatures describing the kinetic eneisisilsitions and the number densities.

Molecular bands may severely interfere with atorspectral lines in atomic emission
spectrometry, which leads to systematic errors.réfbee, it is important to study the
influence of molecular and also radical speciesélRast in high temperature plasmas.

Plasma sources can be considered to be in locam#heequilibrium when all their
temperatures have the same value. Therefore, #iistisial distributions for each of the
species present in the plasma, such as molecaldsals, ions, atoms and electrons at any
energy level can be described by the Maxwell equatFor the respective species, the
population of different energy levels is descrilbgdthe Boltzmann equations. The ionization

of the atoms, molecules and radicals is given kySaha equation, with:
Ne M p/Na =(2 (22MKTY'I0?). (G p/a,p). € EFEPEDKT (2)

Na,qiS the atom number density for the state qrapthe ion number density of the state p, g
and gp are the statistical weights of these two statggnf E are the energies of the states p

and g, respectivelyfis the electron number density angdisithe mass of the electron.

From processes in which molecules, radicals anid pieducts, respectively, are involved, a
temperature can be defined. The rotational tempexafT,,) can be obtained from the

intensity distribution for the rotational lines the rotational-vibration spectra, depending on
the kinetic energy of the molecules and radicalsyloich signals are found in the spectra.

The main molecular species stemming from the plasm@aN, NH, NO, OH and Nor N,").
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For a series of rotational lines in a vibrationaht, one can write:
INn(lh/(I7+J7+1)) =1In (167r3 C anm4)/(3T(Z)) —hcBJ (I +1)/KTot 3)

Here h ¢ BJ'(J'+1) is the rotational energy, J'and J* atational quantum number of upper
and lower states, Bs therotational constant ant,, is the intensity of the respectively

rotational line.

When the population of the rotational energy leveldescribed by a Boltzmann function, a
plot of In(l,/(J"+J7"+1)) vs J'(J"+1) yields a straight line dhd slope of the line is equal to
-1/kTo. In most cases the radical OH is used for meagurin and the 306.4 nm band is
used. The FB—X band at 391.4 nm can also be used for measugpgATdetermination of
this parameter is important because the bands tdamles and radicals present in the plasma
interfere with atomic lines giving errors in theagytical applications of atomic emission

spectrometry.

The gas temperature {I) describes the kinetic energy of radiating spesigsh as neutral
atoms, molecules and ions in the plasmg@s @an be calculated from the half-width of the
Doppler broadeningApg) of the spectral line, which results from the mmoeat of the
emitting atoms and their velocity component in dlservation direction. The line widths also

are related to other broadening mechanism suckeasls [Foadening and Zeeman splitting.
Avg = (2 (IN2)21c) v, ((2RT)/M)M? (4)

c is the velocity of lightp, is the frequency of the light maximum, R is the gasstant and
M is the atomic mass.

Furtheron, Rayleigh scattering can also be useth&asuring Jas

The population of the excited levels of atoms amtsidetermines the excitation temperature
(Texd- When assuming a Boltzmann distribution of thenat energy levels of the working
gas or of an introduced element, the line interigityf a transition from level g to level p can

be written as follows:
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lgp = (hc/4r Aqp) Gq Agp N (Q(T)) exp (- BKTexd (5)

Texc IS important to describe the analyte line intgnattvarious plasma conditions. Assuming
a Boltzmann distribution k: can be determined by the line pair method usiegéhative line

intensities.

exe= (Eq — B)/ K In(lsr Gs Asr Ase/l qp Gg Agp Acp) ©)

g and s are the two upper levels, p and r the tweet levels, |, is the intensity for the
transition from level q to level p,pis the transition probability for spontaneous emissE,

is the energy of the level g, n is the total numtdensity of atoms in questiong gs the
statistical weight of the level q and s, respetyiveéome disadvantages in this method are

caused by the often large difference in excitaéinargy of two upper levels.

Texc Can also be determined from the slope of the gldunctions of various atomic line
intensities versus their energies asqi(dly Agp Vap)) OF IN(lye/(Jq Agp Aqp)) Versus 1/k.The
accuracy of the plot can be improved when the lotexsen cover a broad range of excitation
levels and when they are as close to each otheossible, so as to avoid changes in the
wavelength response of the detection system. Betthans require neither the measurement

of absolute lines nor a knowledge of the conceioinatof the analyte.

The ionization temperature i(f) describes all phenomena involving an equilibrinetween
analyte atoms, ions and free electrons in the masihen the number densities of the
thermal species z and (z+1) stages are as givémelbgaha equation and the system is in local
thermal equilibrium, 5, can be calculated from the intensity ratio of @m and an atom line

of the same element.

lion/lat = 2(A G AilAat Gar Aa) (22 M K Tor)®% (W) (1/ne)) (Tion)*? €Xp (-(Bon - Eexart Eexiion-
AEi)/(K Tion)) (7)

li is the ionization of the ion lineg s the intensity of the atom line,; Aare the probabilities

of the ion and atom emission, gare the statistical weights of the ion and the amls,\;
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ation and atom emission lines, is the electron number density afl; is a correction for the

ionization energy of the lowest level.

From the electron temperature,)Tinformation on the energy distribution of thealrons can
be obtained, which is important for a study of ¢éxeitation and ionization by collisions with
electrons. The laser-based Thompson scatteringathetiere can be used. Mostly higher
values of T are found for He plasmas than for Ar plasmas.

The T is relevant for the spectral background intensityd depends on the interaction

between free and free as well as between free amadoelectrons as:

I( v) dv = K nen, r?/(Te)™? exp((-h/.kTo) dv (free-free) + K (1) ne nz (ZHT%? exp(-(Y- h
v)/k Te ) (free-bound) (8)

K and Ky are constants,cis the electron number density,is1the number density of the ions
with a charge of r times the elementary chargejsTthe electron temperature, is the
frequency, h and k are the Planck and Boltzmansteats, respectively,;Us the ionization
energy of the term with quantum numberg,isithe number density of the atoms with atomic

number Z.

A plasma is a partially ionized gas and the electnamber density @ as an important
parameter of plasmas that indicates the graderotaton and its values are given as the
number of free electrons in a unit of volume. Ib d¢ee calculated by different methods, such
as Stark broadening, which represents the broagdmninteraction between the emitted
atoms and the local electric field generated bystireoundings ions and electrons. Thompson
scattering and microwave interferometry can alsau$ed for the determination of electron

number densities.

The most common method for the measurement, ohakes use of the Stark broadening of
the H; 486.4 nm line. nis namely a function of the half-width of thg khe, which must be
measured experimentall\ry is proportional to & according to the quasi-static theory.
Other lines can also be used for a determination.d&enerally:

Ne = Cr(Ne, T) A4 (9)
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The values of nare in the range 1610 cm? for atmospheric pressure plasmas and
microwave fields e.g. have little effect on thealwes. It was observed that the values of n
for He plasmas are lower than for Ar plasmas. Tdaa be understood from the higher
ionization energy of He. Values of determined by Thompson scattering for He and Ar
plasmas often are three orders of magnitude lowan the one from the Saha equation
considering local thermal equilibrium (LTE), e.g.the case of microwave plasmas [1]. This
difference can be attributed to the deviation frbifE in the case of He and Ar plasmas

operated at atmospheric pressure.
1.2 Miniaturization

Miniaturization can be described as the actioretize systems on a very small scale. In the
recent developments of analytical chemistry threeds can be shown up: simplification,
automation and miniaturization. In the present wénk focus is on the miniaturization of the
analytical system, which involves the entire anedftprocess and aims at micrototal analysis
systems (U-TAS) or part of it [2].

The way followed in miniaturization depends on #malytical target considering the sample
complexity and the selectivity which can be realizeith different analytical microsystems
[3] One e.g. may aim at a direct measurement of @nfew components with little or no
sample preparation, at the determination of onepom@nt or of a few components with some

treatment of the sample or at the analysis of moreplex samples.

Total analysis systems (TAS) have also been degdldp realize on-line and automated
analysis. This field has still difficulties arisirggg. from sample introduction, from a slow
sample transport and from the need to developfades between the different components.
Downsizing and integration of the analytical stepso a single monolithic device are aimed
at and one wants to enhance the analytical perfucenat a reduced size. Miniaturization not
only includes a reduction of the size or scales,ibalso has to deal with the relevance of
other forces and phenomena [4-6]. As not only ditallytasks are pointed out but also other
chemical functions as synthesis are consideredAf-developed to a lab-on-a-chip concept
[7].

Miniaturization has to deal with difficulties inlactivities (calibration and validation) and

steps (sampling and sample introduction, treatnsample transport) involved in analytical
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procedures. Also the level of miniaturization isb taken into account (“mini” from mm to
pm, “micro” from mm to pm and “nano” < 1 pm) becaukey affect the activities and the
steps. Considering the level of miniaturization atslincidence in the whole analytical
process some steps can be reduced or eliminateztifisally in preliminary steps like
sampling, sample introduction and treatment ofsé@ple, and on the other hand in detection
systems and signal transduction as well as inaajaisition and processing, a high degree of

miniaturization nowadays has been achieved.

Whereas chemical analysis usually is performed kijled personal using specialized
instrumentation it is a recent trend to face custenwith bulk samples and in-situ analysis.
Here, the miniaturization must help to develop e&syhandle, portable and reliable

equipment, which eases automation and does notreggchnical personal.

The concept of miniaturization is related with thealing-down of a system, but it must
consider that all forces and processes change théhscale. An example is how in an
analytical microsystem, where viscous forces dotsi&er inertial forces (laminar flow), the
transport of molecules is done by diffusion. Thi®gess in analytical microsystems is
relevant for the sample introduction especially fiorsitu analysis and to perform direct
sample introduction. Those points are essentiakeadspof p-TAS and are important
requirements in order to achieve success in thewedd: features of microsystems should
correspond with the needs of the clients askingd&utions to analytical problems in the real
world. Another point in the field of miniaturizatas the representativeness of the results and
the development of a suitable method of analysislhatstages in industrial processes.
Additional possibilities of miniaturization lie ia decrease of costs, through the use of less
reagents and sample in chemical analysis. Thisnisngortant challenge for specialized
laboratories in order to perform cheaper and faamtatysis. Finally, miniaturized system must
allow it to obtain reliable results with respecttdibration and validation.

1.3 Plasma

A plasma is a gas containing positive particlesitraé particles and free electrons which is
electrically neutral. Its behaviour is dominatedtbg interaction between the different types
of particles; this means that its properties dependthe degree of ionization so that it

becomes a good electrical conductor.
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For creating a plasma, the gas is seeded with aefeetrons. In the magnetic field circular
flow currents are induced in the gas. By the rass to the circular current flow heat is
produced so that the charged particles can reaghidtization temperature and a self-
sustaining plasma is formed. The electrons respaunch more rapidly to the electromagnetic
fields than heavy ions and carry most of the curbexcause of their smaller mass. The plasma
remains electrically neutral because the electmmd ions are formed in pairs and have
opposite charges. Desirable properties of the m@asitiude high temperatures and sufficient
energy to excite and ionize atoms which are intcedufor analysis purposes, producing
emission of atom and ion lines. At temperatures 6@80 K, collisions between gas particles
cause a cascade ionization of the gas [8].

A variety of gases such as Ar and He are partigufaritable to form plasmas because those
gases are monoatomic and can be obtained in puresfdéhey have high ionization energies
and good characteristics for atomization, ionizatend excitation of the analyte. Once

formed Ar ions are capable of absorbing sufficigmiver from an external source.

The number of excited atoms and hence the intep$igmission increases when increasing
the temperature and the number of excited atonerger when the energy required is low.
Typical plasma temperatures can reach several @ndssK and consequently there is a much
higher ratio of excited to ground state atom déssiand a much higher intensity of atom
emission as compared to flames which have diffiesifto excite atom lines as a result of their
low temperatures (2200-3200 K). In contrast toftames, plasmas need a supply of external
electrical energy in order to ionize the gas andustain the plasma, where this energy is
transferred to the sample to atomize and to excif®, 10]. At high plasma temperatures
chemical matrix interferences can be overcome afrdatory elements such as B, U and W

can be determined with plasma emission spectrometry

New plasma sources may present several advantagesclassical arc, laser and spark
emission methods with respect to precision bunte for extensive sample treatment can be
considered a shortcoming. Indeed sample decomposgti needed and contamination can
occur and accordingly, plasma spectrometric aralgscomes time consuming [11]. On the

other hand, arc, laser and spark emission are kriomtheir feasibility to introduce samples
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directly as solids, which is an advantage for malersuch as refractory minerals, ores,

glasses and alloys, which are difficult to be bintugto solution.

Plasmas can be classified according to the typseatrical field which is used to sustain the
plasma. Direct current plasmas, (DCP), inductivaypled plasmas, (ICP) and microwave

induced plasmas, (MIP) are well known.

1.3.1 Direct current plasma (DCP)

Developments of DCP were reported since the 192¢stematic studies of a three-electrode
DCP were performed in the 1970s, when a commedenace was introduced into the market,
which had enough features to compete with availlhtees and inductively coupled plasma
devices [12].

The three-electrode DCP consists of two graphitedas and a common shielded tungsten
cathode. The electrodes are shielded with an Aw fishich also supports the plasma
discharge. The plasma is ignited by a smooth comtthe cathode with the anodes. The
solutions are nebulized and the aerosols are btdogime plasma area between the two Y
arms. The DCP has temperatures of ca. 6000 K imlservation region and 10000 K in the
arc core. Some advantages of the three-electrode &€ its inexpensive instrumental costs
and low Ar gas consumption. Figures of merit sushdatection limits and precision are

comparable to the values obtained with the ICP.[13]

Samples containing high amounts of salts presdfitudiies when analyzed by DCP-OES,

where significant chemical interferences, ionizatiproblems and matrix effects are

produced. The lifetime of the electrodes is a mdjsadvantage. Here contamination of the
source can occur and the electrodes have to b&cegptregularly.
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Fig. 1 The three-electrode DCP plasma jet [12].

1.3.2 Inductively coupled plasma (ICP)

In 1963 Reed [14] reported on the use of an ICRtmbspheric pressure for crystal growth
experiments and in 1964 Greenfield [15] as weN\&endt and Fassel [16] studied the use of
an ICP as an analytical emission source. Thedostmercially available ICP was introduced
on the market in 1970. Many different plasma soaiest, but the most common by far is
the inductively coupled plasma (ICP). The ICP isagated by coupling the energy from a
radiofrequency generator into a suitable gas waoa or three-turn, water-cooled copper coil.
The radiofrequency energy is normally supplied dteguency of 27 MHz, but other ICP
frequencies too have been studied in the range6adb1148 MHz, where frequencies of 40-50
MHz are more frequently used [17]. The forward poveguired is between 500 and 2000 W.
Two gas flows, usually Ar are used and the outewfhormally is tangentially introduced
between the intermediate and the outer tubes oheemtric, three-tube quartz torch which is
placed axially in the copper coil (Fig. 2). Becatise outer gas flows tangentially (i.e. with a
swirl around the torch axis), the plasma has a simgpe with a weak spot at the centre of its
base, through which the internal gas flow loadeith Wie sample can be introduced. When the
gas is seeded with electrons, usually by meanstetla spark, they are accelerated in the
electromagnetic field and reach energies, whichsafécient to ionize the gas atoms. By

subsequent collisions with other atoms furtheraaton occurs and so the plasma becomes
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self-sustaining. This occurs almost instantaneoudhe field brings the ions and electrons to

circular paths, thereby heating the neutral argpexchange of collisional energy and a hot

fireball is produced. The hottest part of the ICRynmave a temperature between 8000 and
10000 K, though the analytically useful regionnsthe tail-flame, which has a temperature

between 5000 and 6000 K.
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Fig. 2 Geometry of the inductively coupled plasmalCP) [18].

In the absence of analyte atoms, water and sampleixrcomponents, the predominant
species in the plasma are Ar,’And & although others such as Ar metastables are irort
The RF energy used to sustain the plasma is onlgled into the outer region of the plasma,
where the above mentioned species are primarilpddrand then diffuse to the centre. This
is known as the skin effect. A consequence of e sffect is that the ICP is much more
energetic in the outer region, which facilitate® teample introduction. The plasma is
optically rather thin, which means that the radiatemitted in the centre will not be re-
absorbed by unexcited atoms in the outer regiossit & the case with flames. This is
responsible for the fact that in ICP-OES the lindyaramic range is large.
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The various species present in the plasma willutate between the skin and the central
region. When the sample is introduced through tkmlachannel, the centre will be
additionally cooled and the analyte species as agethe species from the sample matrix and
water will be present here at a high concentrafldre region between the central channel and
the plasma is known as the boundary region. TheckPbe divided axially into a number of
other regions. The region within the copper load isoknown as the initial radiation zone
(IRZ). A further region is located between 10 afd2m above the load coil and is called the
normal analytical zone (NAZ).The radiation emittedthis zone is normally observed in

analytical determinations.

It is obvious that the ICP exhibits a large degoéepatial inhomogeneity. In addition, the
ICP is not in thermal equilibrium (TE) because Wagious collisional processes which occur
in the plasma such as ionization, recombinatiorgitatton and de-excitation are not in
equilibrium with each other. However, the ICP isan& thermal equilibrium. It is in local
thermal equilibrium (LTE), which means that all thecesses equilibrate with each other
excepted for those involving electromagnetic radimt Consequently, the ICP cannot be
characterized by a single temperature and the atiniz temperature (f), gas temperature
(Te, excitation temperature {J) ~ 6000 K [19] and rotational temperature.§~ 4000 K
[20] all have different values. It may be confusimlgen one temperature is used. One cannot
measure temperatures in the ICP with the insedfgorobes but must rely on spectroscopic
methods of temperature measurement. The tempesangasured then simply depend on the

particular method that was used to measure it.

1.4 Microwave plasmas

In 1952 Cobine and Wilber [21] first developed acrawave plasma (MWP) operating at
2.45 GHz under the use of a cavity and a centegitlde. Later this plasma was called a
capacitively coupled microwave plasma (CMP). IndSshmidt [22] focused his research on
this type of plasma and especially on the improvegméthe sample introduction system. The
CMP was used for the analysis of solution sampied/avrodineanu and Hughes [23] in
1963. Broida and Meyer [24] succeeded in the amalgt H,-D, mixture, which can be
considered as the first application of a microwplasma for spectrochemical analysis. Later
reports were published by Feuerbacher [25]. TampeVan Calker [26] did pioneering work
on CMP-OES. After two decades of intensive reseamchmicrowave plasmas the first
commercial equipments were produced, namely thacHit300 UHF Plasma Scan and the
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Applied Research Laboratories (ARL) model 31000 tmey were found to be prone to

severe memory effects and also matrix effects hamgpeoutine use.

After work in coaxial cavities with He at reduceddaatmospheric pressure and Ar at

atmospheric pressure, Beenakker developed a;gfd4vity, used as GC element-specific

detector [27, 28] and as an emission source foegyand solution aerosols. In the cavity He
and Ar plasmas could be sustained at atmosphezgspre because of their improved transfer
of electrical energy to the plasma. The ghpcavity could also be coupled to SFC [29] and
also MIP-MS [30] was described.

In 1975 Moisan [31, 32] developed a new microwalssipa source called surfatron, which
also could be sustained in He and Ar at atmosplpeessure. Until 1984 studies were rather
focusing on modelling. In the 1990s the surfatraaswoupled to different chromatographic
techniques such as GC [33] and SFC [34]. Alsosesfor AAS [35] and as an ion source for
MS [36] was reported. In 1985 a microwave torch vdeseloped by Jin [37] at Jilin

University and it was substantially improved by aimd Hieftje at Indiana University. This

new plasma source is robust as compared to theopsdy mentioned devices, and it can

work also with He and Ar gases at atmospheric press

Mostly a magnetron is used for the generation afrowaves and the electromagnetic waves
are transmitted at a fixed frequency through a iaable to a waveguide (hollow metal
pipe or box) and to the electrode at the receiver @ to a resonator. Transmission through
coaxial cables is also common in microwave plasriase two coaxial metal cylinders are
used as inner and outer conductors separated img@alating material. The current flows only
on the metal surface due to the skin effect andfitid is confined to space between the
conductors. Microwaves can also be transmitted myastrips with top and bottom planar

conductors on an insulator material.

Microwave sources transmit energy through a trassiom line consisting of coaxial cables,
microstrip lines or waveguides to the dischargeetwontaining the working gas. The
electrical field is at maximum at the point whehe plasma is formed. So as to initiate the
discharge the gas is seeded with electrons usireska coil or by releasing electrons from the
walls of the vessel because microwave heats this @kbwing self-ignition. The plasma is

sustained by collisions of the electrons with tteres of the working gas.
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Microwave plasmas can be classified in two groupsoaling to the type of microwave
power transfer from the source to the plasma. A GMEs a waveguide and an MIP uses a
transfer of microwaves through coaxial cables.

MIPs are sources where deviations from local théeqailibrium (LTE) occur as a result of
collisions between electrons and atoms or ionsanmous states. These species have different
energies as compared to each other, by which Hegtiren temperatures and relatively low
gas temperatures are found. Measurements of plasm@eratures are based on the
assumption of local thermal equilibrium and the tBmolann and Saha equations. The high
power density of MIPs makes them a suitable sotocehe excitation of metals and non-
metals [38]. The microwave plasma temperaturedoessummarized as follows [25]:

Te>> Tion = Texc™> Trot = Tgas (10)

In studies of the excitation mechanism and the at®n of the local thermodynamic
equilibrium the MIP versus ICP were compared. Huanhgl. [39] showed that the electron
temperature Jof the MIP is higher than in the ICP but that tlectron number density is
lower. This can be explained by the high conceiatnadf free electrons and a gas temperature
value which is one order lower than the electrongerature.

MIPs have some advantages over other sources @iks land their coupling to different
techniques and systems for sample introduction wewestigated. Especially the low
operation costs and ease of handling are advaniagaat they are also sources with low
tolerance to aerosols and when introducing aerdsais water or organic solvents they are

extinguished. So their use is practically limitedie analysis of gas samples.

Liquid chromatography (LC) has been difficult toupte to microwave plasmas as here wet
aerosols must be introduced into the discharge Itnreguin spectral and excitation
interferences and in extinguishing the plasma. &ebein the field, however, led to
modifications of the cavities in order to increabe plasma stability or to desolvation
techniques, such as a rotating interface disc apenate solvent on a moving belt to transport
an effluent while the mobile phase is removed ating [40].
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Gas chromatography (GC) has been recognized aspdesway to introduce gaseous species
into the MIP discharge without altering its propestand it was developed to commercial
application. With the development of the Hewlettlkad atomic emission detector (AED)

HO5921A in 1989 a breakthrough point started forPBllextending their application to

elemental organic analysis [41, 42]. In GC the yeamust be brought into the gaseous
phase, so that often a derivatization step for hsgteacies is required to form stable gaseous
compounds. An advantage of the MIP is that alse@&iebe used to sustain an MIP discharge.

1.4.1 Capacitively coupled microwave plasmas (CMP)

The CMP was developed by Murayaetaal [43] at the Hitachi Central Research Center in
1968. The CMP is generated by transmitting micrasarom a magnetron through a
rectangular waveguide to the tip of the electrattg [Fig. 3). The electrode is placed within a
discharge tube and the plasma is formed aroundighef the electrode surrounded by the
working gas. The CMP suffers from contaminationtbg electrode material, so that the

electrode must be changed regularly.

The CMP offers robustness with respect to samgi®daoction, where mixtures of gases
containing moisture and molecular species can kentap. Indeed, the CMP has a very good
performance at relatively high power input (200A00). CMP-OES was also used for the
direct analysis of solid samples. Ar, He, air [46] and mixtures of gases, such as He and N
[47] were used as working gases. Typical carrierfigav rates are in the range of 2-3 | fhin

and the total gas flow is between 7-8 | thin

Determinations of temperatures and electron nurdéssities in the CMP were performed at
different gas flows (< 6 L mif) and power input (< 700 W) for He [48, 49]. Whesing N,
as working gas high temperatures and lower detetitidts were obtained as compared to Ar

and air.

The CMP has been coupled to several sample inttioduiechniques such as GC [50] for the
determination of organic compounds, non-metals fsij organotin compounds [52]. Liquid
samples were also analyzed by CMP-OES and orglmidrfe and chlorine determined [48].

Pb was determined in blood samples [53-55]. Norateetvere determined with a furnace
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combined to a He-CMP [56]. After all the CMP su$férom high background emission from

the metal electrode due to erosion and contamimatio

/He CMP\

Observation point

/1A /C2N

Ta electrode

Aluminium
eiectrode holder

Quartz torch e ——

Fig. 3 Capacitively coupled microwave plasma [49].

1.4.2 MIP according to Beenakker (TMyo resonator)

The use of a T resonator was reported by Beenakker in 1976 (& operated an MIP
with He and Ar as working gases at atmosphericspiresand used it as an element-specific
detector for GC. This MIP can be sustained at afigas rate < 1 L mift and a forward
power below 100 W. A silica tube is centered ina&ity, which is constructed of Cu. The
cavity volume is made as small as possible in tha af maximum electrical field strength to
reach the highest energy density possible. Theowave power is transmitted with the aid of
a coupling loop located perpendicularly to the plastube at 10 mm from the wall. The
plasma is generated in a centrally located capill&/hen increasing the power a toroidal
plasma in Ar [57] or a diffuse He plasma [58] atem be formed. The advantage of observing
the plasma in a THo resonator axially into the capillary is an effitiecollection of the
emitted radiation. The cavity is cooled by an &ieam. Because the system is easy to build
and to operate, the MIP in a TMesonator was coupled to a variety of sample dhicton
system [59, 60] as well as with GC. The deviceseweperated in combination with a
computerized photodiode array (PDA) spectrometét. [Burthermore, the MIP in a T
resonator was used as radiation source in the cagmeumatic nebulization [59, 62],

electrothermal evaporation of aqueous solutionsiarmmbination with hydride generation.
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[63-65]. Finally, the MIP in a TMy resonator was also used as ion source for mass
spectrometry [66]. Rosenkranz [67] showed the ingmme to couple it with a cold vapour
system producing dry analytes so as to increaséfétiene of the plasma and to reduce the

peaks-widths, which on their turn increase the pafeetection.

(@) (b)

Fig. 4 MIP according to Beenakker cavity: front (a)and side view (b) [27].

1.4.3 Surfatron

The surfatron was proposed as analytical sourddubertet al.[32] at the end of 1970s. An
integrated surface wave propagation system wasdalscaribed by Moisaat al.[31] in 1975.
They operated the MIP at reduced and at atmosppeggsure with He and Ar as working
gases. In a surfatron the microwave energy propaghtough the plasma as electromagnetic
waves with a maximum in the interface between tlasrpa and the discharge tube. The
resonant structure has a varying depth and theom#&res are coupled through a side-on
antenna near to the plasma capillary into the gaBes surfatron is easy to tune and to
operate as compared to an MIP in a ¢fdvresonator. This makes it possible to sustain
different plasma configurations with the same sysf@8]. Moisanet al. [69] focused part of
their surfatron studies on the physical aspecthefresonant cavity. The instrumentation in
the case of a surfatron also is inexpensive andati&, so the surfatron MIP was well

investigated and coupled to a variety of samplingtesns such a supercritical fluid
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chromatography (SFC) for the determination of S @@ as described by Selby and Hieftje
[70] and Lufferet al.[34], respectively. The use of a surfatron for ¢peciation of Hg and C
was also reported when coupling it to a multicapyl GC [71]. For Hg the cold vapour
technique was used and the surfatron gave betteltsghan atmospheric pressure microwave
plasmas. Costa-Fernandet al. [72] showed that the coupling of HPLC to a sudatr
operated at low pressure with Ar via continuousritg generation could be used for As

determinations.

Microwave structures using a Th resonator or a surfatron also present common
disadvantages. They include microwave leakage. &isdow tolerance to wet aerosols is a
common drawback for these sources. The annularesbfthe discharges can be a cause of

contamination of the plasma because of contactstivé tube that contains the plasma.

(@) (b) %

Fig. 5 MIP Surfatron: side (a) and front view (b) [32].

1.4.4 Microwave plasma torch (MPT)

Jin [37] first described the microwave plasma to(MPT) in 1985. It consists of three
concentric tubes made from brass and copper. Tteg tube is only a protector of the cavity.
Through the inner tube the aerosols and vapourbraxgght to the plasma and through the

intermediate tube the working gas is entered. Tloeawave energy is optimally coupled into



Theoretical Part 23

the plasma by adjusting a cylindrical antenna $ooptimum position L and the plasma is
tuned by changing the distance hetween the top of the torch and the short circliie
plasma is formed between the tops of the internmbediad the central tube. It has an annular
shape at a gas flow rate of 1 L Miand a power of 150 W for Ar and a cylindrical shayith

a brilliant center at a gas flow of 2 L rifimnd more than 200 W for He.

Ly

<@ Plasma gas
Eem———

t

Carrier gas + Sample

Fig. 6 MIP Microwave plasma torch MPT [37].

The MPT plasma has a structure similar to the K&fordingly, it has a high tolerance to wet
aerosols containing molecular species and samptaxn@mpounds. Flow injection using
pneumatic nebulization with desolvation was couptedthe MPT and showed a good
performance with low matrix effects and detectimnits similar to ICP-OES [73]. ETV was
also coupled to the MPT [74, 75]. With an MPT opedawith He, non-metals and Hg could
be determined and a coupling with GC and SFC wsxs déscribed [76]. Real samples could
also be analyzed by using the MPT and halogenatdmbbarbons could be determined with
improved limits of detection between 160 and 330fqrgl, Br and CI, as compared to the
MIP in a TMyyo cavity in the case of mass spectrometry [36]. @&liljh the MPT has a high

tolerance to wet aerosols, its performance wasorga when using on-line preseparation and
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preconcentration techniques like solid phase etitracphysical and chemical adsorption and

ion-exchange membranes and hydride generatior8[36,

1.4.5 Microstrip Plasma (MSP)

Microstrip technology has been shown useful forgheduction of a microwave discharge in
a small resonator. So the MIP could be fully intdgd in a miniaturized system for element
determinations consuming low power. Bilgtal.[77] described a such structure and called
it Microstrip Plasma. In its original version, brsisted of a groove made in two quartz plates
with the aid of a commercial dicing-saw, which weglaed together with water glass. The
microwave power was brought to the plasma champebhnecting an SMA type microwave
connector to the copper microstrip, deposited andrface of the wafer (over the plasma
channel). The microstrip was fabricated by spuitgrand electroplating procedures. The
bottom side of the wafer was connected to a coploek acting as ground connection and for
cooling. The plasma was fully enclosed inside & tjuartz wafer and did not suffer from
contamination from the material of the device armhf the surrounding air. The plasma was
ignited with the piezoelectric discharge from atigy. A microplasma was formed at a power
input in the range of 10-40 W and an Ar flow of 5000 mL mir. Rotational and excitation
temperatures were measured using OH bands ande$@mectively, and values of 650 and
8000 k were found. Hg could be determined by FIHa8P-OES with a limit of detection of
50 pg mL'[78].

Ar+analyte

Fig. 7 Microstrip plasma (MSP) on quartz wafer [80]
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A He microstrip plasma operating at atmosphericgues sustained inside a sapphire wafer
was also described by Bilget al. [78]. Sapphire material was chosen for this areamgnt
and a high electric field strength could be reairethe plasma channel. A microstrip plasma
in this device could be operated at a microwavegravt 5-30 W for He and 1-10 W for Ar
and with a gas flow between 50-1000 mL thifThe He plasma was found to self-ignite at a
microwave input power and a gas flow rate of 10 Wi 400 ml miff, respectively. The gas
and excitation temperatures in the case of He ¥oened to be 600 and 4000 K, respectively.
It was shown that in a He MSP at 15 W and 700 nm’ngirganic molecules can be entered,
atomized and the elements excited. When HG@pours were introduced into the He gas
stream emission signals of Cl at 912.11 nm can éasored. Accordingly, this MSP can be
used for element specific detection. A modifiedistire of the MSP, where the plasma exits
from the sapphire wafer channel was described byei®eeret al. [79]. This modified
structure has the advantages that it can be usegdez$rochemical radiation source without
suffering from space angle limitations. The plastaa be operated at a power input range of
5-40 W and gas flow rates of 0.2-11 hnd the excitation temperature is 6000-7000 Ks Thi
MSP has been shown to be suitable for a deterrnmafi Hg by OES with detection limits of
10 ng L.

1.5 Sample introduction

1.5.1 Pneumatic nebulization

In this way of aerosol production a high velocigsgstream passes over a liquid surface and
small droplets of aerosol are produced. A such ymtidn of droplets takes place when a
liquid passes through a capillary tube paralleperpendicular to a gas stream carrying the
droplets to the source. During the transport of dleeosol droplets built at the end of the
capillary, a series of process can take place.& hesy include a desolvation of the droplets, a
vaporization of the solid samples, a dissociatibthe molecular species or an ionization of
the analyte. All the processes need to be optintizedaximize the transport efficiency and to
minimize matrix interferences. A series of nebulidesigns has been described to produce an
optimum droplet size and to realize a highly eéfi@y transport. They include concentric
glass nebulizers, cross-flow nebulizers, Babingtabulizers, fritted-disc nebulizers and

ultrasonic nebulizers. To produce steady signatsribbulizer is usually placed in a spray
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chamber to sort out the large droplets. Often aldaton system is used but also direct

injection nebulizers have been described.

Concentric Nebulizers

Gouy [80] was the first who reported the use of acemrtric nebulizers which are self-
aspirating. Pt-It capillaries are very often usgdrefor highly acid solutions. However, also
guartz capillaries can be used, unless for HF fetisolutions. The use of concentric glass
nebulizers is well-known in atomic emission spetietry because of their long-term
stability. However, their sensitivity is often afted by the presence of alkali and earth alkali
elements [81]. Also saline samples affect this sérhebulizers by clogging. A concentric
micronebulizer with a reduced inner diameter anohnir walls of the capillary was
developed [82] and with this arrangement highesiieities and lower limits of detection

can be obtained.
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Fig. 8 Concentric nebulizer[81] (a) and concentric micronebulizer [82] (b).
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Cross-flow nebulizers

In a cross-flow nebulizer two capillaries are posied perpendicularly to each other and with
the tips close to each other. One capillary is Wieth sample solution with the aid of a

peristaltic pump and in the other gas flows. Typaapillary diameters for ICP nebulizers are
around 0.2 mm and the tip separation is 0.05-0.5 Wiiren the capillaries are made of Ryton
the device can tolerate acidified solutions comtgrHF [83]. Cross-flow micronebulizers

[84] often are very useful to be coupled with clapyl electrophoresis (CE) and ICP-MS. Here
a narrower capillary is placed inside the samplalleay to reduce the exit cross sectional

area.
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Fig. 9 Cross-flow nebulizer (a) and its operationk) [84].
Babington nebulizers
In 1973 Babington [85] described a nebulizer whbeesample solution flows through a wide

tube into a groove. Here, the film of the off-rumgisolution is nebulized by a perpendicularly

entering gas flow. With this type of nebulizer g@uas with high concentrations of salts can
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be nebulized without risk of clogging and also siusamples can be nebulized [86]. The

sample capillary inner diameter is ~ 1 mm.
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Fig. 10 V-groove or Babington-type nebulizer [18]
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Fig. 11 Glass-frit nebulizer [18]
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Fritted-disc nebulizers

At a low sample consumption, fritted-disc nebul&zkave a very high nebulization efficiency.
Fritted-disc nebulizers were shown to be useful dflaisma spectrometry coupled to liquid
chromatography, where solutions containing orgasavents need to be nebulized.
Disadvantages of this type of nebulizer are thé mgemory effects as compared with other
nebulizers. Here, the signal rising time seemsttohg within the total time of analysis.

1.5.2 Ultrasonic nebulizers

Through the action of suitable acustic energy wates certain frequency on the surface of a
liquid an aerosol can be produced. Ultrasonic rigatibn has several advantages over other
nebulizers, such as the production of aerosol dteplith a lower diameter and narrow

particles size. Therefore, the nebulization efficieas compared to other nebulizers is high.

Transducer

Camar
argon —l

Fig. 12 Ultrasonic nebulizer used for ICP atomic spctrometry [18].
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1.6 Chemical hydride generation

Volatile hydride generation as a first type of gase phase species generation has the
advantage that for a number of analytes a higlodiotction efficiency in the plasma can be

realized while leaving back interfering matrix congents

A first hydride generation technique was describgdHolaket al.[87] to determine As while
forming the AsH volatile species which are introduced into a flapoeirce. Madseet al.
[88] collected AsH in a AQNQ; solutions, which is aspirated into a flame souRa&ton and
Malakonski [89] reported interesting limits of detien (0,1 pg) when entering the AsH
directly into the flame source. Fernandgal [90] improved the sensitivity by collecting the
AsHjs in a balloon as reservoir and subsequently intodypit in the flame. Pollock and West
[91] extended hydride generation to Sb and Bi.9i2LBramaret al.[92] reported the use of
sodium tetrahydroborate (THB) as reducing agemtain hydrides. One year later Schmidt
and Royer [93] reported the generation of arsirgk sglenine and then this was extended to
stanane and telurine. Thompson and Tommerson [@t] rhentioned the use of a heated

guartz tube as atomizer in the case of As and Pb.

By the use of sodium tetrahydroborate the of HGhrieque could be extended to the
generating of volatile species of other elementhsas Cd, In, Tl, Cu, Ni, Zn, Au, Ag and Pt
[95].

In atomic absorption spectrometry the productiovalhtile species for As, Bi, Ge, Pb, Sb,
Sn and Te is widely used. Hydride generation fol@eme steps to obtain an optimum effect.
First of all, a basic THB reagent solution is mixaédadequately acid conditions with the
sample. Secondly, the volatile species are colie(ptional) and third, they are transferred
to the atomizer where a decomposition in the gas@ho the elemental form takes place.
Many designs have been developed in the last decaitle the aim to improve the sensitivity,
the selectivity, the freedom of interferences amal detection limits in the case of a coupling
to MIP sources at a variety of working paramet@ise production of the volatile hydrides
themselves bases on a reduction by hydrogen. Tdatioa of basic THB solutions with an
acidified sample solution has been used both in A2G as well as in ICP-OES [97, 98].
Here the produced hydride is separated from thatieal and led into the source by a carrier

gas flow. The production of an excess of hydrogesompanying the HG can influence the
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stability of the source, especially in the casenafrowave sources with a low forward power.
To avoid the introduction of an excess afiH the sources a freezing trap or membranes can
be used to isolate the hydrides before enterirtgesources.

To avoid matrix interferences precautions shouldaken to have the analyte elements in
their inorganic state prior to hydride generatidhe mechanism of the hydride production

involves the reaction:

NaBH; + 3H,O + HCl— H3BOs + NaCl + 8H— AH, +H; (11)

where the nascent hydrogen is produced.

However, the hydride generation also may be dwerton-nascent hydrogen mechanism.

THB + H:0" + 2H,0 — intermediates>H3BOs + H, (12)

THB/intermediates + analytes hydride (13)

Here, the hydride species are formed from the hyelmobound to the boron intermediate

species.

Dedina [99] concluded that for the generation ofatite hydrides neither of the two
formation mechanisms has a convincing evidencep&tgd by experiments on the acid
decomposition of THB producing nascent hydrogen iRwb and Caruso [100] proposed a
mathematical model for the pH dependence of the ddlyl vapour generation. They
mentioned that the formation of elementary Hg coldd improved by the generation of
nascent hydrogen. Labords al. [101] objected against this assumption. They atgiat
considering the standard potential fof/H, neither the reagents nor the reaction products
would be able to reduce protons to the atomic sfdt® D Ulivio et al.[102] and Qiuet al.

[103] performed experiments on the hydride genenathechanisms.

Many analyses of real samples with HG techniquere vdescribed. Water samples were

analyzed after a treatment with acids [104] andrfetences from Cu can act in a catalyzing
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way as Welz and Melcher [105] reported. A removiaFe by the use of masking agents,
precipitation and/or complexing reactions before kS been described as well.

1.7 Electrochemical hydride generation

Hydrides can also be generated electrochemicahliciwis known as electrochemical hydride
generation (ECHG). Hereby the use of a reducingitagech as THB is avoided. The first
report on ECHG stems from Sand and Hackford [1066}tie case of As. It was in the 1960s
that Tommlison [107] described the electrochemioaiation of stibine. Rigiret al. [108-
110] used a batch discontinuous mode for the ptemtuof the hydrides of As and Sn with a
spiral cathode made of Pt or Pb. lehal.[111-114] constructed a flow-through cell and used
a flow injection sample introduction to generateltiges electrochemically. Vitreous carbon,
Pt and amalgamated Ag foil were used as electr@&lgssequently, several groups [115-119]
reported studies of the influences of the parametea flow-through cell, as did Winefordner
and Sima [120], who used several types of gasdigaparators.

Electrochemical hydride generation is performedhensurface of the cathode and consists of
three steps: deposition of the hydride forming @etron the surface and its reduction, a
formation of the hydride and its desorption. Thduetion of the analyte is the result of a
charge transfer reaction and it must be realizeghiacid solution. The reduction depends on
the attainable negative potential. The reductiamalao be achieved at a cathode with a high
overpotential for K and at low current densities. The hydride fornrat the cathode may
involve an adsorption of hydrogen atoms at a serfaith low overvoltages for hydrogen.
The hydrogen then can combine with the reduceditd@dorming element and the product

can be desorbed in the catholite flow. The finakt®n can be summarized as:

Me—-X + mé + mHO" — XHp + mH0 + Me (14)

(X: hydride-forming element; Me: surface of thehaate).

ECHG is an alternative to wet chemical hydride gatien and has several advantages over it.
First, the use of THB required in chemical hydrg#aeration is avoided. THB solutions are a

source of contamination and also are instable. T$teyuld be daily prepared in alkaline

solution. Secondly, the consumption of expensivdsatike HSO, is reduced. Finally, the
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production of hydrogen can be controlled bettemamimized to obtain optimum conditions

with respect to the analyte excitation in the plasm

For an optimum hydride generation in ECHG the caéisomust be properly selected so as to
obtain the best figures of merits. Firstly, it che said that the optimum cathode surface
depends on the form of the cathode (planar, fibrets) and its material (carbon, noble
metals, etc). When these parameters are optimizeighareproducibility is obtained even
when the sample is changed or when the cathode bmusemoved. By the presence of
concomitants the analytical signal can be influenpesitively or negatively, as deposition on
the cathode surface can occur and the hydrogepategicial can change. Finally, the hydride
generation efficiency strongly depends on the daatpmpound that is introduced in the cell

as it is the case in chemical hydride generation.

The cathode material should be inert and shouldal@ part in the electrochemical reaction
on its surface. For that purpose several matehnae been tested, such as Pd wire [121], as
well as Pt foils, wires and shields [116, 122].cBvered with Ag wool [123], Ag wool and
wire [121, 123], amalgamated Ag foil [112], Cu fa@ihd powder [123], polished vitreous
carbon [111, 117], fibrous carbon, pyrolitic graeh[117, 118, 121], Pb covered fibrous
carbon [123], Pb sheet [124, 125] and Pb wire [1Aldrmal noble metals are chosen as
cathode material. Especially Pt, Au and Ag areaslét because they adsorb hydrogen on their
surface and they do not change by passing a cutretite noble metals the overpotential is
lower than in the case of the amalgams. Pb andonachn also be well used as cathode
material due to their inertness to sample and re@ag@utions, their high reducing properties,
their low electrical resistance and the ease tmfelectrodes inexpensively. However, they
have some drawbacks, such as the high susceptitbliinterferences. Glassy carbon and
pyrolitic graphite are often used as cathode matéecause of their porosity, by which the
amount of active areas to produce hydrides is high.

The choice of anode materials is limit to conduetivaterials of which the corrosion is low as
is the contamination of the anode solution wheargd positive voltage is applied. Generally
Pt is chosen as anode material due to inertnesssaghe oxygen formed in the anode

compartment.
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1.8 Mercury cold vapour generation

Mercury is a liquid metal with low vapour pressukehich easily can be formed by a
reduction with appropriate reagents. Accordinglycan easily be released from a liquid and
as elemental vapour be transported to a plasmaeofrspecific reaction to form elementary
Hg is the reduction with a solution of SaCThis reaction has the advantage that nasH
produced and the Hg can be released as a vaponithie solution with the aid of a gas flow.
Before being introduced to the plasma source, ntlwa dried by conducting the loaded gas
over HCIQ, or H,SO,. This procedure is known as cold vapour generdgchnique. The Hg
can be preconcentrated by using Au to form an aamalgrior to releasing the Hg by
resistance heating and sweeping the vapours ietaligtharge with the aid of a carrier gas.
Also other metals like Cu, Ag, Au and Pt can beduseform the amalgam. Hg unlike most

hydride forming elements is reduced to its metddiien Hd:
Hg?* + Sif* + H'— Hg + Sri” (15)
1.9 Other volatile species generation techniques

Further reactions producing volatile species omelets in the gaseous state can be coupled to
a plasma as radiation source for analytical atospectrometry. Elementary iodine can be
generated by an oxidation with,®8r,O; and brought with the aid of a carrier gas into the
plasma. Sulfur vapour can be released from ligaid@es as b6 through acidification with
HCI. Sulfur can also be oxidized with KMpQo form SQ. Both species easily can be

released to plasma sources.

Of a particular interest for the generation of Witdaelement species and particularly for
hydride generation is the treatment with UV irrdidia. This technique has been worked out
for non-metals (I, S) and noble metals (Ag, Au,d&ld Pd). The irradiation with UV light can
also be used to produce radicals, which act asamglor reducing agent to produce volatile
species. A typical example is the reduction to eletary Hg by photochemical reactions with
free radicals produced by UV irradiation of solasd126-139].
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1.10 Electrothermal vaporization (ETV)

ETV can be used to volatilize microquantities ofuson from a carrier made of graphite or
refractory metal, such as W, Tl or Rh. The atominay have different shapes such as a cup,
a platform, a boat, a tube or a filament. The evafpmn cell is connected by tubing to the
injector in the plasma. The solution sample iswigd onto the heating device with the aid of
a micropipette. The different steps of the procedare the drying step to remove the solvent,
the ashing step to remove the sample matrix anddlatilization step to bring the analytes

into the carrier gas.

Different ETV systems have been developed for chahanalysis. The first is a carbon rod
enclosed in a quartz cell, through which Ar flowgransport the analyte. The Ar flow can be
introduced tangentially to minimize condensatiorttos walls. Further a W coil enclosed in a
cylindrical quartz chamber can be used. A thirdemysmakes use of a graphite furnace where
the atom cloud is kept inside the tube and trarisganto the plasma. In all three systems the

three essential steps are drying, ashing and \rpédibn.

Chemical modifiers can be used to avoid the foromatif carbide species and to facilitate the
removal of the matrix. For this aim mixtures of R@G), are used as well as nickel salts,
ascorbic acid and freon. ETV offers some advantiigesvork with low sample volumes (5-
50 uL), the ability to remove the solvent and hafficiency sample introduction. Matrix
substances and contamination from the heating rahtm@an cause condensation and losses
during the sample transport. The introduction ohgles by ETV produces transient signals
and its operating parameters include the Ar cag# flow, the furnace temperature and the
duration as well as of the rate of drying, ashind &aporization. Furthermore, the signals of
the more volatile elements in the sample can appadier than the ones of the less volatile
elements. With spectrometers using CCD detectarsignt signals for several elements can

be recorded simultaneously.

1.11 Laser Ablation (LA)

Laser ablation makes use of a very short laserepiliat delivers a burst of energy to the

surface of the sample. A small amount of matesabblated and the aerosol formed is

transported with a carrier gas into a plasma digghal he amount of material that is analysed
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in the case of LA is small as compared to whichesded for ETV and LA can be considered
to be nearly a non-destructive technique. The dse laser system produces spots of very
small size and accordingly spatially resolved infation of the sample in the lateral as well

as in the in-depth dimension can be obtained.

A drawback of this technique is that it is not pblesto separate the analytes from the matrix.
All the material is simultaneously brought into teeurce, so more matrix effects can be
expected and calibration with aqueous standarddifigult to realize. Three ways for

calibration can be used in LA.

» Calibration with matrix-matched solid standardsere, the pure sample matrix should
be mixed with increasing amounts of analytes t@iola set of calibration samples.

» Calibration with non-matrix-matched solids standsirdHere, an internal standard
should allow it to correct for the difference ination rate from sample to sample.

e Calibration using aqueous standardknis is realized by mixing the aerosol produced
during the ablation of the solid sample with theoael generated through nebulization

of a standard solution.

1.12 Spark ablation

Spark/arc ablation makes use of the erosion ohgpkaby an electrical spark or arc and has
been used for the direct analysis of solid samgilese many years. For generating the spark a
high voltage is applied between two electrodesnma atmosphere, one of them being the
sample. During the break-through a train of unittimnal electrical discharges is produced,
which ablate material from a conductive solid samph the spark the atoms released from
the sample surface are excited and ionized anddiresponding emission can be observed,
which is used in spark-OES. The eroded materiapark ablation is transported in a radiation

source (e.g. an ICP or an MIP).
1.13 Spectrometers
In OES the optical emission from the radiation seus focused onto the entrance slit of a

spectrometer. Through convex lenses or concaveorgjrthe radiation is led to a dispersive

element and after spectral resolution the atomis&on line intensities are measured with a
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detector. A monochromator is an instrument thatisalate a narrow wavelength band (e.qg.
1-0.01 nm) within a comparatively wide spectralgar(for atomic absorption or emission
spectrometry typically 190-900 nm). Most of thetfaments use a diffraction grating, which
is a mirror having a certain number of lines pellimeter. Most often reflection gratings are
used, which are manufactured by depositing a lajeduminium on the blank grating and

then ruling with a diamond tool. From a such magtating replica can be produced.

Radiation inciding on the surface of the gratingdiffracted to a larger or lesser degree
depending on its wavelength. Hence, a spatial aéparof lines of different wavelengths is
achieved. The diffracted radiation is collimated docused through a mirror on an exit slit.
By rotating the diffraction grating radiation offfdirent wavelengths can be focused onto the

slit. The diffraction by a grating is describedthg Bragg equation:
Sin®p, = sin®; + m\/d (16)

0. and6_ are the angles between the incident as well asliffracted light beams and the

normal of the grating surfack,is the wavelength, d is the grating constant arttierorder of
diffraction (integer value, m = 0, 1, £2, ...).i$hlequation is valid for reflexion gratings, of
which the grooves are perpendicular to the plane@flence. Gratings in spectrometers are
most often used in the reflection mode. The equasizows that for n¢ 0 the radiation of
different wavelengths will be spectrally dispersadyularly. Lines of different wavelengths
are diffracted into different discrete angles adoay to the order m. Spectrometers usually
use the dispersed light of one order. Influencestbér orders and the non-dispersed zeroth

order have to be suppressed.

Monochromatic Polychromatic

Fig. 13 Diffraction of monochromatic (a) and polyclmomatic radiation (b).
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A grating can be mounted in a monochromator in is¢weays. In the Ebert mounting a large
spherical mirror is used to collimate and to fotus beam. Czerny and Turner replaced the

large, expensive Ebert mirror by two small, sptemuirrors allowing corrections for coma.
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Fig. 14 Czerny-Turner (a) and flat field concave gating spectrograph (b).

A higher resolution can be achieved by using eehelbnochromators. They contain a so-
called Echelle grating, which has a grating cortstdrabout 1/100 nm and is used at higher
orders (> 50) together with a prisma as order safien in crossed dispersion. This setup,
where the prism or another dispersing elementsesilas an order sorter, results in a two-
dimensional spectrum in which the blaze wavelermgtiresponding to each of the different
orders can be used. Also Fourier transform speeters have been developed for the UV-
visible region of the spectrum. Such spectrometeake use of a Michelson interferometer.
They have excellent resolution and an electroniconging of the whole spectrum at
extremely fast scanning speed (a few seconds)ssilgle. However, a main disadvantage of
this technique arises from the fact that the wtsgectrum is collected. Accordingly, very
intense emission lines contribute to the noisdliregions of the spectrum, thereby degrading
the signal-to-noise ratio for less intense linethed desirable features of a monochromator
are stability and multi-element capability. Inityaldirect reading spectrometers, based on a
polychromator with a high number of photomultipiebehind exit slits, were used for
simultaneous multi-element analysis. They were espe, bulky and limited to the installed
elemental lines. The development of rapid-scanmiegochromators under computer control
which sequentially select the analytical waveleagtgreatly increased the flexibility of
analysis. More recently, high resolution echellenowhromators in conjunction with array
detectors have been used, with which lines over whele spectrum can be accessed
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simultaneously. This can also be achieved with Rasé&unge spectrometers where the focal

plane is provided with a high number of CCD detectoranged side by side.

1.14 Detectors

Charge injection devices (CID) and charge-coupledic (CCD) detectors can be used to
monitor large portions of the spectrum by taking e@ectronic photograph. They are
analogous to photographic plates, which were ugetthe earliest spectrometers. A typical
array detector consists of 1024 linear photodetemtays on a silicon chip with a surface
area of 13 x 18 mm. Up to three array segment®l@ixan be used to measure an analytical
line of high sensitivity and large dynamic ranged arelatively free from spectral
interferences. The wavelengths of the emissiorslare fixed by means of their location on
the chip and lines can be measured simultaneotibly.detector can then be electronically
cleaned and a next spectrum record made. The adyemnif such detectors are that they
often can make as many as ten lines per elemeiitlalea so that lines which suffer from
interferences can be identified and eliminated. Gamed with PMTs an array detector offers

also a high quantum efficiency and a low dark auitre

Currently, there are three different types of amlayectors, which are used in spectrographs:
CCDs, photodiodes and CMOS arrays. They diffethirtdistinct production technologies
and their parameter€€CDs are array detectors with metal-oxide capaxi{photogates).
During the illumination by the spectrally resolvestliation a charge (electron—hole pair) is
produced under the gate. A potential well is credby applying a voltage to the gate
electrode. The charge is confined in the well assed with each pixel by the surrounding
zones of higher potential. The read out of theyaisgreceded by a charge transfer by means
of varying gate potentials according to speciatklechemes. The charges of the pixels are
transferred simultaneously to the shift register{slowed by a sequential transfer to the
output section, where the charge is convertedanooportional voltage. The node doing this
is first set to a reference level (clamp level) afteérwards to the signal level. The difference
is used as the final signal. This technique isechfCorrelated Double Sampling (CDS) and
allows a significant reduction of the system noiBeere exists a wide variety of CCD arrays
from several producers. The Sony ILX series isroétpplied in spectroscopy. Other types are
the TCD 1201D of Toshiba and the S 703x seriesavhbmatsu. The latter has not only one

pixel line but 122. It can be used in the so-caliee-binning mode. The signals of each pixel



Theoretical Part 40

row in the direction perpendicular to the spectrame additionally combined to create a

greater pixel height.

Photodiode arrays (PDA) consist of several photbekcarranged in a line. The radiant energy
impinging on a diode generates a photocurrent, wisigntegrated by an integration circuitry

associated with this pixel. During a sampling péribe sampling capacitor connects to the
output of the integrator through an analog swifDAs like the S 39xx and S 838x series of

Hamamatsu as well as the MLX 90255 of Melexis ar@C of IC Haus are produced.

CMOS arrays also use MOS structures as pixelsthigeCCD arrays. The basic difference is
that the charge-to-voltage conversion takes placttly in the pixel cell. This conversion
consists again of two steps, the photon electrahtlae charge (electron) voltage conversion.
This difference in read out technique has signifidenplications for the sensor architecture,
capabilities and limitations. The S 837x serie¢lamamatsu and the L series of Reticon are

examples for CMOS detectors.

The optical resolution in a spectrum is reflected the Full Width at Half Maximum

(FWHM). It depends on the groove density (hmf the grating, the diameter of the entrance
optics (optical fiber or slit) and the optical l¢hgf the spectrometer. It should be mentioned
that the resolution increases with the groove deradi the grating, but at the expense of

spectral range and signal intensity.

1.14.1 Miniaturized spectrometers

Traditional laboratory optical spectrometers atdedop-sized instruments that deliver very
high performance. Currently used industrial spesciopic analyzerare largely based on this
laboratory technology. They are typically containeda temperature controlled housing,
eventually with fiber-optic connections to the resfive source. The installation costs for this
equipment are high, without even taking into ac¢dbe cost of maintenance, and they are
too expensive to be used as spectroscopic sengpris ¢he environment. Herefor, currently
available diode-array and other miniature specttersenay be a better alternative, also
because miniature detectors now have a high dynege, a fair resolution, high signal-to-

noise ratios, and a good performance.
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Analytical emission spectrometers also require amado transport the radiation from the
source to the spectrometer. This may make usenskfeand/or of optical fibers, where the
opening angle of the spectrometer is to be takiEnaocount.

Traditional laboratory optical spectrometers ar@idglly bulky. The key challenge in
constructing a miniature spectrometer is how tonghthe size of the device without
compromising resolution and signal-to-noise ratd®. number of prototype miniature
spectrometers using different techniques have laé®m constructed or proposéut;luding

Fourier transform spectrometers.

Miniaturized spectrometers mostly use a detectoayainstead of many single-channel
detectors and only need fixed components. Meanwttiey are available as PC coupled,
stand-alone as well as hand-held devices and ledind their applications also for online

process measurements.

Mostly diffraction gratings are used as the disperglement, because they have a higher
dispersion and lower production costs than prisnastheir dispersion over the whole spectral

range is nearly constant.

Array spectrometers consist of an input slit, atiggpand possibly other optical imaging
elements. One can distinguish between plane grasegups and concave grating

spectrometers. The latter type combines diffraciiod imaging in one optical element.

Array spectrometers show some disadvantages, leg: dften suffer from high stray light,
compared with monochromators. Furthermore, the itbahs is lower than that of a
conventional monochromator, which easily can deditvith a photomultiplier. The precision
and resolution is normally less than that of labmmainstruments with a turnable dispersive

element.

The array detectors have a number of individuatigdable sensitive areas, so-called pixels
(picture elements), arranged in one straight liffey are devices transforming a spatial light

distribution into a signal voltage or current oftdranging with time (see Ref.[140]).
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1.15 Plasma mass spectrometry

In plasma mass spectrometry, ions are physicaltyaeted from the plasma into a mass
spectrometer, which requires a low pressuré (hbar), so that a suitable sampling interface
must be used. The problem of extracting ions frdmotgplasma at atmospheric pressure into a
mass spectrometer at cal&km now is overcome by making use of at leastdifferentially
pumped vacuum chambers held at different low presshe plasma normally is aligned so
that the central channel is directed to the tij o¥ater-cooled sampling cone, made of Ni or
Cu, which has an orifice of approximately 1 mm imandeter. The pressure behind the
sampling cone normally is at the order of somen@bhr. So the plasma gases, together with
the analyte ions, expand through the samplingaarifind form a shockwave. This expansion
is isentropic (i.e. there is no change in the tetdtopy) and adiabatic (i.e. there is no transfer
of energy as heat), resulting in a supersonic esipanand a fall in temperature. This
supersonic expansion takes the form of a cone avghockwave structure at its base called a
Mach disc. The region within the expansion conealied the zone of silence, which is
representative of the ion species to be found énplasma, i.e. the ionization conditions have
been frozen. Behind the sampler there is a skimeoee, of which the orifice at the tip
protrudes into the zone of silence, and which &xialin-line with the sampling orifice. The
ions from the zone of silence pass through theceribf the skimmer into the vacuum
chamber as an ion beam. The ion beam can thenchiegd by means of ion lenses, which

deflect the ions along a narrow path and focus tbeta the entrance to the mass analyser.

In the mass analyzer the ions of different masshiarge ratiqm/2 are separatedince the
ions of interest are almost exclusively singly deat,m/zis equivalent to mass for practical
purposes. There are two types of mass analyzersnooty employed for elemental mass

spectrometry, namely the quadrupole and the magsetitor (see Becker [141]).

Quadrupoles comprise four metal rods, ideally opdmpolic cross section. Through a
combination of radiofrequency (RF) and direct cotréDC) voltages, which are applied to
each pair of rods, an electric field is createdhimitthe region bounded by the rods.
Depending on the RF/DC ratio, the electric fielteen the rods will allow ions of a narrow
m/z range to pass. Hence, by changing the RF/DC ratia icontrolled manner, the
guadrupole can scan through the mass range allaarsgof increasingn/zto pass through,

while the other ions strike the quadrupole rodspriactice, the quadrupole is rapidly scanned
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in small steps, i.e. a typical mass scan from 26@m/ztakes less than 100 ms. Alternatively,
the RF/DC voltage may be adjusted to allow ionsawy chosemm/zto pass, rather than
performing a sequential scan, thereby allowing ated peak hopping between widely
separatedn/z Quadrupole mass analysers are nowadays cheapleetind compact. They
have nearly single mass resolution, which is sigfficfor many applications, and therefore it
is the most commonly used mass analyser. Howevlenwhigher resolution or truly

simultaneous mass analysis is required, magnettors@struments are more powerful.

Magnetic sector mass analysers make use of thelations are deflected by a magnetic
field, with ions of higher mass or charge beinglet#éd to a greater extent. The electric
sector can be placed either before or after thenetagsector, denoted respectively as normal
and reversed geometry. In a typical instrumenidhe are accelerated after they are skimmed
from the plasma and, then they travel through tleetec sector, which acts as an energy
filter. The ions then are deflected in a singlenpldoy the magnetic field, with the degree of
deflection increasing with increasimg/z.A mass spectrum can be generated by scanning the
magnetic field, allowing the ions of increasingzto pass through a slit. Alternatively, the
magnetic and electric field strengths can be hadst@ant and several detectors can be
provided in the plane, thereby allowing truly sitameous mass analysis. Magnetic sector
mass analysers are more expensive and more cotgptgperate than quadrupoles, and they

cannot be scanned as rapidly as quadrupoles.

Apart from quadrupole and sector field mass spawtters also time-of-flight systems now
are important in plasma mass spectrometry [142].
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C. Instrumentation

2.1 Microstrip plasma

The atmospheric pressure, low-power microwave pasibased on the microstrip technology
(MSP) were generated with the aid of a transisterawave generator. Herewith microwaves
of a frequency of 2.45 GHz with a maximal microwaesver output of 40 W were produced.

2.1.1 Plasma inside the wafer (type A)

A first type of plasma was sustained fully insidstaight grown-in cylindrical channel (0.9-
mm inner diameter) in a square sapphire wafer (80 long x30 mm wide x1.5 mm high),
which has a relatively high anisotropic relativerpitivity and was ignited with a spark [77,
79]. A 100- nm Ti adhesion layer covered both siofethe sapphire plate. On one side of the
wafer, a 2um Cu layer was provided by sputtering and served gsound electrode. The
other side was provided with the microstrip linegd¢h of 0.8 mm), as it is schematically
shown in Fig. 15a. The microwave power was intreduto the microstrip structure by a
coaxial cable with the aid of a sub-miniature vamsA (SMA) connector and propagated
along the inner side of the sapphire substrate deriwthe microstrip line and the ground
electrode. The microstrip technology made it pdsstb use only a small wafer area. A
compensated edge in the microstrip was providedssto allow an effective propagation of
the microwave field along the electrode. The groefettrode was connected to a copper
socket provided with an active air cooler (25 mmgo25 mm wide). For controlling the gas
flow rates, a mass flow meter was used. Ar and ldeevintroduced into the analyte channel
of the MSP structure by means of a 0.55-mm outemdter polyethylene tube, after being

loaded with the analyte, and serve as dischargesgas

2.1.2 Plasma exiting the wafer (Type B)

Also this type of microstrip plasma (MSP) was opedlain a square sapphire wafer with a
length of 30 mm and a height of 1.5 mm, in whics$traight cylindrical channel (0.64 mm in
diameter) for the introduction of the Ar and He Wiog gas was grown-in. The microstrip
structure in comparison with the previously dessdifMSP structure was modified in so far

that the microstrip (0.8 mm in width) on the wadsttends to the edge of the wafer, by which
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the plasma exits from the gas channel by aboutn2a3 (Fig. 15b). The positions of a
compensated edge and a matching element in thisdesign were also modified so as to
keep the reflected power low. As in the former tgpeopper layer sputtered on the backside

of the wafer was connected to a copper base chgladfan and served as ground electrode.

Fig. 15 Microplasma structure inside the wafer (a)and exiting the wafer (b). Sapphire
wafer (1), Ar MSP (2), microstrip (3), matching elenent (4), gas/sample channel (5), Cu
base with fan (6), coaxial connector (7).

Both types of microplasmas have several advantages other devices described in the
literature:
1. They can be generated at atmospheric pressurewitieed for a vacuum pump.
2. They are electrodeless discharges, reducing themplasource contamination by
sputtering of the electrodes.
3. Microstrip technology and a small microwave germratermit low power operation
and portability of the microplasma system.
4. MSPs are very economical in gas and power consompti
5. MSPs can be directly coupled to microwave genesaigrSMA connectors avoiding
radiation losses.
6. A matching of the impedance can be done with tdeo&simple components such as

antennas.
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2.2 Miniaturized spectrometer

For the acquisition of the spectra and the dataordacg, a miniaturized USB 2000
spectrometer (Ocean Optics, USA) coupled to a pefsoomputer was employed. The
spectrometer has an asymmetric crossed Czerny—Tdesagn.

The radiation is collected from the MSP using a®-iameter quartz lens (focal length of
8.7 mm) and transmitted by a 2-m-optical fiber W00 um diameter to the spectrometer. To
protect the lens from the gases released by the, M@partz plate was placed between the
plasma source and the lens. The collected radiatoers the optical bench through a suitable
connector. Before entering the optical bench, #tkation passes through a filter that restricts
the optical radiation to a pre-determined wavelemggion. Then, the radiation is reflected by
the collimating mirrors onto the gratings whichfiditt the light. This on its turn strikes the
CCD detector, which converts the optical signal ttigital signal (Fig. 16).

Fig. 16 USB 2000 miniaturized spectrometer. SMA carector (1), slit (2), filter (3),

collimating mirror (4), gratings (5), focusing mirror (6), collection lens (7), CCD detector

(8).
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The specifications of the CCD detector used inWs2000 miniaturized spectrometer and

those of the USB2000 spectrometer itself are ligtebhble 1 and 2, respectively.

Table 1. Features of the CCD detector

Type Sony ILX511 linear silicon CCD array
Number of elements 2048 pixels

Pixel size 141m x 200pum

Pixel well depth 62,500 electrons

Signal-to-noise ratio 250:1 (at full signal)

A/D resolution 12 bit

Dark noise 2.5 RMS counts

Corrected linearity >99.8%

Table 2. Specifications of the USB2000 spectrometer

Dimensions 89.1 mm x 63.3 mm x 34.4 mm

Weight 190 g

Power consumption 90 mA, 5V DC

Wavelength range 200-500 nm

Detector 2048-element linear silicon CCD array

Gratings UV through Shortwave NIR, 600 and 1200
lines mm'

Entrance aperture 5, 10, 25, 50, 100 or 200 mm wide slits|or
fiber (no slit)

Order-sorting filters Installed longpass and bandpass filters

Focal length fl4, 42 mm (input); 68 mm (output)

Optical resolution ~0.3-10.0 nm FWHM (depending on grating
and size of entrance aperture)

Dynamic range 2 x 108 (system); 2000:1 for a single scan

Stray light <0.05% at 600 nm; <0.10% at 435 nm;
<0.10% at 250 nm

Sensitivity 400 nm — 90 photons/count; 600 nm — |41

photons/count; 800 nm — 203 photons/count

Data transfer rate Full scans into memory every 13

milliseconds
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Integration time 3 milliseconds to 65 seconds

Operating systems Windows 98/Me/2000/XP when using the
USB interface on a desktop or notebook PC.
Any 32-bit Windows operating system when

using the serial port on desktop or notebook
PC. Windows CE 2.11 and above when using

the serial port on palm-sized PC

2.3 Sample introduction systems

2.3.1 Efficiencies of different setups for water yaour removal

The generation of a vapour containing the analyterme of its volatile species through

chemical reactions is accompanied by the introdactif water vapour into the gas mixture
which has been recognized to influence the stgkalitd the excitation properties of sources
like the microwave plasmas. Normally, the use alesolvation trap is required so as to
remove these residual water vapours before enténm@nalyte vapour cloud into the plasma
sources [68, 143].

For a such purpose, different setups for dryingahelyte vapours subsequent to the gas-
liquid phase separation and before their entrante Ar and He MSPs were examined and
their effectiveness studied through a comparisothefanalyte signals, as done with the Hg
cold vapour technique (see Fig. 17). It was fourad the setup with the Mg(CI® filled tube
and the flask with concentrated,$0, with and without an additional cooler (to 4°C)
produced the highest relative intensities of the g for the case of both MSPs. The
application of the water vapour cooler only wasndwo be less effective. A disadvantage of
the setup with the drying tube, however, was thatively fast exhaustion of the absorption
capacity of Mg(CIQ), for H,O, which then led to an absorption of the analytel a
deterioration of the detection limit for Hg. Thevef, the use of a flask containing
concentrated 5O, was chosen for the desolvation of the analyte wvapecause it was easy

to install and it can be used for a relatively laimge as well.

The Hg CV generation and the separation of theytmapecies from the reaction liquid were
performed in a continuous-flow mode. The principfehe CV system used is given ig.

18. Herethe Hg containing sampkolution, which isacidified with HCI, and the reducing
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agent being a solution of SnGicidified with HCI were pumped in parallel withetsample to

a T-piece, where both flows were mixed. Then, thaction mixture was pumped into a
cylindrical gas-liquid separator (15-mm inner diaene100 mm long) for separation of the
Hg cold vapour from the sample solution with the @i the gas flow. The Hg vapour and the
accompanying solvent vapours were passed throutdsla containing concentrated,$0,
for desolvation, and were finally introduced int@tMSP. The reaction liquid was removed
from the separator by a peristaltic pump with avflate which was selected so that always

constant solutiotevel was maintained inside the gas—liquid separat

0 ArMSP B HeMSP
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{A) Cooler (B) Cooler, tube with Mg(C10 ), and flask with H,S80,

(C) Flask with H,SO, (D) Tubewith Mg(C10,), and flask with H,S0,

Fig. 17 Evaluation of water vapour removal systemr the Hg cold vapour technique
combined to MSP-OES. Hg | 253.6 nm line.
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Fig. 18 Continuous cold vapour generation system fdhe determination of Hg using
SnCl, as reductand to be combined with MSP-OES

2.3.2 Continuous hydride generation system for thdetermination of As and Sb

In the continuous flow-hydride generation (CF-HGnifold, we used for the determination
of AsHz and SbH, a small concentric gas-liquid phase separatoiS);G(65 mm in length and
14 mm in width). As compared to commonly used datakstube separators, the relatively
small dead volume of this GLS decreases the dilutbd the generated hydrides, which
prevents a deterioration of the signals and thepraducibility [144]. In addition, a GLS
without drain and a peristaltic pump were used,ciwhmakes it easier to maintain a constant
filling level inside the GLS. This prevented fromepsure fluctuations in the system and
allows it to keep the dead volume of the GLS carntstkor the generation of As and Sb
hydrides, an acidified sample solution with HCI anNaBH, solution containing NaOH were
delivered at a constant flow rate with the aid dfva-channel peristaltic pump to a first T-
piece. There, the reagents are mixed and the omastarts. Then, the mixture was brought to
the second T-piece where it is merged with an dwflFinally, the generated gases and the
residual reaction solution were passed to the GLS.

The volatile hydrides and the excess gfwére led into the plasma by the Ar flow afteraish

passed through concentrategSiy, in a flask to eliminate the moisture. The residealction
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solution was pumped away with a further peristaiionp maintaining a constant liquid

volume inside the GLS.
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Fig. 19 Continuous hydride generation system for As and Sbombined to CF-HG-MSP-
OES.

2.3.3 Cold vapour generation using SnGl and NaBH; as reductands for the

determination of Hg

For the continuous flow cold vapour generation @f, Ifleducing agent solutions containing
either NaBH in NaOH or SnCGI2H,O in HCI can be used, and in both cases the analyte
solutions containing HCI and the reagents were mdmm parallel by a two-channel
peristaltic pump. The solutions were mixed in thpidce where the reaction starts and then
provided with an Ar flow in a second T-piece. Thsulting reaction mixture was brought
into a small 10 mL cylindrical gas-liquid phase agpor (GLS). For an optimum separation
of the gases and the reaction liquid residue, thélod is mixed with the reaction mixture
before its introduction into the GLS. Before emgrthe MSP, the released vapours of Hg and
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other reaction by-products in Ar were dried by pagghem through a vessel containing
concentrated F5O,. The whole experimental setup for the cold vapgemeration system is

shown in Fig. 20.

CCD spestrometer
GLS a — | 7 Optica nmer
MSP

§ =
nr I |

2

5 Sample R Redoctamt W Waste GLS Gos-liquid phese separsior

w

Fig. 20 Hg cold vapour generation system using SnCind NaBH, as reductands, to be
coupled with MSP-OES.

2.3.4 Miniaturized chemical and electrochemical hydride g@neration system for the

determination of As and Sb

In a miniaturized chemical hydride generation maldifan alkaline solution of NaBfand a
solution containing As and Sb acidified with HCIneelelivered by means of a two-channel
peristaltic pump to a T-piece where the HG reacti@s initiated. The reaction mixture was
then passed to a 6-ml gas-liquid phase separat@®)(® separate the gaseous products of the
HG reaction from the solution and to sweep the iajgdr and H by an Ar stream introduced
at the bottom of the GLS out of the solution. Befentering the MSP, the Ar flow loaded
with the volatile hydrides and the co-generatedwds passed through a 10-ml flask filled
with concentrated 50O, to remove accompanying water moisture. The reactesidual
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solution was instantly pumped away from the GLSnigans of a second peristaltic pump
(Fig. 21).

For ECHG a miniaturized electrolysis cell compaeatal that formerly described by Bings

al. [145] was used. The internal volume of the anadkthe cathode compartments in the cell
used in the present study, however, was smalleh(about 0.2 ml). The compartments were
separated by a Nafion cation exchange membrane.radR45 mm of length and 1.5 mm in
diameter) served as anode, while a carbon fibedlewvas used as cathode. For the HG an
anolyte solution of EBO, and a catholyte solution containing in addition &sd Sb were
delivered to the respective compartments by me&astwo-channel peristaltic pump. When
applying a constant voltage to the electrodes thkithes and KHwere formed in the cathode
compartment while in the anode compartment vias produced. The catholyte reaction
mixture containing KSOs, the hydrides and Hwere introduced from the cathode
compartment to the GLS. The separated gaseousomrgebducts were then carried with a
flow of Ar to the MSP as in the case of CHG (Fid).2

NaBH, solution ‘:T

Sample acidified with HC1
mp —_—
1 ~",‘=—a- to M5SP
to drain
e AT
GLS
Elex trolytic cell X to drain
N flask with concentrated H,50,
H,50, solution - Samp le acid ified with H,80, -
anolyie c atholyie
6 o

L1 Zdem

Fig. 21 Miniaturized CHG and ECHG systems for the determiration of As and Sb by
MSP-OES.
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2.3.5Continuous gaseous species introduction system fother non-metals

For the continuous flow generation of,Band C}, a sample solution acidified with,80,
and containing Bror CI was brought together with a solution of KMnpéx the same flow
rate with the aid of a two-channel peristaltic purmpa T-piece, the flows are mixed and the
reaction takes place. The resulting reaction meiarthen passed through a 2.5-ml reaction
coil and pumped into a frit-based gas-liquid phasparator (GLS). For an optimum
separation efficiency of the gaseous halogens tr@rsolution, the GLS was filled with glass
beads and a He flow was introduced into the ®ila&he glass frit so that it bubbles through
the solution and smoothly sweeps the &1d C} released in the oxidation reaction out of the
solution. The reaction solution waste was removethfthe GLS by another peristaltic pump.
Before entering the MSP, the flow of He loaded witlogens was passed through a flask
containing concentrated,HO, in order to remove the water moisture. The gas@lsample
introduction system is schematically shown in 28. The same device was also used for the
CF generation of p6. Here, the gaseous,$l was produced by acidification of a sample

solution containing Swith HCI.

a)

KMnQO,4 ﬁ

— T
Sample (Br’, CI") A ? \_
containing Reaction — 5 10 MSP
R

b)

HCI —\

Waste < Flask with H,SO,
sample (s?) —

IjFrit-based GLS

He

Fig. 22 Continuous flow system for the generationfmon-metals (Cl, Br) (a) and non-

metal volatile species (S) (b).
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D. Practical Part

The present work focuses on the determination gfA&$g Sb and non-metals like CI, Br and
S by a continuous flow vapour generation by reaductind oxidation reactions, respectively,
coupled to optical emission spectrometry with twmiaturized microstrip plasma sources
(MSP-OES) using a miniaturized spectrometer. Onth@fmain aims of this research was to
improve the cost/performance ratio and to offerusohs to challenging tasks in the
environmental and the life sciences. Here, minization of plasma discharge devices for
elemental spectrochemical analysis has been agoainso as to provide their use as element
detectors. In this work, microstrip microwave plasnare used because of their chance to be
portable enabling in-situ analysis as well as lasse of expensive reagents and a low
consumption of working gas. Cold vapour generatemhniques using Sn£and NaBH as
reductand are considered for the determination gof il combination with both MSP-OES
systems. As and Sb have been determined understh@fuchemical and electrochemical
hydride generation in the present work, becaudaetier figures of merit and the possibility
to avoid the use of expensive reagents. Also thermhnation of non-metals using He

plasmas has been studied.

In the first part of the present work a comparasuely of the properties and the influence of
plasma parameters like gas flow rate and microwirevard power on the excitation
temperature, on the electron number density, oméo&ground corrected signals for the Hg |
253.6 nm line and on the signal-to-background ré88R) in the case of He and Ar as
working gases for the MSP has been performed. Alsooptimization of the analytical
parameters in the determination of Hg using the apour technique was done. Further, the
use of hydride generation for the determinatio®sfand Sb and the influence of the excess
of H, on the plasma properties has been investigate@, ffee concentrations of the reagents
as well as the flow rates of gas and reagent foroptimal production, transport and
introduction of the hydrides into the MSP sourceenstudied.

In the second part of the work, a comparative stoidthe use of Sngland NaBH in the

determination of Hg by the cold vapour techniques warried out. Here, an optimization of
the concentrations of stabilizing substances akagebf the reducing agent and of the acidity
of the sample and of the Ar and reagent flow ratese done. Also, a comparison of the

possibilities of chemical and ECHG for the deteration of As and Sb was included. This
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necessitated on optimization of the parametersaasetailed determination of their respective
figures of merit as well as a study of the intexferes by transition metals and hydride
forming elements in chemical and electrochemicatiriole generation. For validation

purposes NIST standard reference materials (doongstilge and coal fly ash) were dissolved

with the aid of microwave-assisted digestion amgétber with real samples analyzed.

As a last part of the work the determination of smeetals such as S, CI, and Br through the

use of oxidizing reagents at very strong acidicdittons was studied.

3.1 Experimental conditions

3.1.1 Preparation of stock sample solutions

Fresh stock and calibration solutions were dailgppred for the respective analyses. Stock
solutions of Hg(ll) for cold vapour generation wgrnepared with HCI, HN@and HSO..
Bidistilled water was used throughout to dilute #teck solutions. HCI was found to be the
optimal stabilizing acid for the case of Hg colgwar generation. The solution of Sp@las
prepared by dissolution of SO in concentrated HCI and diluting with water acting

to Ref. [146]. In order to study interferences ire tcase of the cold vapour generation
technique, synthetic sample solutions of Hg coimgimlifferent concentrations of NaCl were
prepared by the dissolution of suitable amountda&t| in water. These solutions were spiked
with Hg and acidified with concentrated HCI andaflg diluted with water. In a similar way,
a multi-element matrix ICP standard IV solution @oning Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr,
Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Hd&Zn, spiked with Hg was also prepared.

For hydride generation, sample preparation wasopadd in the same way with bidistilled
water. The NaBHk solution was prepared daily by dissolving NaByéwder in a solution of
NaOH for stabilization. Standard solutions contagnboth As(V) and Sb(lll) were prepared
by diluting the respective single-element stockngdéad solutions. The resulting solutions
were acidified with concentrated HCI, HNOr H,SOy. HCI was found to be the optimal acid
for sample preparatiomn order to evaluate the interferences of differeleiments, standard
solutions of the individual elements Cd(ll), Co(Igr(lll), Cu(ll), Fe(lll), Mn(ll), Ni(ll),
Pb(Il) and Zn(ll) were added to the solutions of #&sl Sb and the resulting solutions were

acidified with HCI. A synthetic sample solution ¢aiming 2ug ml* of As and Sb and the
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metals Ct* (1 pg mr), Cu#* (0.6 pg mrt), FE* (56 pg mrt), Mn** (0.9 ug mr), Ni%* (0.6 ug
ml™), PE* (0.4pg mit) and Z* (1 pg mi*) was prepared. The concentrations mentioned for
the heavy metals corresponded to the compositidgheofample solution obtained from 1 g
NIST coal fly ash standard reference material (SR883a), when dissolved in 200 ml.
Solutions of Nal, KCN and L-ascorbic acid as well lacysteine were prepared from the
respective solids to mask the interfering metasidrhese solutions were added to the sample

solutions or to the NaBtsolution

Samples of Hg acidified with HCI| were also prepafedthe cold vapour technique using
SnCL and NaBH as described before. In order to study the chdnmtaxferences in the cold
vapour generation procedure, solutions of Hg cairigiCd(ll), Co(ll), Cu(ll), Fe(lll), Ni(ll),
Zn(ll), or the hydride forming elements As(V), BIjl Sb(lll) or Se(lV) individually were
prepared, acidified with HCI and then diluted whildestilled water.

For ECHG standard solutions with As and Sb werg@amed by diluting stock solutions of
As(lll) and Sb(lll) with a solution of b5Oy. HCI was not used, as it generates When
passing through the cell, which can reach the pdaand change its properties with respect to
the determination of As and Sb. Hil@as avoided because it causes depolarizationeof th
cell. To study the interferences caused by Bi(IGd(Il), Co(ll), Cr(lll), Cu(ll), Fe(lll),
Hg(ll), Ni(ll), Pb(ll), Se(IV), Te(IV) and Zn(ll)with ECHG of As and Sb different amounts
of individual standard solutions of these elemevise added to stock solutions of As and Sb
and diluted to the appropriate concentrations wiiolution of HSO, in de-ionized water. All

stock and calibration solutions were prepared daily basis.

For the determination of the non-metals, He wasl @seworking gas. Stock solutions of ,Br
Cl and $ were prepared by dissolving NaBr, NaCl and,®arespectively, in bidistilled
water. Working standard solutions of Bind CI were obtained by diluting the Band CI
stock solutions with solutions of ,BO, of the suitable concentrations. Working standard
solutions of § were prepared by diluting the* Sstock solution in bidistilled water. For
continuous flow oxidation of Brand Cl a solution of KMnQ in acid was used. #$ was

generated by mixing the#Ssolution with HCI.
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3.1.2 Water and galvanic bath solution samples

As domestic water, tap water was taken from differpoints in the city of Hamburg.
Furtheron, natural waters from the Elbe River drel Alster Lake were collected with 0.5 L
pre-cleaned polyethylene bottles. After samplifigese water samples were acidified with
concentrated HCI to a pH value of 2 and spiked Wth Prior to analysis 50-mL portions of
the spiked water samples were acidified with cotre¢éed HCI and their volumes brought up
to 100 mL with bidistilled water.

A galvanic bath solution containing NaMO,, carbonates and NiS@t concentrations below
2.5 % (m/v) made available through Atotech (Berldermany) was also analyzed. Prior to
analysis, this solution was diluted 25 times andl lM@s added until its concentration
amounted to 3 moi'l Sb was expected to be present in the galvanit dshple as inorganic
Sb(lll). As originally was not present in this sdmpWe spiked it with As(V) up to a
concentration of 4kg mi*. To minimize interferences from the componentthefsample in
the determination of Sb and As calibration by staddaddition with solutions containing

Sb(lll) and As(V), respectively, was applied.
3.1.3 Microwave-assisted digestion of standard refence materials

To verify the accuracy of the developed procedtmeshe determination of Hg, As and Sb
NIST SRMs were analyzed.

For the determination of Hg a domestic sludge stethdeference material (NIST SRM 2781)
was analyzed. It was decomposed under the useonbwave assisted digestion as described
in Ref. [147]. Therefore, a portion of the matenigds dried for 2 h in an oven at 130.
Then, 0.25 g samples were weighted into the decsitipo vessels and 5.0 mL of suprapure
concentrated HN®as well as 5.0 mL of suprapure concentrate8® were added. A two
stage microwave assisted digestion was applied1thetage has a duration of 5 min at a
power of 300 W (35 bar, 4%C) and the %' stage has a duration of 40 min at a power of 300
W (35 bar, 190°C). After completion of the digestion, the nitrogemide fumes were
removed by heating the vessels for about 20 mia bot plate. After cooling the contents of
the vessels were quantitatively transferred to &Ocalibrated flasks and latter filled up with

water. In the solutions of the digested referenetenmal Hg was determined with the aid of
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the cold vapour generation technique using $a@dl NaBH as reducing agents and applying

three standard additions.

Further, As and Sb were determined in a NIST dyadsh standard reference material (SRM
1633a) after digestion in the microwave system MAREEM Corporation, USA) equipped
with a set of high pressure HP-500 Plus PTFE ves3éle digestion procedure applied was
as previously described. Prior to analysis the stiga solutions were filtered through
Whatman 42 paper filters and As was determinedyuyitte generation under the use of 2

standard additions.

3.1.4. Measurement of the amount of Hproduced in the continuous CHG and ECHG

The amount of K produced during CHG and ECHG, respectively, waasueed under the
assumption the predominant constituent of the geseuixture formed is H For that
purpose, the exit tube of the GLS was insertedvonlametric cylinder filled with water. The
cylinder was placed upside down in a large beailedfwith water. The CHG and ECHG
were performed without entering Ar into the systand its inlet was closed. In this way H
pressed the water out of the cylinder and it wassitte to measure the volume of H
generated during a certain time and under selentpdrimental conditions. The amount of H
liberated per minute was measured 3 times andethdts given are the mean values and the

standard deviation.

3.1.5. Determination of excitation temperatures an@lectron number densities

The excitation temperature ) was determined with the aid of Ar and He atonedirfAr I,
He I) assuming a Boltzmann distribution of the pgapian of the excited atomic levels. The
temperature was calculated from the slope of tlgél I/A) versus E plot using the least-
squares method. The uncertainty of the determinaifole, was estimated to be 15 to 20%
and calculated from the error of the slope. Sewemadines for Ar (425.1, 425.9, 426.6,
427.2, 430.1, 433.4, and 434.5 nm) and five atareslifor He (402.6, 447.2, 471.3, 492.2,
and 501.6 nm) were used to obtain the Boltzmants plal8, 149]. The values of the upper-
state energies and the transition probabilitiestter Ar and He lines were taken from the
literature [150, 151].
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For the determination of the electron number dgr(si) the H; 486.1 nm line was used. Its
broadening was accepted to be mainly due to Sta&dening, from whichgqwas calculated
with the aid of the equations given by Griem [15HB}e precision of the determinations @f n

for the case of three replicate measurements dmikkpected to be 3-5%.

3.1.6. Measurement of the hydride generation effiencies

The efficiencies of the continuous flow chemicatl aectrochemical hydride generation for
the case of As and Sb were measuring by determthmgoncentrations of As and Sb in the
waste solution of the reaction with the aid of IOES using pneumatic nebulization. The
calibration was done with matrix matched standatdt®ns of As and Sb. Graphite furnace
AAS was also used for the determination of the idg@lgeneration efficiency in the case of
the respective elements. The analyses made usedtandard additions and Pd—Mg(NO
was used as matrix modifier. The efficiencies avergas percentages from the added analyte
concentration and calculated from the differencewvben the concentration added to the

sample and the one found in waste solution.

3.2 Wavelength selection

Within the wavelength range of the miniaturized 2880 Ocean Optics spectrometer (200-
500 nm) the most sensitive lines for Hg, As, Sh, Bl S and C were selected and used

throughout the work.

For cold vapour generation using Sp@hd NaBH the analytical line Hg | 253.6 nm [74]
was found to be the most sensitive one. Also olihes of Hg were observed such as Hg |
365.02 nm and Hg | 404.65 nm. However, they weremiess intensive than the Hg | 253.65
nm line (0.036 and 0.02 versus 1.0 a. u. in thee aaflsan Ar MSP and cold vapour

generation).
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Fig. 23 Signals for the Hg 1 365.02 and 404.65 nnmés for a solution containing 500 ng
mL™ of Hg in 2 % HCI.

In the case of CHG and ECHG and both MSP dischatgesAs | 228.8 nm and Sb | 252.8
nm lines have been found to be the most intengies.oFor the determination of non-metals,

the most intensive analytical lines of the elemeatislied were Br I 478.5 nm, Cl 1 439.0 nm

and S | 469.4 nm.
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Fig. 24 Analytical lines for the determination of ron-metals.
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3.3 Preliminary investigations with an MSP type A sing He as working gas

3.3.1 Dry He and Ar plasma and plasma loaded with ater vapours

Dry He and Ar plasmas could be operated at a pdetreen 35 and 40 W and with flow
rates in the range of 5.7 to 450 ml fhirUnder these conditions intensive discharges were

observed inside the wafer.

Some experiments were done so as to criticallyuewalthe influence of some parameters on
the properties of the He plasma. It was noticed tiva introduction of water vapours to the

He microstrip plasma resulted in a considerableedse of the intensities of He I lines as
compared to those observed when a “dry” plasmauwsasl. The intensities of the He atom

lines at 388.9, 447.1 and 501.6 nm for the plasymaddd with water vapours were 74, 75 and
70 %, respectively, of those for the “dry” He plas(fig. 25).

In addition, the influence of the gas flow rate the intensities of the atom lines of the
discharge gas spectra in the range of 15 to 45mimf was investigated. Here, the plasma
was loaded with water vapour by introducing waitéo ithe Hg cold vapour generator instead
of the reagents. It was found that the strongestedse of the intensities of the He lines
occurred at gas flows of 15 to 110 ml fhi(from 15 % for the He 1 501.6 nm line to almost
44 % for the He |1 388.9 nm line). The intensitiétshe mentioned lines steadily decreased to
a flow rate of 250 ml min, and then they again increase and had a localrmemiat 300-350
ml min, after which they again decreased. Such a behandarates that an increase of the
plasma gas flow rate leads to a cooling of thehdisge as a result of the relatively small
dimensions of the plasma channel as well as ofmtlostrip plasma itself. On the other
hand, for flow rates lower than 15 ml ritinthe discharge was found to be unstable. A flow

rate of 15 ml mift finally was regarded as optimal.
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Fig. 25 Influence of the plasma gas flow rate on #intensities of the He | lines at 388.9
nm (o), 447.1 nm ¢) and 501.6 nm ) during the introduction of water vapours
through the cold vapour generator at a power of 4QV.

3.3.2 Plasma loaded with Hg vapours generated bygas flow passing over a drop of Hg

The Hg vapours were produced by conducting the wgrigas through a 10-ml flask
containing a small drop of Hg with a weight of @3The flow rate of the dry working gas
was varied from 15 to 450 ml minand the intensities of the Hg | 253.7 nm line &nel

mentioned atom lines of the He were measured.

It was found that the highest response for Hg warained at the very low gas flow rate of 15
ml min™ or even lower, at 5.7 ml min When increasing the flow rate of the working gas
from 15 to 300 ml mit}, the suppression of the response for Hg was ceradite and the
intensity achieved at a flow rate of 300 ml fhiwas respectively 3.4 or 2.8 times lower than
at flow rates of 5.7 and 15 ml minAt a gas flow rate of 300 to 450 ml rifirthe intensity of

the Hg line reached a plateau.
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Fig. 26 Influence of the working gas flow rate onhe intensity of the Hg | 253.7 nm line
at 40 W during the introduction of Hg vapours obtaned by conducting the gas through
a flask containing a mercury drop (a) and of the wiking gas flow rate on the intensities
of the He | lines at 388.9 nmrf), 447.1 nm () and 501.6 nm 4) (b).

3.3.3 Introduction of Hg by the cold vapour technigie

The influence of the working gas flow rate durihg introduction of Hg released by the cold
vapour technique on the intensity of the Hg | 25817line and the He atom lines (He | 388.9
nm, He | 447.1 nm, He | 501.6 nm) was investigatgth the following measurement
conditions: forward power: 40 W, sample and rechuttaptake rates: 1.0 ml mirusing the
system described in Fig. 18, and the He workingfilgasrate was varied in the range from 15
to 300 ml mirt-.
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Fig. 27 Influence of the working gas flow rate onhe intensity of the Hg | 253.7 nm line
(=), on the intensity of the spectral background (-}-and on the signal-to-background
ratio (—) (a) and influence of the working gas flow rate orthe intensities of the He |
lines: 388.9 nm (), 447.1 nm ¢) and 501.6 nm 4) (b).
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It could be observed that the maximum responseherHg released by the cold vapour
technique as shown by the Hg line intensity andstbeal-to-background ratio was achieved
at a working gas flow rate of 15 ml minFor higher flow rates of the working gas, the
analytical signals were much lower, probably dughshort residence time of the analyte in

the plasma channel and to the cooling of the plasmigr these conditions.

The intensities of the most intensive He atom liokserved were increasing with the He gas
flow rate up to 110 ml mih, and then a gradual decrease of the He line iitiensvas

noticed.

3.4Evaluation and application of Ar and He microstrip plasma (type A) combined to the

cold vapour technique for the determination of Hg ly OES

An optimization was based on the previous studidsch showed that it was possible to
introduce Hg vapours generated by the cold vapezhrique using Snghs reductand in an
MSP system as described in Fig. 18. A comparatraduation of the properties of the Ar and
the He MSP for the excitation of Hg when the vapmaduced by the cold vapour generation
technique is introduced into the discharge was maslevell. Further, the effect of the
microwave forward power and the Ar/He flow ratetba Tex as determined with Ar | and He

| lines and the fiwas measured. In addition, the influence of thegroand the gas flow on
the background corrected net intensity for Hg 1.B58n and the SBR was studied. Therefore,
the net analyte signals obtained under differentitmns were measured and divided by the
highest value in the measurement series to oldtainedative intensities. As it was determined
previously, the optimum gas flow rate was 15 mL Tifihe analytical figures of merit for He
and Ar plasmas were compared in terms of the liofitdetection, the linearity ranges and the
precision of the measurements. Furthermore, aytaoalapplications of the CV Ar MSP the
determination of Hg in domestic and natural watengles as well as in a domestic sludge

sample will be presented.

3.4.1 Area of plasma stability

The stability areas for the Ar and the He plasnoasléd with Hg vapour were determined in

terms of the forward microwave power and the flates of the discharge gases. Both the Ar
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and the He plasmas sustained inside the microstnjeture were found to be highly stable
and reproducible. The Ar MSP was found to be stableslatively low microwave power
values as compared to the plasma generated irathe structure with He as discharge gas,
especially at low gas flow rates. Also the minimpawer required to ignite the Ar MSP
plasma was found to be up to 20% (31.5 W) lowen tha& minimum power required to ignite
the He MSP (38.5 W) at the respective gas flow (Ateand He: 15 ml mifl). Such a
difference could be explained and attributed todifferences in the thermal conductivity and
in the specific heat of both gases [153]. Furtheemih also could be expected that as a result
of the higher thermal conductivity of He, the He RI®&ould consume more energy than the
respective Ar MSP and therefore would require atnetly high forward power as compared
to the Ar MSP. A similar effect was formerly obsedvwith different microwave plasma
structures coupled to chemical vapour generati@hnigues [68, 74, 153]. Also in the
configuration of the discharges differences wergeobed. At an optimum gas flow rate of 15
mL min* the Ar MSP was found to have the shape of a fittméth a length between 3 and
9 mm depending on the forward power. At a forwaod/@r of 40 W, the filament was found
to extend about 5 mm out of the microstrip line,ilevtihe remaining part of the plasma
filament (about 4 mm) was under the strip line. Wirereasing the gas flow rate to 110 mL
min* a partial shift of the whole discharge into the ghannel was found to occur, and at a
further increase of the Ar flow rate, an increakée plasma size occurred [39]. When using
He as the working gas, a so-called suspended tiypgcooplasma was observed, which was
located near the end of the strip line, similadascribed in [77]. At a gas flow rate of 15 mL
min%, the plasma length was found to be between 3 améhddepending on the microwave

power.

3.4.2 Effect of the microwave forward power and theworking gas flow rate on the

excitation temperature and the electron number derigy

Considering the stability areas of both MSPs, tifieceof the microwave forward power on
the Texo, the R, the relative intensities of the Hg 253.6 nm lamel the SBRs was investigated
at a forward power of 35 to 40 W for Ar and of 385640 W for He, respectively. Both
plasmas were operated at a gas flow rate of 15 rii*rand continuously fed with Hg
released in the Hg cold vapour system (Fig. 18h@ncase of a concentration of 40 ng“mL
of Hg in the solutions. The influence of the gaswfirate on the . determined with Ar | and

He | lines, on the yas well as on the relative intensities and the S&iRthe Hg | 253.6 nm
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line was investigated between 15 and 400 mLand for the same concentration of Hg.
Both for Ar and He the MSPs were operated at theimmel forward power of 40 W.

Within the measurement error, theldetermined with Ar | lines was found to be constan
(on average 5500 K) in the range of power invegaThis indicates that in the case of the
Ar MSP most of the microwave power was consumedrbgxpansion of the plasma size [74]
rather than by an increase of the excitation teatpee. The power was found to have no
remarkable effect on the, of the Ar MSP as the values of measured when varying the
power from 35 to 40 W remained within the range 104 to 1.6-18* cm? (see Fig. 29). For
the He MSP, it could be observed that thg heasured with the He | lines changed with the
forward power from 3200 K for 38.5 W to 4200 K #® W. Such a behavior shows that a
relatively high part of the microwave power is com&d for the excitation of He atoms [72,
153]. The g in the He MSP, however, was found to remain pcatiii unaffected by the
microwave forward power and its value was fountieal.1-18%-1.2.13* cm® over the range
of power investigated (from 38.5 to 40 W).
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Fig. 28 Areas of stability for Ar and He MSP plasma.
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Within the errors of the temperature measuremehts flow rate of the working gas was
found to have practically no effect on thgcin the Ar MSP. The average value of thg.- &s
measured with Ar | lines in the investigated raof¢he gas flow rate was close to 5600 K
(see Fig. 29). The intensities of the Ar atom lined15.5, 419.8, 433.5 nm first decrease with
the gas flow. At a flow of 160 mL mihthey were about 8 % on average lower than the
intensities obtained at a gas flow rate of 15 minmiThen, they were found to steadily
increase with the gas flow rate and at 400 mL hilvey were about 15 to 30 % higher than at
a flow rate of 15 mL min. The values of thegswere found to oscillate around a mean value
of 1.5-16% cm®,

For the He MSP, an increase of the gas flow rate fmand to result in a significant decrease
of the Texc @as measured with He | lines and of the Indeed, changes from 4700 K and
1.2-16% cm® for a He flow rate of 15 mL mihto 3300 K and 0.8-16cmi® for a He flow rate

of 400 mL min' could be observed. This behavior is in agreemaifit findings reported for
other microwave helium plasmas [74, 154, 155] anglsypmably is the result of a de-
activation of the excited He atoms by collisionshwiHe ground-state atoms. Changes @f T
and n found for the He MSP seem to correspond with thafsthe intensities of the atom

lines of He.

3.4.3 Influence of the microwave forward power andhe working gas flow rate on the

relative net intensity of Hg | 253.6 nm and its SBR

For both MSPs investigated the relative intensitethe Hg | 253.6 nm line were found to
increase with the forward power (see Fig. 29).ha tase of the He MSP, this increase was
found to be somewhat higher that the one foundhierAr MSP in the corresponding range of
the power. The SBR determined in the case of thBI8P remained practically at 1.6. This is
in compliance with the value of the,d determined with Ar | lines and the at a varying
forward power. It might be pointed out that thectien excitation might be balanced by the
collisonal excitation and recombination reactioB89]] Consequently, the increase of the
intensity of the Hg line with the forward power Wide compensated by the increase of the

background emission intensity, as it was foundedhe case.
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Fig. 29 Influence of the microwave forward power ad the working gas flow rate on TEyc
and nein Ar and He MSPs.

For a He MSP the SBR for the Hg | 253.6 nm linenateasing power was found to decrease.
Referring to the increase of the,dJas determined with He | lines with increasing poaed

an almost unchanged level of theim the examined range of power, it was assumetditha
this MSP, excitation by electrons and collisionshwaxcited He atoms and/or metastable He
species formed in the discharge might play a noléhe excitation of Hg. It was difficult to
elucidate, however, which of the mentioned procegsenore significant under the conditions
investigated [38, 139, 154, 156]. In view of th&ateely low forward power used, it could be
expected that an increase of the power probablyiteegh a domination of the collisional
excitation and an intensification of the recomhimratprocesses, leading to a higher increase

of the spectral background.
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Fig. 30 Influence of the microwave forward power ad the gas flow rate on the Hg |
253.6 nm line intensities and its SBR.

For both MSPs studied, a decrease of the relatitensities and the SBRs with the working
gas flow rate was found to occur (see Fig. 30). dtering the dependence of thgclas
measured with Ar | lines and the on the gas flow rate for the case of the Ar MS$Rvds
suspected that the decrease of the intensity oHthéne by about 40 % on the whole was

associated with the short residence time of thé/snen the plasma.

The decrease of the Hg line intensity with the wagkgas flow rate for the case of the He
MSP was found to be considerably higher, namely%6n average, than that observed for

the case of the Ar MSP. It could be possible tipatrtafrom the decrease of the residence time
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of the analyte in the small-volume He MSP the “aug! of the plasma by the de-excitation
process has an additional effect on the excitatibhlg and consequently on the analytical
response for that element. The results for the S®BBI$ corresponded with those for the
relative intensities of the Hg line, which also desed at an increase of the working gas flow
rate for both MSPs.

3.4.4 Analytical performance

Under the optimum conditions, namely a working fi@s rate of 15 mL mift and a forward
power of 40 W, the sensitivity, the detection lirartd the measurement precision at different
concentrations of Hg were assessed as analytgatels of merit for the Ar and He MSPs
coupled with the CV generation technique. For tetgenination of Hg by the cold vapour
generation technique a linear calibration curve wltsined with a correlation coefficient of
0.9988 for standard solutions with concentratiogsvieen 2.5 and 300 ng MLThe detection
limit based on the &an« criterion was found to be 0.64 ng fhland is comparable to that
reported lately for the CV MIP-OES using a micro@glasma torch [74]. It is some higher
than the value of 0.05 ng ritl_reported by Engedt al [78]. This may be due to the poorer
resolution of the spectrometer used for our measenés. The measurement precision,
expressed by the relative standard deviation (RBD3 replicates, at low concentrations of
Hg, i.e. from 5 to 20 ng mit, varied from 3 to 9 %. For the higher analyte emmations, i.e.,
from 40 to 300 ng mt, the RSD values were between 2 and 0.7 %. Dudeohigher
microwave power required for the analyte excitatiorthe He MSP, this plasma showed a
lower analytical performance for the determinaidridg. The linear dynamic range extended
only to 100 ng mL* and a poorer limit of detection 1.1 ng thivas found. For that reason,

the Ar MSP was used for the determination of Hthafurther measurements.
3.4.5 Interferences

A series of artificial water samples containing ldgd different amounts of NaCl were
analyzed using a calibration with pure aqueoust®ris containing only Hg so as to establish
the influence of major sea, saline and waste waiacomitants on the determination of Hg
[144]. In addition, the solutions containing the [tilement matrix were also analyzed with
the Ar MSP (see Table 3). None of the interferiagsi present in those samples obviously

reached the plasma. Therefore, the interferencaadfanust occur during the Hg CV
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generation and the separation process. In theafade higher concentration of Hg, it could
be observed that the presence of NaCl at a comtemrof 1, 2, 4 and 6 % (m/v),
respectively, could be tolerated as the recovdaesig found were still between 92 and 104
%. For a lower concentration of Hg, the recovenmethe presence of a high content of NaCl
in the solution were found to decrease. Also, isvi@und that the presence of the elements
Ag, Al, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, Ky,Li, Mg, Mn, Na, Ni, Pb, Sr, Tl and Zn of
the multielement solution ICP Standard d&Va concentration higher than 50 ng hitas a

negative effect on the recovery in the determimatibHg.

Table 3. NaCl and multielement matrix

Sample Added (ng mLY) Found (ng mL™) Recovery (%)
Water containing NaCl matrix

1 % (m/v) 100 91.6+2.2 91.6+2.2
2 % (m/v) 100 94.7+1.5 94.7+1.5
4 % (m/v) 100 10614 10614

6 % (M/v) 100 94.7+1.8 94.7+1.8
1 % (m/v) 50.0 54.6x4.5 109+9

2 % (m/v) 50.0 47.2+4.3 94.318.5
4 % (m/v) 50.0 40.0+3.1 80.0+6.2
6 % (m/v) 50.0 31.243.1 62.346.3
Water containing multi-element matrix®

50 ng mL™* 25.0 25.0+1.8 100+1
100 ng mL* 25.0 22.7+0.8 90.8+3.4
250 ng mL* 25.0 19.242.2 76.948.9

Results are mean values=8) and numbers behind + are the standard devition
& Multi-element ICP Standard IV

3.4.6 Analysis of real samples and standard referee material 2781

As application of the cold vapour generation codpte MSP-OES the analysis of real
samples and NIST SRM 278das carried out. Due to the absence of Hg in timeptes of

domestic and natural waters, the latter were sptkiial different concentrations of Hg. The
domestic sludge standard reference material wasng@esed according to the procedure

described in the section 3.1.3 using the microwasasted digestion technique and Hg was
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determined in the solutions under the use of the eapour generation technique with SnCl
as reductand. Three standard additions were madlerexy good recoveries were obtained,
which testifies the reliability and the accuracytltd method developed (Table 4).

Table 4. Real sample and standard reference matetia

Sample Added (ng mLY) Found (ng mL™) Recovery (%)
Domestic water 1 100 101+1 101+1
Domestic water 2 30.0 30.3+3.0 101410
Alster lake 1 50.0 48.3+2.0 96.6+4.0
Alster lake 2 20.0 19.1+1.0 95.5+5.0
NIST SRM 2781 3.64+0.25 3.80+0.18 1044

Results are mean valuas=@) and figures behind * are the standard deviation
2 Certified value (in pgg
®Inpg g

3.5 Simultaneous determination of As and Sb by comuous flow chemical hydride
generation and a miniaturized microwave microstripargon plasma operated inside a

capillary channel (type A)

A continuous flow-hydride generation reaction wamigled to an MSP type A, and the
mixing of the reagents, the separation of the lm@dpcts and the transport of the analytes to
the microplasma source optimized. The role of tilwing experimental conditions for the
system described in Fig. 19 was investigated: tmeentration of NaBk] the sample acidity
resulting from the addition of HCI, HNor H,SO,, the Ar working gas flow rate, and the
flow rate of the sample/reductand solutions. Th#luence on the background corrected net
line intensities and the signal-to-background istrratios (SBR) for As | 228.8 nm and Sb |
252.8 nm was examined under the use of a univaaiptoach and the results expressed as
the relative net intensities by referring to thghtast value in a given measurement series. The
results referred to as the relative net intensites the SBRs were the average values
obtained from 3 replicate measurements with thecigpien expressed by the standard
deviation calculated according to the law of epoospagation. The influence of the NaBH
concentration and the Ar flow rate on the excitatiemperature (o), as measured with Ar
atom lines, and the electron number density (rere evaluated. The figures of merit of the
HG-MSP system were also investigated and comparnéd tose of other microplasma

sources. The individual interferences of the tramsi metals were also studied. A metal
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solution with element concentrations similar to WIS663a under the use of masking agent
was analyzed with the aim to study the interferermmnnected with real sample matrices. A
galvanic bath sample and a NIST SRM 1633a coahdly were analyzed with the procedure

developed.

3.5.1 Optimization

3.5.1.1 Influence of the NaBllconcentration

The concentration of NaBthas been recognized as one of the most criticaédhlas in HG.

It has an influence on the reaction efficiencyha tiquid phase and through the amount of H
produced and entered into the plasma on the sgeop parameters of the MIP discharge.
Typically, the optimum concentrations of NaBwith respect to the analytical performance
for volatile hydride-forming elements are closelt@o [157-159]. Lower and higher values,
from 0.5 to 5 % [160], however, also have been udepending on the respective HG
manifold and the types of MIP discharge [161-165].

Considering the formerly reported features of theMSP [78, 79], variations of the NaBH
concentrations in the range from 0.1 to 0.5 % (netWId be studied. It was found that the
relative net intensity of the As line increaseshvitie NaBH concentration and reaches the
highest values at concentrations of the reducirgiagf 0.4 % to 0.5 % (Fig.31). It was also
found that the SBRs for the As line under thesalitmms increased from 1.1 at 0.1 % NaBH

to 1.3 at 0.4 as well as at 0.5 % concentrationblaBH,. A quite different tendency was
observed for Sh. Here we found that with an inerezishe NaBH concentration from 0.1 to
0.5 %, the relative net intensities for the Sb lilereased by about 50 % and the SBR values
for the Sb line from 3.5 to 2.0.
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Fig. 31 Influence of NaBH on the intensities of As | 228.8 nm and Sb | 252r8n and
their SBRs.

The trend reported for the dependence of the doalignals on the NaBHtoncentration in
the literature on HG coupled with different plass@urces normally is rather similar for
different volatile hydride-forming elements studeih the same HG system [72, 116, 157-
159, 162, 165, 166]. For a better understandinth@fdiscrepancies observed, we determined
the generation efficiency for the As and Sb hydside different NaBkl concentrations by
analyzing the contents of As and Sb in the reactntions at the exit of the GLS placed
after the HG reaction cell (Fig. 19). In additidhe T« as determined from the intensities Ar
| lines and the sivalues were measured under the studied condiéisnegell as the amounts of
H, formed. It could indeed be shown that the HG far @nd Sb behaves different. The
efficiency of the hydride generation for As wasriduo grow logarithmically from 23 + 1 %
at a concentration of NaBHbf 0.1 % to almost 95 + 1 % when using a 0.5 % Nagolution.

In contrast herewith and irrespective of the cotregion of NaBH, the hydride generation
reaction for Sb with 90 % was very efficient ovée twhole range of concentrations of
NaBH,. For a concentration of 0.1 % of NaBtte efficiency of the HG reaction of 91 + 1 %
increased to 95 + 1 % at the highest investigatettentration of 0.5 % NaBHThe amount
of H, introduced into the plasma under these conditimearly changed from 0.6 £ 0.1 ml
min™ (for 0.1 % NaBH) to 5.6 + 0.3 ml mift (for 0.5 % NaBH). The T determined with

Ar | lines and the xiwere found to decrease in a similar way. Appayetile T and the g
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changed from 5800 to 5400 K and from 1.76 to M@7 cm®, respectively, when the

concentration of NaBHincreases from 0.1 to 0.5 %.

Accordingly, it can be concluded that the introdctof an increasing amount of; khto the

Ar MSP changes the thermal processes in the plamsna result of the higher thermal
conductivity of B as compared to Ar and the relatively high disdematemperature of H
[167, 168]. This may result in changes of the ctbods for the excitation of As and Sb
through electron collisions and lead to a depletibthe n and a decrease of the analyte line
intensities [149]. However, in the case of As, #ifiect might have been partly compensated
for by the higher hydride generation efficiency s and the higher introduction of analyte
into the plasma.

The Ar MSP became unstable and easily extinguistwbén increasing the NaBH
concentration to 0.5 %. Therefore, a 0.4 % NaBddlution was used for all further
investigations. Then the Ar MSP was found to havength of 3 to 4 mm and an intensive
bright blue color. Under these conditions it isded with 4.2 £ 0.2 ml minh of H, and the
efficiency of the generation of As and Sb hydrides found to be 85 and 95 %, respectively.

3.5.1.2 Influence of the acid and its concentration

The influence of the sample acidity on the HG reacts known to differ from one volatile
hydride-forming element to the other and also #etures of the HG system as well as the
dynamics of the reagent mixing were found to beadrtgnt [160, 169]. In the present work
the use of HCI, HN@and HSO,, which are commonly applied acids in differentegiion or
leaching procedures was studied. Their concentsitiere varied from 0.5 to 4 mét for

the case of As and from 0.1 to 4 mdffor the case of Sb [165].

As it can be seen from the results in Fig. 32,ittiieience of the acid concentration on the
relative net intensity of the As line was compagafdr all acids used and a plateau was
obtained above a concentration of 1 mbl®ptimal reaction conditions for HG in the case of
As were found to apply when the analyte solutioesenacidified with HCI. The signals of As
obtained with this acid were about 30-40 % highantthose obtained with HN@r H,SO..

In the case of Sh, the dependence of the signalkeoacid concentration in the range from 1

to 4 mol I* was similar to the one for As. At these conditiaihe relative net intensities for
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the Sb line in the case of solutions acidified Wil and with HSO, were comparable.
When using HN@ the Sb signals were found to be by about 30 t@&cdwer than those
obtained with HCI. For the case of HCI| angdS@y the net intensities of the Sb line reached
maxima at 0.2 and 0.5 mot,|respectively. At such low acid concentrationsyeeer, the
time necessary for the achievement of a steadylkfgn Sb was found to be relatively high,
namely 200 to 300 s (Fig. 32).
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Fig. 32 Influence of the HCI, HNGQ and HSO, concentrations in CHG for As and Sb.

Optimum reaction conditions for the simultaneousgedrination of As and Sb by CF-HG
system could be realized at concentrations of 3lthof HCI. Then the time necessary for the
achievement of steady signals for As and Sb tylyiealbelow 10 s. These experiences well
correspond to previously reported results obtafioeds and Sb when coupling CF-HG with

other microwave plasma structures, such as thg;Tdavity, the surfatron, the Okamoto
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cavity and the MPT [116, 158, 160, 162, 163, 16&cordingly, HCI was preferred as
reagent in the works cited and its optimum conegioin was found to be in the range of 1 to
4 mol I,

3.5.1.3 Influence of the Ar flow rate

The influence of the flow rate of Ar used for camgy the As and Sb hydrides and the
accompanying b from the GLS to the MSP as well as for sustainihg discharge was
studied in the range of 6 to 82 ml MirThe changes of the relative net intensities ferafd

Sb lines and their SBRs within this range of theflaw rate are shown in Fig. 33. It was
found that the highest signals for As and Sb wdrtained at relatively low Ar flow rates,
namely at 6 to 15 ml mih When increasing the Ar flow rate to values beyasdml mir?,

the relative net intensities for the As and Sbdibegin to decrease. The SBR values for these
lines were found to decrease also, especiallyarcise of Sb. The,k as measured from Ar |
lines and the & however, were found to be rather constant oventhole range of the Ar
flow rate investigated. The constant level of thg. Values, as it was reported by Goode
[170], was around 5500 K and thgwalues were found to be around IEH* cm®, but the
changes for both parameters were below 2 %. Thesdts lead to the conclusion that an
increase of the Ar flow rate did not result in aedeitation through an increase of a number
of radiative collisions with neutral Ar atoms, byhaeh normally the background intensity
starts to increase [157]. Here, the backgroundnsities in the vicinity of the As and Sb
emission lines also did not significantly vary untiee investigated conditions. Consequently,
and because of the small dimensions of the Ar MSRost reasonable explanation of the
influence of the Ar flow rate could be the decreakthe analyte residence time in the plasma
at an increase of the Ar flow rate [157, 170].

For sweeping the As and Sb hydrides into the MSPwa rate of 15 ml miit of Ar was
finally selected for all further measurements dmere¢ the concentration of;lih Ar is 28 %
(4.2 mL). Lower Ar flows well were found to be mderorable but then higher fluctuations

of the gas flows were observed.
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Fig. 33 Influence of the Ar flow rate on the intensies of As | 228.8 nm and Sb | 252.8
nm as well as on their SBRs

3.5.1.4 Influence of the sample and reducing agefibw rates

It is known that the flow rates of the reagentshe CF-HG manifolds influence the amount
of H, introduced [157-159, 163, 165, 166]. Furthersiaiso known that at a fixed ratio of the
concentrations of the acid and the NaBiddélutions, the amount of Horoduced in the HG

reaction increases with the flow rate of the re&gfl62].

In the present study, the influence of the flonesabf the reagents at a ratio of 1:1, was
studied in the range from 0.3 to 0.7 ml fhinThe amount of W originating from the
decomposition of NaBlHwas found to linearly increase when the samplatthd flow rate
was changed from 2.6 + 0.1 to 5.6 + 0.7 ml ThiRrom the results in Fig. 34, it can be seen
that in this range there is a decrease of the sittea of the As line and its background by
about 60 %. However, up to a flow rate of 0.50 nih'fn the decrease of the background
intensity was found to be higher than the decrefgbe intensity of the As line. At reagent
flows higher than 0.55 ml mith the background intensity and the As line intgnsiere found

to decrease at nearly the same rate. Indeed, tResSghtly increases up to 0.50 ml rfiand
then remains almost constant at 1.30 + 0.04 inr¢hsaining range. The highest relative net
intensities for the As line were obtained at flates of 0.50-0.55 ml mith For Sb a different

trend was observed. It was found that the intesssitif the Sb line and its background were
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increasing up to a flow rate of 0.50 ml fljrhowever, the background intensity enhancement
was about 2 times higher than that for the linensities. At reagent flow rates higher than
0.50 ml min!, the net intensities of the Sb line reached aeplat Indeed, according to
D’Ulivo [171], who thoroughly discussed the mectsmns involved in the decomposition of
NaBH, and the formation of volatile hydrides, the effiecy of the HG reaction is strongly
affected by the concentration of NaBkhe type and the concentration of acid used dsase
by the reaction medium and by the dynamics of theing of the reagents. The results
obtained in the present study indicate that theeotmation of NaBhland the flow rate of the
reagents have an effect on the decomposition faaBH, as well as on the amount o H
liberated in the reaction. Indeed, the amount efnteasured using the method described
above was different from that calculated on thesbalsa complete decay of NaBkbllowing

the hypothesis of “nascent hydrogen” [99]. It wapexially evident when lower NaBH
concentrations and lower flow rates of the reagemi®e used and indicated that the reaction
path is rather complicated and that probably difiérintermediates may take part in the

reaction. For further experiments reagent flowsate0.50 ml mift were used.
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Fig. 34 Influence of the sample/reductand flow raten the intensities of the As | 228.8
nm and Sb | 252.8 nm lines and on their SBRs.
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3.5.1.5 Influence of the residual liquid volume irthe gas-liquid phase separator

The volume of the reaction mixture in the GLS waptkat a constant level of 0.5 ml in all the
experiments performed. This prevented from fludtunst in the pressure inside the system.
The performance at lower (0.2 ml) and higher (h@ &.5 ml) liquid volumes inside the GLS
was also studied. It was found for As that at angeaof the volume from 0.2 to 1.5 ml the
relative net intensity of the As line increasedir6.74 + 0.04 to 1.00 + 0.05. In contrast, the
relative net intensity of the Sb line then decrdadsem 1.00 + 0.02 to 0.83 + 0.04. In general,
higher volumes of liquid inside the GLS like 1.5dabh.0 ml, were found to require higher
washing times (180 and 240 s, respectively) as eoeapto those with 0.2 or 0.5 ml of liquid
volume inside the separator (80 and 120 s, resdgti Accordingly, a residual liquid
volume of 0.5 ml in the GLS was found to be optimamd was used in all further

measurements.
3.5.2. Chemical interferences caused by transitiometal ions

The chemical interferences caused by the presdricangition metals such as Cd(ll), Co(ll),
Cr(ll1), Cu(ll), Fe(ll), Mn(11), Ni(ll), Pb(ll) and Zn(ll) in the determination of 2 pg thbf

As and Sb in 3 mol'l HCI with the described HG system at the conditiorentioned were
measured. The interferences by each metal undesideyation were studied individually.
Therefore, at analyte solutions containing 2, 5ah6 20 pg mt of the potential interferent,
the net intensities of the As and Sb lines wereswmesl and their ratios with the respective

net intensities for a solution without interferempressed as the relative net intensities.

It should be mentioned that under the conditiorsdugolatile species such as Cd are not
likely to be formed. Indeed, for the generationvofatile species of Cd in the reaction with
NaBH,; in an acidic medium a relatively low acid concation is required. For example,
when HCI is used for sample acidification, its cemication in the solution for a maximum
response for Cd should be close to 0.5 nidlLi72]. The sample solutions containing As and
transition metals, including Cd, had an HCI concaian of 3.0 mol f. Under these
conditions, a spectral interference between As8.22m line and Cd | 228.8 nm line is not

likely as in addition the Cd | 226.5 nm line wag observed.
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From the results in Fig. 35, it can be seen thatpitesence of Fe at concentrations ranging
from 2 to 20 pg mt resulted in an enhancement of the As signals tmutaB0 to 60 %,
respectively. Metals such as Cd, Cu and Pb are knaw# severe interferents in the
determinations of As by HG (see Ref. [173]). It wiasind that they did not affect the
response for As in the interferent concentratiorgeainvestigated. In the presence of Cr and
Zn at the highest concentration, however, a higipsession of the analyte signals for As (up
to 40 %) was found. At concentrations higher thaan8 2 ug mit, respectively, Co and Ni
also were found to suppress the As signals by ab@wb. Mn was found to interfere in the

whole investigated range and to cause a depressemound 20%.

In contrast to the HG for As, the HG for Sb wasnardo chemical interferences by most of
the transition metals (Cd, Co, Cu, Cr and Fe). #¢ towest interferent concentrations
investigated (2 and 5 pg M)la decrease of the Sb response from about 10 @ddo 60 %

for Cu and Cr and around 80 % in the case of Fefaasd. The interference was found to
increase with the concentration of the transitiogtais mentioned. Pb and Zn were found to
cause less interferences. In the presence of thetas the signals for Sb decreased only by
about 10 %. Surprisingly, Ni, known as one of thergyest interferents for all volatile
hydride-forming elements [174], did not cause amtgriference in the case of Sb. Finally with
Mn, a suppression of the signal for Sb by about %20over the whole investigated

concentration range was found.
3.5.3 Effect of masking agents

The effect of the known masking agents, Nal, KCNascorbic acid and L-cysteine, at a
concentration of 1 % (m/v) was investigated forcaduson of 2 pg mf of As and Sb
containing also Cr (1 pug M), Cu (0.6 1 ug mt), Fe (56 ug mt), Mn (0.9 pg mit), Ni (0.6

g miY), Pb (0.4 pg mt) and Zn (1 pg mt). These concentrations of the transition metas ar
similar to their concentrations in a solution oetNIST coal fly ash standard reference
material SRM 1633a. The masking agents were adid#tetsample solution or to the NaBH
solution and the results are given in Fig. 36. Triterferences are expressed as the percent
ratios of the net intensities for the As and Skdimeasured for the analyte solutions with the
metals in the presence of masking agents and thimteasities measured for the analytes in

the presence of the masking agents only.
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Fig. 35 Interferences of transition metals in CHG-M5P-OES for As | 228.8 nm and Sb |
252.8 nm.

It can be seen that the metal mixture added hdndty any effect on the signals for As.
Indeed, Cd, Co, Cu, Ni and Pb, which are known & derious interferents in the
determination of As by means of the HG techniquerefound to have only a slight effect on
the signals for As or no effect at all. This cobkl due to the relatively low concentration of
NaBH, used for the HG reaction as compared to the cdrat@ms of this reducing agent
used in other studies. However, the different maglagents differently affected the response
for As. Apparently, an addition of Nal to the sadut of NaBH, caused an increase of the As
signal by about 50 % as compared to that obtaioeé fsolution of As without the metals.
This could be due to a reduction of As(V) to Ag(INvhich is known to be very effective

when [ anions are in the NaBHbsolution [175, 176]. The presence of other maskiggnts
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was found to result in a suppression of the Asaifrom about 10 % in the case of KCN
added to the NaBHsolution to about 90 % in the case of an addiobiNal to the sample
solution. The reduction of the As signal could bited to the introduction of formed by
the oxidation of 1by dissolved @ or F€" present in the acidified solution [177] into the

plasma.
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Fig. 36 Influence of masking agents added to the sg@le and reductand solution.
Without masking agent (A), Nal in reductand (B), KON in reductand (C), L-ascorbic
acid in sample (D), L-cysteine in sample (E), anda& in sample (F).

In the case of Sb, the metals mentioned were foomaduse a reduction of the analyte signal
by over 80 %. The highest interference was foumd=&(lll). However, the interferences in

the case of a mixture of Cr, Cu, Fe, Mn, Ni, Pb @ndstudied could be eliminated by the
addition of L-cysteine, which is known as one aof tinost effective masking agents in HG
[178, 179], or of L-ascorbic acid.
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3.5.4 Figures of merit and analytical application

Under the optimized conditions, the linear dynamainges, the precision and the detection
limits defined according to thes3criterion for the determination of As and Sb by-B6-
MSP-OES were determined. The detection limits (@&)lwere found to be higher than those
mentioned in the literature for conventional MIR$T-160, 162, 163, 166] and the linearity
of the calibration both for As and Sb extends tqud mi. Further, the precision was
evaluated for three replicate measurements of atdndolutions of As and Sb at
concentrations of 1 pg i Indeed, the detection limits found in the presgatly for As and
Sb using the system described in Fig. 19 are noimgwessive as those reported in the
literature. A reason could be the much lower optiesolution of the miniaturized
spectrometer applied here as compared to the spesiers used in the cited works. The
linearity ranges of the calibration curves (morantt2 orders of magnitude) and the precision

are comparable to those found in the cited litegatu

Table 5. Precision and limits of detection obtainedbr the determination of As and Sb

Element RSO, % LoD, ng ml*
As 3.0 18 0.7 — 65
Sb 1.6 3P 0.59 - 18.8
As and Sb concentrations: 1 ug'ml
®This work (3spiany

“Literature [157-160, 162, 163, 166]c3.

3.5.5 Analysis of real samples and NIST SRM 1663a

The procedure developed could be successfully isetthe determination of Sb and As in a
galvanic bath solution containing about 2.5 % (md“NiSQ,. The sample was spiked with
As up to a concentration of 45 pgmiThe concentration of Sb found in the galvanic glam
was 6.41 + 0.85 pg Ml This well agreed with the concentration of 6.89.48 pg mif found
by ICP-OES using the SPECTRO CirosCCD. For the dded, a recovery of 97.1 + 9.1 %

was obtained.

The developed HG system could also be successialy for the determination of As in a
coal fly ash NIST SRM 1663a with a certified As walof 145 + 15 ug g In the
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investigations on interferences, a mixture of Qu, Ee, Mn, Ni, Pb and Zn at concentrations
similar to those in the solution of the NIST colgl &sh standard reference material obtained
after its digestion (0.25 g in 50 ml) was not foundaffect the signals for As. However, here
the calibration was done by standard addition witlamlding L-cysteine. The concentration of
As determined in the standard reference materigdh®8yMSP-OES with a value of 144 + 4
g g* was in very good agreement with the certified edhr this material (145 + 15 pg'y

3.6 Comparison of the cold vapour generation usingfNaBH, and SnChL as reducing
agents for the determination of Hg with a microstrp microwave induced Ar plasma

exiting from the wafer (type B)

A comparison of two cold vapour generation techeguwsing SnGl and NaBH as
reductands, respectively, coupled to an MSP exttiegvafer (type B)-OES, using the system
described in Fig. 20 for the determination of Hgyigen in the present section. A univariant
approach was used to investigate the influencaeparameters such as the concentration of
reductand agents, the concentration of the staigligubstances, the sample acidification, the
Ar flow rate, the reagents flow rates and the dealdme in the GLS. Further the areas of
stability for the source were determined. Initi@nditions at 40 W for the optimization
process were an Ar flow rate of 15 mL mjrHg solutions of 0.21g mL* acidified with HCI

up to a concentration of 2 and 0.5 mét, lrespectively, and a reagent flow rate of 0.5 mL
min™. The influence of the concentration of NaBH the range of 0.05-0.6 % and of Spi@l

the range of 1 to 6 % on the relative net inteesinf Hg | 253.6 nm line and its SBR is
investigated. Chemical interferences from NaClnggon metals and hydride forming
elements were studied as well. Finally, analyseseaf water samples and of a domestic

sludge NIST reference material have been performed.

3.6.1 Optimization

3.6.1.1 Influence of the concentrations of the reding agents

As it was described for the simultaneous deterronaif As and Sb with a plasma exiting the
wafer, the concentration of NaBks critical for the analytical performance. Whewkreasing

its concentration above 0.1 %, both the net intgnsi the Hg line and the SBR strongly

decrease. This is a result of the introductionhefihcreasing amounts of ihto the plasma.
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Indeed, the amount of Hvas found to change from 0.3 + 0.1 mL fhiat a concentration of
0.05 % NaBH to 5.6 + 0.3 mL miif at a concentration of 0.6 % NaRHt was also found
that then the &: measured with Ar | lines and thg ¢changed from 6100 to 5500 K and from
1.6 to 2.010" cm®, respectively. As even at low NaBldoncentrations the efficiency of the
CV generation for Hg can be assumed to be rathgin [180], the deterioration of the
response for Hg found here might be due to chaofjise excitation conditions in the MSP
as a result of the higher thermal conductivity #mel temperature required for a dissociation
of H, [167]. In compliance with the radiative-recombioatexcitation mechanism proposed
for atmospheric pressure MIPs in gas mixtures aoimig H, [170], it could be expected that
although the overallgin the MSP loaded with Hncreases, the high energy electrons may be
involved in the dissociation and the excitationHyfand therefore the excitation conditions

for Hg may become less favorable.

Despite the fact that with a 0.05 % NaBsblution the relative net intensity for the Hgelin
and the SBR are about 20 % higher than in the chsa 0.1 % NaBH solution, the
repeatability of the analytical signal in this casas poorer. Therefore a 0.1 % solution of

NaBH,; was considered to be optimal.

When performing the CV generation with SpGhhich is known to be a milder reducing
agent than NaBIH[105, 146], higher concentrations of the reductessde required so as to
get a reaction. When increasing the concentrai@n€&hb up to 4 %, the relative net intensity
for the Hg line was found to steadily increase wup this concentration. At higher
concentrations of Sng;la slight decrease of the response of Hg was wbdeihe SBR was

also found to strongly depend on the concentratibrisnCh. The Ty and n, however,

practically remained unchanged at changing conagoms of SnGl and were 6200 K and
2.0010" cm®, respectively. Their variation was below 5 % witlthe whole concentration
range of SnGlinvestigated. A solution containing 4 % of Sp@las chosen as optimal for

further investigation.
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Fig. 37 Influence of the concentration of the redung agents on the intensity of the Hg |
253.6 nm line and on its SBR

3.6.1.2 Influence of the concentrations of substaes stabilizing the reducing agent

solutions

NaBH, is known to readily decompose in acidic aqueoustisms and therefore alkaline
solutions are normally required so as to keep ithagictand stable. SnClends to undergo
hydrolysis in aqueous solutions and to form Sn(AH)@cipitate [181]. Accordingly, the
solutions of SnGlare usually acidified with HCI at moderate concatmbns. However, the
presence of both substances used for stabilizat@mely NaOH and HCI, is also important
with respect to the performance of the CV genenatéaction and their concentrations were
optimized in this study. The influence of the camtcation of NaOH used for a stabilization of
the 0.1 % NaBhIsolution on the response for Hg was investigatetié range of 0.01 to 0.08
mol L. In the case of HCI added to the 4 % solution REIS its concentration was varied
from 0.1 to 1 mol [*. All other experimental conditions used were astineed when

describing the influence of the concentrationshefrieducing agents.
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When changing the concentration of NaOH in the%.NaBH, solution from 0.01 to 0.04
mol L™ the relative net intensity of the Hg | 253.6 nmeliwas found to increase from 0.8 to
1.0. At a concentration of 0.08 mol*Lof NaOH in the NaBWl solution the relative net

intensity for the Hg line was found to be about 0.9

In the case of the 4 % Snolutions, the highest response for Hg was fouhdnausing a
concentration of 0.5 moltof HCI in the reducing agent solution. Above thahcentration
the relative net intensity for the Hg line decresaaed it is by 25 % lower when the solution of
SnCh contains 1 mol I* of HCI. Concentrations of HCI in the SnGolution, which are
higher than 1 mol £, were found to be still less favourable. Then amation of SnGJ to
SnClL becomes likely, which is accompanied by a preafjoh of Sn(OH)CI. These
observations were well consistent with the restdfsorted in literature, where the molar
concentration of HCl is usually 2 to 5 times highien the one for SngJ78, 146, 180, 181].

3.6.1.3 Influence of the concentration of HCl in th sample

The concentration of HCI in the sample solutioroatsay influence the signal for Hg in the
CV generation using NaBHand SnGl. In Fig. 3 the results on the influence of thedaor
0.1 % NaBH in 0.04 mol I* NaOH and 4 % Sngin 0.5 mol > HCI solutions are given,
when all other operating parameters were kept athénstudy on the influence of the

concentrations of the reducing agents.

In the case of the CV generation reaction with NaBHkvas found that the concentration of
HCI in the sample solution over a wide range oflamncentration, namely from 0.05 to 4
mol L, does not affect the relative net intensity far Hhg line. This was also found to be the
case for the SBR for that line, which has a valu2.d with a variation below 2.5 % over the
whole range investigated. In all further experinsemt which the reaction with NaBHvas

used for the CV generation of Hg, the samples \aerdified with HCI at the concentration of

2 mol L.

When using SnGlin the CV generation technique, it was found thially at relatively low
concentrations of HCI in the sample, namely betw@&rand 0.5 mol £, a high net intensity
for the Hg | 253.6 nm line and a high SBR were wiatd. With a further increase of the

concentration of HCI the analytical signal for HgsMound to gradually decrease. This may
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be understood from a lower efficiency of the redurctoy SnCj, which most probably is a
result of its oxidation by ©under these conditions. Consequently, the coretemis of HCI
recommended in the literature [146, 148, 182, 188the CV generation of Hg under the use

of SnCh are close to 0.2 mol'tand a such concentration was also used in thenizatiion

process.
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Fig. 38 Influence of the concentration of the HCI o the intensity of the Hg | 253.6 nm

line and on its SBR
3.6.1.4 Influence of the Ar flow rate

As Ar serves to transport the released Hg vapaorm the GLS to the discharge and also as
plasma gas, it is expected that the flow rate o&lsp largely will influence the performance
of the MSP exiting from the wafer. In the experirtseon the influence of the Ar flow rate on
the performance of the MSP the latter was operatetie power of 40 W and at a reagent
flow rate of 0.5 mL mift. In the CV generation reaction with NaBH 0.1 % solution of the
reducing agent in 0.04 mol'tNaOH and a sample solution containing @g2mL™ of Hg in 2
mol L™ HCI were used. In the CV generation with Sn&K % solution of the reductand in
0.5 mol '* HCI and a solution of 0.pg mL™ of Hg acidified with 0.2 mol & HCI were
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used. In addition, theg): as determined with Ar | lines and thgwere evaluated under these

conditions so as to understand the changes imidgtacal performance of the Ar MSP.

As it can be seen from the results in Fig. 39, rilative net intensities for the Hg | 253.6 nm
line at an increase of the flow rate of Ar fromo663 mL min' gradually decreased for a CV
generation performed with NaBrand SnGl by ca. 50 and 70 %, respectively. In a similar
way, the SBR in the case of the Hg | 253.6 nm fimethe CV generation reaction with
NaBH, and SnC] also decreased over the whole range of the Ar fle investigated from
2.3 to 2.0 and from 13 to 6.0, respectively. It i@snd, however, that the.f£ as measured
from Ar | lines did not change substantially. Indeat changes in the Ar flow rate from 6 to
63 mL min’, the Ty varied from 6100 to 6200 K and from 6000 to 630D khe case of the
CV generation under the use of NaBahd SnClJ, respectively. However, there was not a
specific trend anddwas found to change with the Ar flow rate by ab2ditand 10 % on the
whole for the CV generation with NaBldnd SnGJ, respectively.
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Fig. 39 Influence of the Ar flow rate on the intendy of the Hg | 253.6 nm line and on its
SBR.

Considering the low change of thg,dand the pwith the Ar flow rate, it was assumed that a
deterioration of the response for Hg with the iasee of the flow of Ar for the studied MSP

does not result from de-excitation through an iasecof a number of radiative collisions with
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neutral Ar atoms, as it could be expected for bk radiation sources [74, 182]. Most
probably, this effect is a consequence of the lawsidence time of Hg in the plasma. A very
similar behavior has recently been observed forAth®SP coupled to CV generation when
the plasma is fully sustained inside the gas cHaohehe sapphire wafer. In all further

experiments, a flow rate for Ar of 9 mL miiwas used.
3.6.1.5 Influence of the flow rate of the reagents

The flow rate of the reagents was expected to emite the reaction rate. Additionally, in the
case of the CV generation with NaBkhe amount of K produced and introduced into the
MSP may change with the reagents flow rates [184jerefore, the influence of this
parameter on the response for Hg in the CV gemeratith the aid of NaBiand SnCl was
studied.

Indeed, it was found that with an increase of the frate of the reagents from 0.27 to 1.0 mL
min™ the amount of kiproduced in the reaction changed from 2.6 + 0.1.60+ 0.7 mL min

! When the reagent flow rate changes from 0.27%6 thL mir*, as it can be seen from Fig.
40, the relative net intensity for the Hg line obéal for the CV generation with NaBhkvas
found to increase from 0.8 to 1. Up to the floweraf 0.59 mL mift the relative net intensity
for the Hg line was found to be constant and ah&rrincrease of the flow rate of the reagents
was found to result in a slight decrease of thparse for Hg. These changes also were found
to apply for the SBR for the Hg line. Indeed, whasing flow rates above 0.59 mL rithe
SBR decreased. A flow rate of 0.55 ml tiwas finally found to be optimum.

In the case of the CV generation with Sp@l steady increase of the relative net intensity f
the Hg line and its SBR with the flow rate of tleagents was observed in the range of 0.36 to
1.0 mL mir*. Almost a 3- and a 2-fold increase of the relatie¢ intensity for the Hg line
and the SBR was found to occur in this range. Avftate of the reagents of 1.0 mL nfimas

found to be optimum.
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Fig. 40 Influence of the reagent flow rates on thimtensity of the Hg | 253.6 nm and on
its SBR.

3.6.1.6 Influence of the volume in the gas liquideparator

In all measurements reported, the volume of th&dign the GLS was kept at a constant level
of 0.5 mL. In this way, the pressure inside the-laume GLS was constant. However, the
use of other volumes, namely 0.2, 1 and 1.5 mlg waiss tested. It was found that the volume
of liquid in the GLS only had a slight influence timee Hg signal for both CV generation
reactions. In the case of the CV generation witlBMNag the relative net intensity for the Hg
line in the case of 0.5, 1 and 1.5 mL was closg, twhereas for a volume of 0.2 mL a value
of 0.9 was found. In the case of the CV generatiith SnC}, the relative net intensities for
the Hg line with all volumes tested were comparabtvever, for volumes of 1 and 1.5 mL
higher washing times were required. Therefore, lame of liquid of 0.5 mL inside the GLS

was considered as optimum and used for all furteasurements.
3.6.2 Areas of stability
The stability areas for MSPs in Ar loaded with Hgpwurs, as obtained with the CV

generation reactions using NaBEnd SnGJ, respectively, were found to be comparable. At
an Ar flow rate of 9 mL mifl, the MSP was found to be stable at a power bet®8eand 40
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W under the conditions for optimum CV generatiom.léwer powers the Ar MSP becomes
unstable and extinguishes. When increasing theloW fate up to 63 mL mifh, the power
range within which the Ar MSP was stable was reduoeabout 35 W.

When operating the Ar MSP at a flow rate of 9 minthbut at a power below 40 W, it was
also found that the relative net intensity for thg line decreases. Indeed, when the power
was decreased to 37 W, the signals for Hg in tise cd the CV generation using NaBbr
SnC} decreased by about 50 and 30 %, respectively. Henwehe SBR values under these
conditions were found to change less than 2-3 %. Ttk as measured from Ar | lines did not
change and was 6000 and 6100 K for the CV generatising NaBH and SnGj,
respectively. The respective therefore was found to decrease from 1.6 t@l0*4 cm* and

from 1.8 to 1.810" cm®, respectively.

3.6.3 Chemical interferences

Under the optimized experimental conditions, thenaital interferences in the determination
of Hg by CV generation using NaBHind SnCl as reducing agents were investigated. The
most commonly known potential interferents werad&d and included transition metal ions
such as Cd(ll), Co(lIl), Cu(ll), Fe(lll), Ni(ll) andn(ll) as well as the volatile hydride forming
elements As(V), Bi(lll), Sb(lll) and Se(IV). Foréhexperiments a concentration of Hg of 0.2
ng mL* was used, while the concentrations of interferentie solutions were 5, 10, 20 and
50 pg mL*. The effects of the presence of transition metalshe response found for Hg in
the CV generation using NaBtind SnCJare shown in Fig. 41. In Table 6 the results for
hydride forming elements are given. In both cabesrelative intensities were calculated by
dividing the net intensities for the Hg line measlim the case of the solutions containing Hg
and the potential interferents by those obtainedHe solutions containing Hg only.
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vapour generation technique when using NaBld(a) and SnC} (b)
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Table 6. Influence of As, Bi, Sb and Se on the rdlae intensities for Hg when using the

CV-MSP-OES procedure under optimized conditions.

Interferent concerdtion, ug mL™

0 5 10 20

CV generation with N&H,
As(V) 1.00 £0.02 1.02 £ 0.02 0.98 £0.03 1.00 £0.02
Bi(lll) 1.00 £0.03 0.96 + 0.05 0.96 +0.03 1.00+ 0.02
Sb(lll) 1.00 £ 0.04 1.04 +0.03 NM NM
Se(lV) 1.00 £0.01 0.09+£0.01 0.16 £ 0.05 0.11 £ 0.02

CV generation with &,
As(V) 1.00 £0.02 0.74 £0.02 0.74 £0.03 0.72+£0.01
Bi(lll) 1.00 £0.02 0.86 £ 0.07 0.76 + 0.07 0.70 £ 0.02
Sh(lll) 1.00 £0.02 0.94 £0.01 0.96 +0.02 0.84 £0.04
Se(lV) 1.00 £0.02 0.95 +0.05 0.78 £0.03 0.68 +0.01

NM: Not measured.
Concentration of Hg: 0.ag mL™*. Average (n=3) + standard deviation

In the case of the CV generation using NaBttncentrations of 50 pg ritlof Co, Ni and Zn

as well as As and Bi were found to cause no inteniges in the determination of Hg. The
interferent concentrations herewith can be 2504itmgher than the concentration of Hg (0.2
g mLY). This could be due to the relatively low concatitm of reductand used for the CV
generation reaction. For concentrations of 5 tau§anL" of Cd and Fe a suppression of the
signals for Hg by about 10 and 20 %, respectiwelys found. This was not as strong as the
effect reported for these metals by Krataal [185]. The effect of Cu was found to be more
complex. At a concentration of 5 pg hlLthe signal for Hg was depressed, which is most
likely caused by an adsorption of the analyte @rdduced Cu [63]. Indeed, a brown deposit
was found to cover the T-pieces. At a concentratib@0 pg mL* of Cu the signal for Hg
was found to have increased, which is presumabdytdisome surface-mediated reactions of
Hg hydroboron intermediates with reduced Cu depdsiin the surface of the reaction
system, as it was reported by Feng and co-worl83;s1[86]. A very strong suppression of the
signal for Hg was observed in the presence of $m ex the lowest concentration of this
element investigated (5 pg ML This effect could be attributed to a formatioh HgSe
[185]. However, also a competition of the reactodrSe(lV) with NaBH forming SeH and
the reaction of NaBldwith Hg(ll) could be a reason [63, 180, 185]. e tcase of Sh, a very

intensive Sb | 252.8 nm line was observed as aetuence of the introduction of the SpH
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produced by the reaction of Sb with NaBHto the MSP. As a result of the occurrence f thi
line the background intensity in the vicinity ofetiHg | 253.6 nm line changed, which
complicated the measurement of the Hg line intgnsit

When using SnGlfor the CV generation of Hg, the investigated rsetid not cause any
interferences except for Cu and Ni (Fig. 41). The@sence at a concentration of 50 ug'mL
results in a reduction of the signal for Hg by at@Wand 10 %, respectively. The presence of
As, Bi, and Se up to a concentration of 20 ug'mmas found to cause a decrease of the
response for Hg by maximally 30 % and the presesfc€0 png mL* of Sb leads to a
depression by 20 %. It could be expected thatritexferences in the CV generation reaction
using SnCJ are due to the formation of different intermetaiompounds with Hg [188].

CV-MSP-OES under the use of Sp@t reducing agent was used for the determinafibigo
in synthetic water samples containing 0.2 pg'nof Hg and different amounts of NaCl as
concomitant [146]. Under calibration with standasdlutions containing Hg only, the
recoveries for Hg at concentrations of NaCl of &n2 4 % (m/v) were 93 = 3, 90 £ 4 and 90

+ 4 %, respectively.
3.6.4 Figures of merit and analytical application

Under the optimized conditions the analytical perfance of the cold vapour technique and
MSP-OES for the determination of Hg was studiedthia case of the CV generation using
NaBH,, the calibration curve for Hg was found to be éinap to 2 pg mt with a correlation
coefficient (R) of 0.999. The limit of detection for Hg, calcwédtaccording to thes3was
found to be 9 ng mt This is better than the one reported in theditee for CV-MIP-OES
using analyte preconcentration in a cryogenic {&8}. The detection limit for Hg can be
further improved, as it has been shown in thedttae for CV-MIP-OES, by preconcentrating
Hg by amalgamation [184] or by removing With a special membrane [189] after the
reaction with NaBEL The precision, in terms of the RSD for replicateasurements, was 0.5

and 5 % at concentrations of Hg of 2 and 0.1 ug'méspectively.

The analytical performance under the use of $a€lreducing agent is better than in the case
of NaBH, even after a careful optimization. The sensitivétalmost 12 times higher than the

sensitivity obtained with NaBHas reducing agent. The dynamic range, howevershvager,
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namely up to 1 pg mt, but the limit of detection for Hg was as low a$10ng mL*. This is
considerably lower than the detection limits off0atd 1.1 ng mtt showed above for the CV
generation with SnGlin the case of Ar and He MSPs, respectively, whigtre fully
sustained inside the gas channel of the microstgfer, or than the detection limit for Hg
obtained in the case of an atmospheric pressure relRzed in an MPT or a Beenakker
cavity coupled with the CV generation under the os8&nC} [182]. RSDs of 0.7 to 5 % at

concentrations of 1 and 0.05 pg hlrespectively, were obtained.
3.6.5 Analysis of NIST SRM 2781

Cold vapour generation using Sp@s reducing agent coupled to an MSP type B for OES
was used for the determination of Hg in a domedtidge NIST SRM 2781 at the optimal
conditions mentioned above. Prior to chemical asislythe SRM 2781 was digested
following the procedure described by Sarawasti [14¥hder a calibration with standard
addition a concentration of 3.55 + 0.41 pg fpr Hg was obtained, which is in good
agreement with the certified value of 3.64 + 0.2pq.

3.7 Comparison of chemical and electrochemical hydte generation for the optical
emission spectrometric determination of As and Sb sing a miniaturized microwave

induced Ar plasma exiting the microstrip wafer

The present study describes the comparison of CHIEECHG for the determination of As
and Sb by using an Ar MSP exiting the wafer asatah source for OES. For the HG and
MSP-OES systems the operating conditions were tighily optimized with respect to a
maximum relative intensity of the background-coteelcsignal and a maximum signal-to-
background ratio (SBR) of the used atomic emis$ilmes for As (228.8 nm) and Sb (252.8
nm). Therefore, the concentrations of the reductdaH, and of HCI in the case of CHG as
well as the electrolysis voltage and the conceintnatof HSO, in the anolyte and catholyte
for ECHG were subjected to a univariant optimizatidditionally, the effects of different
reagents and the Ar carrier gas flow rates on ¢tetive net intensities and the SBR values
achieved by both HG-MSP-OES techniques were indudethe optimization procedure.
Further, the susceptibility of CHG and ECHG for tHetermination of As and Sb to
interferences from transition metal ions and othelatile-hydride forming elements was

studied. The data presented throughout this sttelawerage values with standard deviations
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based on 3 replicate measurements. The procedurteerf were applied to real sample

analyses.

3.7.1 Optimization of CHG

3.7.1.1 Influence of the NaBk concentration

With respect to the generation efficiency of vdéathydrides and the amount of, ldo-
produced in the reaction, the concentration of NakBddvery critical. However, it also
influences the performance of the total HG-MIP-Qi8cedure, especially in the case of low
power atmospheric pressure MIP discharges [59,. Hi&]ce, it is very important to carefully
optimize this parameter to avoid plasma instabibtyd to achieve optimum excitation
conditions [160].

In this study, the influence of the concentratiéiNaBH, was investigated in the range from
0.05 to 0.4 % (m/v), based on results obtainedttier optimization of a similar Ar MSP
operated inside the wafer with a relatively lowetaince to the introduction of;tt volume
flows higher than 5 mL mih The HCI concentration of the sample was keptmb2L™* and
the reducing agent and sample solutions flow ratese set to 0.5 mL mih while the Ar

flow rate was adjusted to 9 mL rifin

An increase of the NaBHconcentration from 0.05 to 0.4 % leads to an imenoent of the
relative As signal from 0.15 = 0.02 to 1.00 + 0dxd to an increase of the SBR from 1.37 +
0.02 to 2.45 % 0.02. Contrary, the relative neemsity as well as the SBRs for the Sb line
were found to decrease in the investigated NaBbhcentration range from 1.00 + 0.12 to
0.77 = 0.07 and from 3.31 + 0.08 to 2.81 + 0.0%pextively. These observations well
correspond with the results recently obtained fe¥iGCcoupled to an Ar MSP which is fully
sustained inside the microstrip structure. It canconcluded that the described effect is
related to strong changes in the Asdhd SbH generation efficiency and in the plasma
excitation characteristics. The CHG reaction fov&ts found to be very efficient even when
low concentration of NaBliHare used, while the efficiency of the Aslgeneration rather
increases with an increasing NaB¢bncentration. Furthermore, an increase of thediume

flow from 0.4 + 0.1 mL mift to 4.7 + 0.1 mL miff within the investigated concentration
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range of NaBH was found to lead to a deterioration of the Shalg while in the case of As

the corresponding effect is probably compensatetyf@a more efficient HG.

For further experiments a NaBHkoncentration of 0.3 % was selected as a compeofois
the determination of As and Sb and it results Hpaolume flow of 3.6 + 0.2 mL mih The

HG efficiencies then were found to be 94.9 + 0.30%As and 95.4 + 0.6 % for Sb. Under
these conditions relative net intensities of 90 &ewobtained for As and Sb, based on a 100

% signal intensity at the optimum conditions foras Sb, respectively.

3.7.1.2 Influence of the sample and the reducing agt flow rates

To investigate the influence of the flow rates loé sample and the NaBHolution on the
signal intensities and the hydride anglgfioduction rates, the reagents were deliveredusle
rates between 0.30 and 0.80 mL thirsing the same peristaltic pump, while NaBtid HCI
concentrations of 0.3 % and 2 mdf,Lrespectively, and an Ar flow rate of 9 mL fiwere

used.

In Fig. 42 the results of this optimization are whoby the corresponding relative net
intensities for As and Sb normalized to the maximaghievable signal intensity. The relative
net intensities of the As and Sb lines reach a mawi at a flow rate of 0.60 mL nifn The

SBR shows a similar trend. Its values increaseldoua20 % (As) and 10 % (Sb) at reagent
flow rates of 0.30 and 0.60 mL minrespectively. The amount of,lgenerated under these

conditions increases from 1.9 + 0.1 to 5.2 + 0.1mib™.

The highest relative net intensities for both Ad &b lines were found at reagent flow rates
of 0.60 and 0.65 mL mih respectively. For further experiments an optimilow rate of
0.65 mL min' was selected, resulting in the production of 4.6.% mL min' of H, and

generation efficiencies of 96 % for Asknd SbH,.
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Fig. 42 Influence of the reagents flow rates on thiatensities of the As | 228.8 nm and Sb
| 252.8 nm lines as well as on their SBRs.

3.7.1.3 Influence of the concentration of HCI in tB sample solution

The concentration of HCI| used for sample acidifmatalso seemed to be critical for the
analytical performance of the CHG-MSP-OES proceduteerefore, its influence on the
analyte signals and on the hydride andgeneration rates was investigated in the ranga fro
0.1 to 4 mol [*, while a NaBH concentration of 0.3 % and reagents and Ar flowsaf 0.65

mL min® and 9 mL mift, respectively, were used.

The influence of the HCI concentration on the resgofor As and Sb is shown in Fig. 43, and
it is similar to the results reported for As and i8bthe case of CF-CHG combined with
various types of MIPs [63, 157-159, 162, 163]. Acentration of HCI below 0.5 mol™L
leads to inefficient CHG, as the relative net isigas for both As and Sb lines are lower than

0.4 and 0.6, respectively, while signal maxima fwoth elements are reached at a

concentration of 1 mol Lof HCI.
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Fig. 43 Influence of the concentration of HCI on tk intensities of the As | 228.8 nm and
Sb 1 252.8 nm lines and their SBRs

Interestingly, the volume of generated iK¢mains almost unaffected and is about 4.6 + 0.2
mL min™ at HCI concentrations in the range from 0.2 to@! l'. In this case no significant
changes of the spectral background signals coulubberved. Therefore, the variations in the
response for As and Sb can be attributed to chamgdse CHG reaction efficiency only.
Since the acid used for sample acidification caasstepwise decomposition of NaBkhd a
direct transfer of H atoms from NaBkb the analytes [190, 191], of which the lattesqass

is apparently slower at low HCI concentrations, ob&ins a lower generation efficiency for
AsHsz and SbH.

3.7.1.4 Influence of the Ar flow rate

The effect of the flow rate of Ar, used to sustia MSP and to sweep the volatile hydrides
and other CHG reaction by-products via the GLShplasma, on the analytical performance
of the developed procedure was studied in the rénoge 6 to 36 mL mift, while NaBH, and

HCI concentrations of 0.3 % and 1 mot,Lrespectively, and reagent flow rates of 0.65 mL

min™* were used.
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As it can be seen from the results given in Fig.thd highest relative net intensities for both
As and Sb lines were found at Ar flow rates of 6 min™. When increasing the Ar flow rate
above 9 mL mift the relative net intensities rapidly deteriora{kso the SBR values decrease
from 2.48 + 0.04 to 2.02 + 0.05 (As) and from 2220.05 to 1.87 + 0.05 (Sb), when the Ar
flow rate is increased from 6 to 36 mL rfinAs the analytical line intensities were found to
decrease twice as much as the background sighabm ibe assumed that an increasing flow
rate does not significantly lead to a collisiondxhsle-excitation neutral Ar atoms in the case
of the Ar MSP investigated, which would lead toemeral increase of the background level
[157]. Especially the lower residence time of timalgte hydrides in the plasma could be a
reason for the observed signal drop, especiallymdomsidering the small dimensions of the
MSP channel resulting in gas velocities of 0.3 tm &*. An Ar flow rate of 9 mL mift was
selected as optimum for all further measurementsledthe optimized conditions the volume
flow of H, produced in CHG is 4.6 mL nifn leading to a K concentration in the plasma
working gas of 51 % (v/v). This high tolerance tgiklan outstanding advantage of the MSP
exiting the wafer, as compared to other bulk MIRrees, such as a surfatron [163] or a
microwave plasma torch [166]. This could be asdediavith the high electrical field density
inside the plasma capillary channel as a resuts@mall diameter combined with the vicinity

of the antenna.
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Fig. 44 Influence of the Ar flow rate on the linemtensities for As and Sb in the CHG and
ECHG.
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3.7.2 Optimization of ECHG

3.7.2.1 Influence of the electrolysis voltage

The electrical current, which depends on the veltagplied to the electrodes and which
therefore has to be selected according to thereldwmical potentials of the analytes, is one
of the most important parameters to be optimize&@HG. Indeed, it determines both the
efficiency of the hydride formation and the amoohtH, co-generated in this process [79,
147, 166]. In the present study, a three dimensiocaidnode made of a carbon fiber bundle
was used and the electrolysis voltage was optimizéde range from 6 to 12 V, which led to
electrolysis currents between 0.16 and 0.46 A. Aceatration of 2 mol £ H,SOs in the
anolyte and the catholyte, electrolyte flow raté® enL min* and an Ar flow rate of 9 mL

min™ were used for the investigation.

When changing the potential from 6 to 10 V, it viagnd that the relative net intensities for
the As and Sb lines increase from 0.42 + 0.07 @® % 0.06 (As) and from 0.36 + 0.05 to

1.00 £ 0.08 (Sb), respectively. A further increa$éhe voltage to 12 V leads to a signal drop
by about 20 % (As) and 10 % (Sb), respectivelyc@apared to the maximum signals at 10
V. The corresponding SBR values were found to liyeencrease from 2.86 + 0.09 to a

maximum of 4.28 £ 0.10 at 10 V in the case of tlsdiAe and from 1.77 £ 0.10 to 2.28 + 0.06
for the Sb line.

When increasing the electrolysis voltage, the fficy of the electrochemical generation of
AsH; and SbH as well as of Kl increase, which is indicated by a linear rise lué t
generation rate from 1.3 + 0.1 to 3.0 + 0.2 mL Thinithin the observed interval. Apparently,
up to 10 V the negative effect of the khtroduced into the MSP is compensated by the
introduction and excitation of an increasing amoofAs and Sb. This effect inverts when
further increasing the applied electrolysis voltagimally, a potential of 10 V was chosen as
an optimum value for further experiments, leadim@ t flow rate of 2.5 + 0.1 mL mihand

AsH; and SbH generation efficiencies of 40.8 £ 1.3 % and 3818@&%, respectively.
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3.7.2.2 Influence of the electrolyte flow rates

The anolyte provides for the transport of hydroniions and water molecules through a
membrane from the anode compartment to the catbmu@artment, while the catholyte flow
rate influences the residence time of the anaiyigde the cell [117, 193, 194]. The effect of
both flow rates was investigated within an interefiD.50 to 2.5 mL mit, while remaining
equal rates for both electrolytes. An electrolysiftage of 10 V, a k5O, concentration of 2
mol L™ for the electrolytes and an Ar flow rate of 9 minthwere used for the investigation.
As it can be seen in Fig. 42, a change of the flate of both electrolytes from 0.50 to 1.50
mL min’ leads to an increase of the relative net interfsityAs and Sb as a result of the
increase of the reaction efficiency in ECHG. Maxmmsignals were obtained at 1.50 mL min
! (As) and 1.75 mL min (Sb), while the sensitivity decreased at highewftates as a result
of a too short residence time of the analytes endhthode compartment. No specific trend
was observed in the case of the SBR for both aglythich indicates a proportional increase
of the background signal, while the amount of gatest H remained unaffected by varying
electrolyte flow rates. Correspondingly, for funtlexperiments a compromise flow rate of the

anolyte and the catholyte of 1.75 mL miwere used.
3.7.2.3 Influence of the concentration of k5O, in the anolyte and the catholyte

Another factor influencing the efficiency of ECHG the concentration of 280, in the
anolyte and the catholyte solutions [79, 116, 182this study, different concentrations in the
range between 0.5 and 4 mof lin both electrolytes were selected, while an ebysis
voltage of 10 V, anolyte and catholyte flow ratésl@5 mL min* and an Ar flow rate of 9

mL min* were used.

It was found that the concentration 0fS®, in the anolyte has no significant effect on the
relative net intensities for the As and Sb lineghimi the investigated concentration interval,
while an optimum value at 2 mol*Lwas found for the case of the catholyte (Fig. 43)e
signal drop at higher catholyte concentrationg@bably not due to an increase of the volume
of Hy, as different acid concentrations were found odaftect the H generation rate. Rather
a degrading diffusion of the analytes towards thade could be responsible, caused by the
increasing density of the solutions at higher aomhcentrations [193]. At lower 490,

concentrations low signals intensities were fouwmd As and Sb, probably due to an
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insufficient conductivity of the electrolyte. Fourther studies concentrations of30, of 1

mol L™ (anolyte) and 2 mol L (catholyte) were used.
3.7.2.4 Influence of the carrier gas flow rate

So as to study the influence of the Ar carrier fjaw rate on the signal intensities and the
SBR values of As and Sb, optimum ECHG operatinglitmms were used, while the Ar flow

rate was varied between 6 and 36 mL Tin

The results of this optimization are shown in Big, where the relative net intensity is plotted
as a function of the carrier gas flow rate. Thenglg were found to clearly decrease at flow
rates higher than 6 mL mfn which is most likely due to shorter residenceetnof the

analytes within the plasma. However, the SBR faséhanalyte lines slightly increase with
the Ar flow by about 10 and 20 %, suggesting thatdnalyte signal drop is slower than the
respective drop of the background signal intendityerefore, due to a better precision, the

optimum carrier gas flow rate was found to be 9mib™.

Under optimized conditions, the volume flow of gerted H is 2.5 + 0.1 mL miH, resulting
in a H, concentration in the plasma working gas of ab@&¥®2(v/v). The HG efficiency for
As and Sb was found to be 40 = 1 %.

3.7.3 Interferences from transition metal ions andother volatile hydride-forming
elements in CHG and ECHG

A wide variety of transition metal ions and othefatile hydride-forming elements are known
to interfere with the generation and release ofyarides of As and Sb in CHG as well as in
ECHG, limiting the analytical applicability of botiechniques [193, 195]. In this study, the
susceptibility of both HG techniques combined WtBP-OES in the case of samples with 2
g mL* of As and Sb to chemical interferences was ingagtid. Cd(ll), Co(ll), Cr(lll),
Cu(ll), Fe(ln, Ni(l), Pb(Il) and zZn(Il), as welhs the volatile hydride-forming ions Bi(lll),
Hg(ll), Se(lV) and Te(lV) were considered as potninterferents and their individual
effects were evaluated, by ratioing the net intessifor the As and Sb lines stemming from
solutions containing 5, 10, 20 and 50 pghuf the potential interferents with the respective

net intensities obtained for solutions without ifeeence. The resulting signals were
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expressed as relative net intensities. In the cHs&CHG, the effect of Pb was not

investigated to avoid a precipitation of PaS®hich could block the electrolysis cell.
3.7.3.1 Generation of AsH

As it can be seen in Fig. 45a, most significangrigrences in the case of a determination of
As with CHG are caused by Cd and Fe. The additfadoto a 2 pg mt: As solution leads to
an increase of the As signal due to a spectratference with the Cd | 228.8 nm emission
line stemming from volatile Cd species generatedeurthe used CHG conditions [197]. In
contrast, the addition of 5 pg Mlof Fe already reduces the As signal by more tia#%7Cr
and Cu, as well as Co and Pb at concentrationspofous0 pug mr* and 10 pg mt,
respectively, do not significantly influence thepense for As, whereas higher concentrations
lead to a signal depression. While Ni, which iswnao be a severe interferent in chemical
AsHs; generation [176], causes a signal suppressionObio 220 % when its concentration
increases from 5 to 50 pg ML the addition of up to 50 ug riflof Zn leads to a signal drop
of 15 % only.

In ECHG for the case of As, Cu was already foundatase serious interferences [193]. In this
study, an addition of 5 pg niLof Cu was found to cause a 40 % increase of theidtsal,
followed by a decrease of the response with aneasing amount of Cu added to the As
solution to only 10 % at 50 pg ritl(Fig. 45b). Co and Ni were found to have no irgriy
effect on the determination of As by ECHG-MSP-OBS,t was also outlined by Ding and
Sturgeon [124]. The addition of Cd as well as ofa@d Fe at concentrations higher than 10
g mLt and 20 pg mt, respectively, was found to lead to a decreaske@inalyte signal by
20-30 %.

Regarding the susceptibilities of CHG and ECHGtfar determination of As to interferences
more pronounced effects were caused by other ielaydride forming elements. The data
obtained are given in Table 7 and show that, despisignificant loss of sensitivity, the

determination of As by CHG is less affected by ghiesence of Bi, Hg, Se and Te than
ECHG. In the latter case, Bi was found to causmarease of the As signal to up to 90 %, as
formerly reported for a similar electrolysis celOp]. Se and Te were found to substantially

reduce the efficiency for As in ECHG. A concenwatiof 10 pg mL* of these interferents
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leads to a drop of the As signal by 50 % and 90€¥pectively, while the addition of small

amounts of Hg results in a complete signal loss.
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Fig. 45 Metal interferences in the determination ofAs by CHG (a) and ECHG (b) in
MSP.

3.7.3.2 Generation of Sbhl

The efficiency of CHG for the determination of Slkassvound to be strongly influenced by
changes of the Fe content of the sample solutiohih for 2 pg mL* of Sb can be seen in
Fig. 46a. A concentration of 5 pg mlof Fe leads to a signal suppression of 80 %, wbde
and Cr do not cause significant interferences withe investigated concentration interval of
5-50 pg mL*. Cd at a concentration of 50 ug thleads to a drop of the Sb signal by 10 %,
while 10 pg mL* of Pb cause a 20 % increase of signal. When adtladoncentration of 50
g mL! Cu and Ni, commonly known as strong interferemsCHG [174], suppress the
response for Sb by 25 % and 20 %, respectivelycoimparison to Ni, Cu is the stronger

interferent, causing a 10 % signal drop when addexconcentration of only 5 pg fiLZn
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was found to be the weakest interferent. An addiib50 pg mr* of Zn resulted in a signal

loss of 5 % only.

In ECHG all investigated metal ions were found &siausly affect the SbiHgeneration
efficiency. Cu again is the strongest interfersitice a concentration of 5 pg rhiCu already
leads for the Sb line to an intensity decreasevef 80 % and a complete signal loss at higher
concentrations, as shown in Fig. 46b. Co as wellchand Fe were found to have a somewhat
weaker influence on the Sb signal intensity. Thditamh of 5 pg mL* of the respective
interferent leads to a decrease of the signalhferdine of Sb by 20 % (Co) to 30 % (Cd, Fe).
In comparison, the interferences caused by Cr, 1zh Idi were found to be significantly
weaker, since 10 ug m(Cr, Zn) and 50 pg mt (Ni), respectively, lead to a 20 % loss in

signal.
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Fig. 46 Metal interference in the determination ofSb by CHG (a) and ECHG (b) and
MSP-OES.
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CHG and ECHG revealed significantly different symi®lities to interferences by other
volatile-hydride forming elements for the case bf $he data are summarized in Table 8 and
indicate that CHG is mostly affected by the presenicBi. An 80 % drop of the signal for the
Sb line was found at a concentration of 20 pg'mhile Hg and Te do not significantly
interfere in the case of Sb, Se leads to a maxirsigmal decrease of 30 %. To resume, the
determination of Sb by ECHG is highly susceptildeiriterferences by all the examined
volatile-hydride forming elements except for Bi,iafhat concentrations of 5 and 20 pg L

leads to a suppression of the line intensity fob$R5 to 70 %, respectively.

Table 7. Influence of Bi, Hg, Se and Te on the rdiae intensities for the As 228.8 nm line
when using CHG and ECHG coupled to MSP-OES under dpnized conditions.

Interferent concentration, pg ml™

0 5 10 20
CHG
Bi(lI1) 1.00 + 0.09 0.99 +0.01 0.88 + 0.07 0.79 + 0.09
Hg(I1) 1.00 + 0.02 0.97 +0.03 1.05 + 0.08 0.91 + 0.06
Se(lV) 1.00 + 0.06 0.81 +0.01 0.73 £ 0.01 0.61 +0.01
Te(IV) 1.00 +0.01 0.86 + 0.07 0.75 +0.10 0.70 + 0.06
ECHG
Bi(II1) 1.00 +0.09 1.73+0.18 1.87 +0.12 1.90 +0.13
Hg(ll) 1.00 + 0.05 ND ND ND
Se(lV) 1.00 + 0.01 0.36 + 0.04 0.13 +0.01 ND
Te(IV) 1.00 + 0.03 0.70 £ 0.03 0.49 +0.01 0.36 + 0.01

ND: Not detected.

Concentration of As and Sb: 2 pg'mAverage (n=3) + standard desviation.
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Table 8. Influence of Bi, Hg, Se and Te on the rdiae intensities for the Sb line 252.8 nm
in CHG and ECHG coupled to MSP-OES under optimizectonditions.

111

Interferent concentration, ug ml™

0 5 10 20
CHG
Bi(ll) 1.00 +0.02 0.56 + 0.05 0.29 +0.01 0.21 +0.06
Hg(Il) 1.00 + 0.02 1.01 +0.04 1.00 +0.01 0.92 +0.04
Se(IV) 1.00 +0.04 0.90 + 0.06 0.87 +0.02 0.69 + 0.02
Te(IV) 1.00 +0.07 1.04 +0.10 0.99 +0.03 0.96 + 0.10
ECHG
Bi(lI) 1.00 +0.06 0.75 +0.07 0.64 +0.08 0.33+0.05
Hg(Il) 1.00 +0.02 ND ND ND
Se(IV) 1.00 +0.08 ND ND ND
Te(IV) 1.00 +0.07 0.08 +0.01 ND ND

ND: Not detected.
Concentration of As and Sb: 2 pg’'mAverage (n=3) + standard desviation.

3.7.4 Analytical performance

Under the optimized conditions, the Ar MSP exitthg wafer can be combined with ECHG
and CHG, but the amount okldo-generated in the latter case is about 2 tingdeehthan in
ECHG. This, results in higher background intensitad lower intensities of the analyte
lines, especially in the case of Sb. Therefore,détction limits (3) for As and Sb were
found to be 3 times lower in ECHG than in CHG. Tlaeg 6 ng mL* and 7 ng mL for As
and Sb in CHG, respectively, while the detectiomts obtained in CHG-MSP-OES are 16 ng
mL™ for As and 22 ng mt for Sbh. Due to a better analytical performanceuse of the MSP
exiting the wafer is advantageous over the appiinabf the MSP inside in the wafer and
coupled with CHG. Furthermore, the detection liolitained for As in the case of ECHG-
MSP-OES is also significantly better than the pwasly reported values of 24 to 68 ng oL
obtained when combining MPT-OES with different ECEl&is [192].

For the determination of As by MSP-OES, the detectimit of ECHG is more than 3 times
better than in CHG, while for Sb a gain of still 2o can be obtained. The linear dynamic

ranges for As and Sb are similar for both HG teghes and span more than 2 orders of
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magnitude (up to 5 pg mi). The achievable precision in CHG-MSP-OES, exmpess the
relative standard deviation (RSD) of 3 consecuthaasurements, using different As and Sb
concentrations, is between 2 and 6 % for both aeslyhis figure marginally deteriorates to
4 to 7 %, when ECHG is used instead of CHG.

3.7.5 Analysis of real samples and NIST SRM 1663a

ECHG-MSP-OES has been applied to the analysis gal@anic bath sample, which was
spiked with As to a concentration of 12 pg ™lA recovery of 99.2 + 5.0 % was found for
As and the determined Sb concentration of 6.5%28 fL.g mL* agrees well with the value of
6.89 + 0.18 pg mt, obtained through ICP-OES using pneumatic nebtidizaof the sample
solution. Additionally, a tap water sampled at eiént locations in Hamburg was analyzed,
after spiking with As and Sb to concentrations &00ug mL* each. The recoveries obtained
were 101 £ 5 % for As and 98.9 £ 2.6 % for Sb.

The ECHG-MSP-OES procedure developed could alsa@esstully be applied to the

determination of As in a digested certified cogl fish standard reference material (NIST
SRM 1663a). The concentration value of 140 + 8 [fgobtained agrees well with the

certified value of 145 + 15 pg'y

3.8 Determination of non-metals with the aid of anmproved MSP exiting the wafer and

optical emission spectrometry

Not only volatile-hydride forming elements but alstements which are volatile in their
elemental form or which can be released under ¢ohe fof other volatile compounds as a
result of chemical reactions can be determined IBPMDES. This will be shown at the hand
of Cl, Br, S and C.

3.8.1 Generation of By and Cl,

The continuous flow chemical generation of, Bnd Cj, from Br and Cl containing
solutions was carried out through the addition g8@&, and KMnQ as oxidant. As compared
to formerly reported works, in which an additioflalv of a H,SO, solution was used for the
reaction [196-198] and KMn{solutions were acidified with concentratedSy, [197-199]
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or mixed with a sample solution before the reac{ib®6], the procedure for Brand C}
generation proposed here uses a mixing an oxidagemt solution with the sample solution
containing Br and CI after previously acidifying with Os. The redox reactions taking

place are:
10Br + 2MnOy + 16H*— 5Br, + 2Mré* + 8H,0 (17)
10Cl + 2MnOy + 16H — 5Ch + 2Mr** + 8H,0 (19)

The effect of the KMn@concentration on the performance of the He MSPsuadied in the
range of 0.5-100 mmot'l It was found that the most favorable concentretiof KMnQ; for
the oxidation of Brand Cl are completely different. In the case of,Binly at very low
KMnO, concentrations (1-5 mmol*) high net intensities for the Br Il 478.5 nm linee
obtained. For the case of Chowever, the concentrations of KMp@iving the maximal net
intensity and SBR for the CI | 439.0 nm line arewthl0 times higher (10-30 mmat)l Also

in the HSQO, concentration required for an efficient oxidatioh both halides a large
difference was observed. It was found that the geiom of Bp can be carried out with
H,SO, solutions of a relatively low concentration. Fr@nrconcentration of 4 moltIH,SO,
onwardsno further increase in the signals for the Br liseobserved. Contrary to the
generation of By, the signals for the CI | 439.0 nm line could et detected when the
concentrations of 80, in the solutions of Clwere lower than 5 mol’l Indeed, the net
intensity and the SBR for the CI line were foundstioongly increase when the,$0,
concentration changed from 5 to 9 moldnd then stabilize at 10-12 mdl. [These results
obtained with the introduction of Band C} into the He MSP well correspond with the
findings reported in the literature for conventibNdP sources coupled to gas-phase sample
introduction for Br and Cl [196-199]. Also here, milder conditions with respeo the
concentrations of KMn@and HBSQO, are required for the efficient generation of Bran in

the case of the oxidation of Cl

The highest net intensity and SBR for the Br Il £7/8m line were obtained at reagent flow
rates of 2-4 ml mifl. Beyond or below this range, the signals for Bremaund to gradually
decrease. For the generation ob,Gd steady increase of the signal for the Cl linesw
observed when the flow rates of the oxidizing agert the sample solutions increased from 1

to 9 ml min*. The flow rate of He was also found to have andrtant influence on the
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analytical performance of the MSP, because itlesvemnt for the separation and the transport
of gaseous Brand C} from the GLS to the plasma and the stability &f MSP discharge.
With our arrangement, however, no special timestabilization was found to be required as
compared for example to Ref. [199]. Steady stageads for Br and Cl could be obtained
within less than 30 s. When considering the gasmbladiameter (0.64 mm) and the length of
the He MSP filament formed in the wafer (~ 5 mrhg plasma volume is lower than about 2
pl and the gas flow considerably affects the residetime of the analytes in the plasma.
Indeed, the maximal analytical response for Br @@ obtained at very low He flow rates.
Because Bris heavier and less volatile than, ¢197], it was also found that it requires a

slightly higher flow rate (9 ml mify for being transported thanGB ml min).
3.8.2 Generation of HS

As previously reported by Nakahagtaal. [200] for the continuous flow chemical generation
of H,S the solution containingScan be mixed with a HCI solution, but HN@nd HSO,

solutions could also be used:
HS + H"— H,S (29)

A 2 mol I'* solution of HCI was found to be optimal for thengeation of HS. The influence
of the flow rates of the reagents and of the Héhersignal of the S 1 469.4 nm line was found
to be considerable. Indeed, when increasing thve fides of the reagents from 1 to 3 ml min
! the net intensity for the S line strongly incresiand from 3 ml mihreaches a plateau. The
maximal net intensity and the SBR for the S lineevfeund at a He flow of 3 ml mih With

a further increase of the He flow rate a graduatelse of the response for S is observed.

Table 9. Optimized experimental conditions for thedetermination of Br’, CI" and S by

OES with the aid of a He MSP and gas-phase sampl&roduction.

Br Cl S
He flow rate, ml min™ 9 3
Sample/reagent flow rates, ml mirit 3
Acid concentration, mol I* 42 107 2
KMnO , concentration, mmol I* 5 20 O

#H,S0, added to sample.
® HCl in separate stream.
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3.8.3 Analytical performance

The limits of detection (LOD, &) for Br, CI and $ in the case of the He MSP coupled with
a generation of gaseous halogens and hydrogenesuwifere found to be about one order of
magnitude higher than those reported in the liteeator conventional MIP sources combined
with different gas-phase introduction systems [293]. Therefore, the LODs for BICI and

S§* found in the case of the MSP are much lower thlaose obtained with other
microplasmas, such as the CCP [204] or the DBD J[28%upled to GCs and combined with

miniaturized spectrometers for atom line and/orenolar band detection.

Table 10 Figures of merit obtained for the determimtion of Br’, CI" and § by MSP-

OES using He and gas-phase sample introduction

Br 11 478.5 nm Cl1439.0 nm S1469.4 nm
LOD, ng ml™ 330 190 220
RSD? (n=3), % 0.6 (100)—4.3(5) 0.9(100)—1.7(5) 2.8 (50®.5 (5)
Dynamic range,pg mi™* up to 100 up to 100 up to 500

2 The concentration of standard solutions (in pg)rate given in brackets.
3.8.4 Interferences

The effect of various metals and non-metals ondéermination of Br CI and $ with
MSP-OES using He and combined with gas-phase samtpbeluction was also studied. The
tolerance limits for the various concomitants whyamerating By, Cl, or H,S are given in
Table 11.

As it can be seen in the case of the generatiddroénd C}, the examined metals and non-
metal caused almost no interference up to condemsabeing 100 times higher than the
concentrations of Brand Cl. Only when CQ or HCN, respectively, are co-generated due to
the presence of GO and CN in the sample and introduced with,Band C} into the He
MSP, very intensive molecular bands in the wavdlemggion of 400-480 nm are found to
complicate the intensity measurement for the Bt78.5 nm and CI | 439.0 lines. The same

spectral interferences were observed for the D146m line.
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In the case of the generation otS the interferences stemming from metals were not
investigated due to a possible precipitation of tegpective metal sulfides, however, the
reaction was found to be free from interferencemfanions such as BCI, I', SQ?, S05~

and PQ*.

Table 11. Tolerance limits to interferences in theletermination of Br’, CI' and § (5 ug
mi™) by MSP-OES using He and an introduction of gase®Br,, Cl, and H,S

lon added Tolerance ratio

Br Cl S
A% 10:1 100:1 0@
Cd* 100:1 100:1 0@
Co* 100:1 100:1 o2
cu** 100:1 100:1 o2
Fe’* 100:1 100:1 ks
Hg?* 100:1 10:1 g
Ni%* 100:1 100:1 0@
Zn?* 100:1 100:1 0@
Br’ 0 100:1 100:1
CI 100:1 O 100:1
I 100:1 100:1 100:1
CN’ 10:1 OP 0P
NOs 100:1 100:1 100:1
COs” Oo° 0P 0P
SO~ 100:1 100:1 100:1
S04 100:1 100:1 100:1
PO, 100:1 10:1 100:1

@ Not investigated.
® Spectral interferences.

3.8.5 Application to the determination of Bf, CI" and S in tap water samples

To demonstrate the practical usefulness and thakslity of the developed procedure to the
analysis of real samples, OES with a He MSP in ¢patlon with gas-phase sample



Practical Part 117

introduction was applied to the determination of Bi and $ in domestic water samples.
Water samples were directly taken from three déffiédocations and due to a lack of Bnd

S* they were spiked with these anions up to concgatrsof 10pg mit. The concentrations

of CI' found in the samples are 2&:®.3, 20.1+ 0.8 and 26.& 1.0ug mi*. These values are

in very good agreement with the concentrationsraeteed with ICP-OES, as shown by the
results both methods which differ by less than Z¥e recoveries for the Band $ added

are in the range of 998 1.7 to 102+ 2%, which demonstrate the good accuracy and the

precision of the procedure.
3.8.6. Emission characteristics of the He MSP

Despite the low resolution of the USB2000 spectitemavith which molecular bands are not
resolved and spectral overlaps occur, as it has béserved for other microplasmas and
microdischarges [206-210], some rotational bandb®iatomic molecules present in the He
MSP can be identified, when introducing £@nd CN.

Indeed, the resolution of the USB2000 spectrometed in this work is adequate enough for
monitoring the selected atom and ion emission liloesghe non-metals studied and for the
identification of some rotational bands of varialiatomic molecules in the He MSP, when
loading it with Be, Clk, H,S, CQ and HCN, respectively, as it is generated throtigh

oxidation of Bf and Cl and the acidification of’3 CO;* and CNcontaining solutions.

4000 N, CN CN

32001

2400 -

1600 4

Intensity, a. u.

800 4

200 250 300 350 400 450 500

‘Wavelength, nm
H,0 — CO,(100 mgl!of COz*) — HCN (100 mg I of CIN)

Fig. 47 Emission spectra of the He MSP.



Practical Part 118

As it can be seen from the results in Fig. 47he 294-301 nm and 306-320 nm wavelength
regions [211] OHbands are found in the case of the He MSP wheoaduating HO into the
gas-phase sample introduction system. Due to traparities of N in He [208] an intensive
head of (0-0) NH molecular band at 336.0 nm, opgdal by a very strong (0-0).Nband
head at 337.1 nm, can be observed in the 330-340wawelength region [212]. Very
intensive (1-0) and (0-1) Nmolecular bands with heads at 315.9 and 357.6re@spgectively,
can also be found. In the case of the (0-1p&hd, two additional rotational lines at 353.7 and
350.2 nm can also be observed. Less intensive éh@)(0-3) N bands with heads at 380.5
and 405.9 nm, respectively, and rotational line36&.1, 371.0 and 375.5 nm (0-2 transition)
and 399.8 nm (0-3 transition) are observed as [2&R]. The band heads at 358.2 nm (1-0
transition), overlapped by the (0-1)} Nand at 391.4 nm (0-0 transition) and at 427.8@wh

transition) can be attributed to the presenceHfradicals [211].

When introducing the COand HCN, resulting from the acidification of ¢Oand CN
containing solutions with HCI, the NH,Mind N* molecular bands coincide with strong TN
violet bands, of which the heads are at 359.0 i tfansition) and 388.3 nm (0-0 transition)
[212]. Three other rotational lines of this Tihand are found at 385.5, 386.2 and 387.1 nm.
Another (0-1) CN violet band is observed in thecsfz region of 412-424 nm and has its
head at 421.6 nm and four additional rotationatdirbelonging to this band are found at
415.9, 416.7, 418.0 and 419.7 nm, respectivelyngdlwith CN bands, rotational bands of
CO in the wavelength region of 446-463 nm (Angstrband) and € in the wavelength
regions of 433-440 nm and 464-477 nm (Swan baratsatso be identified [212]. In the case
of the (1-0) G Swan molecular band, the head is at 473.7 nm lane tadditional rotational
lines are observed at 468.4, 469.7 and 471.5 rspeotively. Additionally, it was found that
the intensities of the NH, Nand N* bands significantly decrease when C containinggas
(CO,, HCN) are introduced into the He MSP as the prodoof CN and G radicals in the
plasma obviously is more favorable under these itiond.

As working gas lines, the H | 486.3 nm linegfHnd two He atom lines at 492.2 and 501.6
nm could be identified. When introducing €énd HCN into the He MSP, a very intensive C
| 247.9 nm line also appears. When,BZl, and BS are generated and introduced into the He
MSP, an intensive Br Il 478.5 nm line interfered the less intensive Br | 478.0 nm line

[199], a weak CI 1l 481.9 nm line and two more mgize Cl atom lines, at 439.0 and 452.6

nm, respectively, [196] as well as a strong S 1.468m line, interfered with two other
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closely-spaced S atom lines at 469.5 and 469.6respectively, [213] are found in the He
MSP spectra.
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E. Conclusions and outlooks

The trend to miniaturized analytical systems wilsyeto be tuned and low-cost small sources
corresponds to the need to perform multielementalyges with portable equipments for in-
situ use. In this context microplasmas based omasiicp technology (MSP) with microwave
discharges inside and exiting a sapphire wafer leoupo different sample introduction
techniques have been studied. The compact desitire ISP has been shown to allow it to
form stable discharges with a low power input (4D &/a frequency of 2.45 GHz. They can
be coupled by very simple components like a subiatinized connector type A (SMA) and a
small antenna easy to a generator. MSPs with diffegases, such as Ar and He, can be
operated with low gas flow rates (3-15 ml fMirand used to determine metals and non-
metals, respectively. In addition, MSP dischargesewshown to have a very long term
stability. Due to the small plasma discharge siz8-4 mm) sample introduction techniques,
where gaseous products are produced by chemicatioes, can be coupled to MSPs in a
continuous flow sample introduction mode and thePW8as shown to be resistant to a

loading with dry aerosols and molecular species.

A miniaturized USB2000 Ocean Optics spectrometén wiSony ILX511 high-performance
2048-pixel linear CCD array for optical emissioresjpometry (OES) was shown to be ideally
suited to resolve and measure the analyte sigyasimpling radiation emitted by the plasma
source through a fiber cable with a lens at theAip USB-port eases the connection of the
spectrometer to a portable personal computer, walchinates the need for external A/D
converter. This reduces the size of the completdyfical system. Nevertheless, in a number
of cases limitations arising from an insufficiemsolution of the spectrometer or from a
restricted wavelength coverage must be taken iouatc Through the spectral range from
200 nm to 500 nm, intensive analytical lines esgbcifor the non-metals being at
wavelengths of up to 950 nm could not be detected.

The features explained above made it possible éathes MSP as analytical radiation source
for element determinations, in an easy couplinghwibntinuous flow sample introduction
including different gas-liquid phase separatorsvds found absolutely necessary, however, to
dry the loaded Ar and He which act as analyte eaand plasma working gas, before their
entering into the microplasma source. Thereforgyais found more effective to conduct the

gas stream through a 10 mL vessel filled wiy88, so as to separate the analyte from the
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moisture and to avoid deterioration of the anasytmals. Other manifolds investigated suffer
from short-life time and low drying efficiency, wdh is the case with Mg(ClR-xH,O, filled
tubes or long analyte transportation lines, as thé case with a Liebig condenser.

The MSP has some drawbacks as a result of its smallthrough which wet aerosols would
extinguish it. Therefore dry analytes can be weltited as a result of the rather high
excitation temperatures and electron number dessithich are near to those of analytical
ICPs.

Therefore, Ar and He MSPs are suitable for beingpted with the Hg cold vapour
generation technique using Sp@k reducing agent. The MSP sustained with Ar aking
gas was found to have the better analytical perdoca. With Ar the I and R were also

found to be higher then with the He plasma.

CHG has been used for the simultaneous determmafiéd\s and Sb in the present work. It
was found that an MSP sustained inside the wafetdcbe operated with noble gases
containing 28% of Kl being reaction by-products. The use of a smaiceatric gas-liquid
phase separator, which keeps the liquid level ebrestant volume, allows it to have short
washing times and to keep the internal system pressonstant, by which fluctuations of the
analytical signals are avoided. The efficiency led HG reaction was found to be strongly
affected by the concentration of NaBkhe type and the concentration of acid used disase
the dynamics of the reagents mixing. In our worlafiy HCI was used. Analytical parameters
such as the concentration of NaB&hd the flow rate of the reagents were found teehan
effect on the decomposition rate of NaB&k well as on the amount ot liberated in the
reaction. It was also demonstrated that some ermtes only occur as a result of the
catalysis of or the competition with hydride formielements. This was the case for Cd,
which has an analytical line at 226.5 nm with &ftaithe As | 228.8 nm line. Some elements
that have been demonstrated to give serious ingerées in HG were, however, found to have
no special effect on the As and Sb analytical iimtensities at low reductand concentrations
as used in the present work. Masking agents adoldatiet sample solution and/or to the
reductand solution in small-scale systems were ddonbe not very effective and their use

was avoided.
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It was found that the MSP exiting the wafer canebsily viewed end-on without suffering
from space-angle limitations. Both reducing ageN®sBH, and SnCl could be used for the
reduction of Hg(ll) in acidic solutions to its vtila elemental form. NaBHHis very often
preferred over Snglas the reduction of both inorganic and organiciddgore effective and
faster. However, in the reaction using NaBlthe vapours of Hg are accompanied by an
excess of B which may considerably affect the analytical perfance, when it is introduced
into the radiation source. With both reductantsyas found that the MSP exiting the wafer
could be stabily operated with a low power and @ Morking gas flow. With both
reductands, a reasonably fair analytical perforreatauld be obtained. Under the optimized
conditions, the detection limit for Hg of CV-MSP-SEn the case of Snglhowever, was
found to be lower than the one obtained with theesaxperimental set-up under the use of
NaBH, as reductant. Indeed, the co-generateihHhe CV generation reaction was found to
deteriorate the excitation of Hg in the Ar MSP, mts the plasma still tolerated the
introduction of H at a level of several mL niin

CHG in the case of an MSP exiting the wafer offax®rable conditions for the excitation of
As and Sb, but the water moisture and the excesd,ofo-generated with the volatile
hydrides, often lead to a deterioration of the plasand excitation conditions. Particularly the
introduction of a high amount of Hwhich has a higher thermal conductivity than Ada
high dissociation temperature, often results iretedoration of the analytical performance of
the CHG-MSP system with respect to achievable pi@tiand the detection limits. Instead of
using CHG with NaBHl as a reducing agent, which in addition is a sowteample
contamination and only can be kept when preparedlkaline solution, electrochemical
hydride generation (ECHG) in a miniaturized elelgsis cell can be used as an alternative. It
has been shown, that a such approach allows a hetéytical performance in the case of the
MSP, due to the reduced volumes of co-generatgedad compared with CHG. In a
miniaturized ECHG system we could use a carbon leurizer as cathode material because of
its inertness, easy fabrication, low electricaistesce, low cost and large potential window
and a platinum rod as anode material. A Nafion mamdwas used to separate the anode and

the cathode compartments.

From the economical point of view ECHG has manyaadizges as compared to CHG
because expensive reagents, which must be daipapreé and kept at a high pH, are not

required. In ECHG the reagent solutions partly lbarrecovered and recirculated through the
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analytical system saving time. In our case, howetlee small cell size did not make it
possible to recirculate the acid solution througk tinode compartment. Because of the
deposition of transition metals on the cathodeaserf which pollutes it irreversible, ECHG
has been shown to have interferences from transitietals and from other volatile-hydride

forming elements.

The Ar-MSP exiting the sapphire wafer has been destnated to have better analytical
performance than the MSP with the plasma sustainsidle the wafer. In view of the
availability of battery-powered microwave oscilletoand of miniaturized and portable
spectrometers, the MSP emission source in combimatith CF-HG and ECHG can be an
integrated part of measurement devices fulfillihg tequirements of the micrototal analysis
systems (U-TAS). Further improvements of the femtwof CF-HG-MSP-OES may lie in the
use of membranes, which enable it to better sepdate by-products from the analyte
generation. The by-products decrease the operstatmlity of the MSP. A reduction of their
amounts is also a result of a decrease of the agptsoen of the reagents.

The last part of the study was focused on the tiseHe MSP exiting from the wafer for the
determination of Br CI and $ using a continuous gas-phase sample introdudtienwas
used because of its line poor spectrum betweerad@B00 nm and the possibility to excite
non-metals. The limits of detection found for,BEl and $ are at the 100 ng fhllevel and
well correspond to those obtained with other mimaed plasmas. As mentioned before in
the comparison of the use of Ar and He plasmasombtnation with Hg cold vapour
generation, He needs a higher microwave power &ujw@ately excite non-metals. Another
point is the separation of the analyte which idgted with the aid of the He flow sent
through the gas-liquid phase separator from theobotThis gas flow carries away moisture
from the reaction solution that may deteriorate gteesma stability. High acid concentrations
in the determination of Cl and Br (around 50 % t/olume of the total sample is$0y)

were found to be required so that the use of afobthe reagents mixing might be favorable.

The limit of detection obtained for C is 100 timesver than for Br, CI and $ and much

better than the one reported for miniaturized amgtlischarge or CCP sources coupled to
GC. Intensive g CN, CO, NH, N and N* molecular bands, in addition to Br, Cl, S and C
atom and ion lines observed in the He MSP spectrauld readily enable the detection of

volatile hydrocarbons and halogenated hydrocarbmmsdustrial inorganic gases in GC
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effluents. As compared to MIP sources operatedegomant cavities or surfatrons, the He
MSP has the additional benefit of a 2-5 times lowewer and a 20-170 times lower gas
consumption. Therefore, this radiation source idl aitable for on-line analyses and
monitoring. When using a miniaturized CCD spectrana substantial reduction in the size

of the instrumentation is obtained additionally.

Generally, it was necessary to use standard addttboobtain the full accuracy of the
developed procedures. For validation, syntheticreatisamples as well as NIST SRMs were
analyzed. Synthetic samples containing NaCl at eoinations of up to 6% were found to
suffer from light interferences in the Hg resporise both Hg cold vapour generation
procedures studied. Real samples such a naturatsvatd a galvanic bath solution as well as
a solution of the NIST SRMs 1633a domestic sludgg 2781 coal fly ash obtained with the
aid of microwave-assisted digestion show good reges, when comparing to the certified

values or results obtained with alternative methods

For the generation of the volatile species also uke of UV-photoreactions should be
considered. This is a possibility to extend thehuodtalso to a series of transition metals and

further non-metals.
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F. Instruments and chemicals

Instruments

Power oscillator: Dirk Fischer Elektronik, Germany.

» Voltage regulator: type 2231.1, Statron Gerategh@grmany.

* Mass flow-meter: type F-201C-FB-33V, Bronkhorst Kigec B.V., Netherlands.

* Optical fiber: 600 pum diameter, FC-UV600-2SR, AvemtUSA.

» Kevlar reinforced PVC jacket: 3.8 mm outer diameter

* Collimating lens: COL UV/VIS, 6 mm in diameter.

» USB 2000 spectrometer (Ocean Optics Inc., USA) withuild-in Sony ILX511 2048-
element linear silicon CCD array detector.

* Three-dimensional miniaturized home-made electilgsl|.

* Anode: Ptrod (1.5 mm diameter, 45 mm length).

» Cathode: bundle of fibrous carbon (45 mm length).

» Peristaltic pumps: Spetec, Germany.

* ICP-OES using pneumatic nebulization:. SPECTRO «@@3, Spectro, Kleve,
Germany.

» Zeeman 3030 AA Spectrophotometer with HG-600 fuenacd AS-60 autosampler:

Perkin-Elmer, Germany.

Chemicals

For the preparation and dilution of the solutiongidtiled water from a home-made
distillation system was used.

* SnCbL.H,O, Merck, Germany.
* NaBH,, Merck, Germany.
* As (Ill), Merck, Germany.
* As (V), Merck, Germany.
e Sb (Ill), Merck, Germany.
* Hg (ll), Merck, Germany.

* NaBr, Merck, Germany.
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NaS, Merck, Germany.
» NacCl, Merck, Germany.
* NaOH, Merck, Germany.
* HCI, Merck, Germany.
* HNO;, Merck, Germany.
* H,SO, Merck, Germany.
e Mg(CIOy4)2.XH0, Merck, Germany.
» Cd- Standard Solution, Merck, Germany.
» Co- Standard Solution, Merck, Germany.
» Cr- Standard Solution, Merck, Germany.
* Cu- Standard Solution, Merck, Germany.
* Fe- Standard Solution, Merck, Germany.
* Mn- Standard Solution, Merck, Germany.
* Ni- Standard Solution, Merck, Germany.
* Pb- Standard Solution, Merck, Germany.
* Zn- Standard Solution, Merck, Germany.
* Bi- Standard Solution, Merck, Germany.
* Se- Standard Solution, Merck, Germany.
* Te- Standard Solution, Merck, Germany.
* [CP-Standard IV solution. , Merck, Germany.
Gases:
* Ar 4.8, Westfalen, Germany

* He 4.6, Westfalen, Germany

National Institute of Standards and Technology (NIStandard Reference Materials (SRM):
* NIST coal fly ash SRM 1633a.
* NIST domestic sludge, SRM 2781.
Samples:
* Domestic water from University of Hamburg and diffiet sampling points in
Hamburg.
» Water sample from Alster Lake and Elbe River in Hang.

» Galvanic bath solution, Atotech, Berlin, Germany.
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