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ABSTRACT

The goal of this dissertation work was the develepimof a novel method and
instrumentation for the determination of metalsvolatile organic solvents by means of ICP-
OES. As the inductively coupled plasma can be gtyomterfered by higher amounts of organic
compounds the removal of the organic part of tepda is therefore a demand. The method and
instrumentation of this work consist of two paitse first part deals with the combustion of the
nebulized sample solution where the carbon of tigarec compounds is converted to £Gor
this purpose a combustion oven from a commerci@lazaanalyzer was used. The second part is
the removal of C@and remaining oxygen as complete as possible eTémeipments have been
investigated, a falling film column, a hollow fibggas exchanger and a PTFE membrane
desolvator. The proposed combustion/carbon remappioach allowed stable operation of the
ICP even when introducing highly volatile solvestsch as dichloromethane or acetone that
otherwise would have immediately extinguished thesmpa. Analyte signals in halogenated
solvents were found to be significantly higher thannon-halogenated ones and non-linear
calibration functions were observed for all invgated analytes below 5 mg kgThough a
stable operation of the plasma was possible, tag/@nsignal intensities obtained in water were,
depending on the element and the solvent, betweBnafd 2800 times higher than in

halogenated solvents.

As small amounts of COmay pass the removal section, the influence &f glais on the
plasma conditions was investigated. In this aim, @@s artificially added to the nebulizer gas
flow and the effect of C®on signal intensity of various elements and plasabstness was
determined. Our results confirmed literature repainat the presence of G@duces a signal
enhancement for elements with ionization potenh&ber than 9 eV such as As, Se and Zn. For
these elements an increase in signal intensitypaoua factor of 2 was observed at 1.6 % v/v
CO, added to the nebulizer gas flow, while a decreagiag encountered with further increasing
of the CQ concentration. For elements with ionization pdtdstlower than 9 eV the signal
intensity decreased with increasing £€ncentration in the nebulizer gas flow. Moreovbg
plasma robustness expressed as the Mgsl}) niMg (1) 2852, nmratio first increased when the

CO, concentration in the nebulizer gas flow was insegband then decreased linearly.



As the enhancement or suppression of analyte sigretfongly dependent on the €0
concentration present, it is important that the,@ncentration remains at a constant level
during calibration and subsequent analysis of thmpde. Therefore, the solvent used for
preparing the calibration should match the solwerihe sample. Though this requirement is also
a standard procedure for the analysis of aqueauplea (acid matching), it impedes the analysis

of samples of unknown organic composition.



KURZFASSUNG

Das Ziel dieser Arbeit war die Entwicklung von neuklethoden und Geraten zur
Bestimmung von Metallen in flichtigen  organischen dslingsmitteln  durch
Plasmaemissionsspektrometrie. Da die Einbringunif3eper Mengen Kohlenstoff das ICP
destabilisiert, muss dieser vor dem Plasma entferatden. Der experimentelle Teil der
vorliegende Arbeit ist in zwei Teile gegliedert: kensten Abschnitt wird die Verbrennung der
zerstaubten Probe in einem kommerziell erhaltlich&erbrennungsofen eines C-
Elementaranalysators in einer sauerstoffreicheno&phére diskutiert. Im Ofen wurden die
Kohlenstoffspezies der Probe zu £2@ngesetzt. Im zweiten Abschnitt wird die Abtrengwon
Kohlendioxids und Sauerstoffresten diskutiert. Eimé wassriger Natronlauge beschickte
Fallfilmabsorberkolonne, ein Hohlfaserblindelausthes und ein PTFE-Membrandesolvator
wurden dahingehend untersucht. Die Kombination\&rbrennung des Lésungsmittels mit der
nachfolgenden Abtrennung von €0nd Restsauerstoff ermdglichte einen, vom eingdibea
Losungsmittel unabhangigen, stabilen Betrieb dasrRés. Die Emisssionssignale von Analyten
in halogenierten Losungsmitteln waren signifikathér als nichthalogenierten, jedoch waren
diese um 1,5 bis 2800 mal kleiner als in Wassealbéngig von der untersuchten Probe wurden

gekrimmte Kalibrationsfunktionen erhalten, wennAimlytkonzentration unter 5 mg kdag.

Da die Abtrennung von CGOm Membrandesolvator nie vollstandig sein kannydeuder
Einfluss geringer Mengen von G@uf die Intensitat verschiedener Emissionsliniew.bauf die
Robustheit des Plasmas untersucht. Die Ergebnesgétlgen das literaturbekannte Faktum, dass
die Anwesenheit von COim ICP die Emissionsintensitat von Elementen mihem
lonisationspotential von Uber 9 eV verstarkt. Fi& Se oder Zn wurden, je nach beobachteter
Emissionsline, eine Intensitatsverdopplung beolechtwenn 1,6 % viv CO zum
Zerstaubergasstrom zugesetzt wurden. Bei Elemenitezinem lonistationspotential von kleiner
als 9 eV wurde mit steigender @G®onzentration sinkende Eimissionsintensitat bebtetc Mit
steigender C®Konzentration im Zerstidubergasstrom stieg auch Bilasmarobustheit

(Mg (1) 2802, nkMg (1) 285.2, n) ZUerst am und fiel dann aber nahezu linear ab.

Da die Emissionsintensitat der Analyten stark var €Q-Konzentration im ICP

abhéangt, ist es wichtig diese wéhrend der Kalibratind Probenmessung konstant zu halten.



Daher sollte das in der Probe enthaltene Losungdmiuch zur Herstellung der
Kalibrationsstandards genutzt werden. Dies entspder, auch bei der Analyse von wassrigen
Proben haufig genutzten Technik des ,Saure-MatdiingAndererseits behindert diese

Anforderung die Analyse unbekannter Losungsmittel.
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Part 1



INTRODUCTION

1.1 Dissertation objectives and rationale

The goal of this dissertation was to develop a howethod and instrumentation for the
introduction of organic solvents to inductively pbed plasma optical emission spectrometry
(ICP-OES). In this regard the following objectiwesre studied:

I) Online combustion of liquid organic solvents inamercial carbon analyzer oven
in an oxygen-rich atmosphere to convert the sampkescarbon dioxide. This is a
crucial step prior to introduction of samples tdP1@ order to prevent high solvent
loads in the plasma, soot formation on the watheftorch, and plasma extinction.

II) Evaluation of three different gas separator devifldaOH falling-film column,
hollow fiber gas exchange device, and PTFE membbased aerosol desolvator) to
remove the C@and the remaining oxygen prior to introductiortted gas stream into
the ICP.

[II) Evaluation of this novel approach for the analydfivolatile organic substances by
ICP-OES.

IV) Investigation of the effect of small amounts of £L@hich may pass the removal

section, on the signal intensity of various eleraemtd plasma robustness.

1.2 General Introduction

The inductively coupled plasma (ICP) is consideasdan atomization, ionization, and
excitation source which is used in combination véitiner optical emission spectrometric (OES)
or mass spectrometric (MS). Inductively coupledspla optical emission spectrometry is a
powerful tool for the determination of trace, minand sometimes major elements in a wide
range of sample matrices [1-10]. It has been detrates that the composition of the sample
matrix could cause alteration in the emission isitgmof the analyte. In particular, this alteration
may affect the accuracy and precision in the gfiaation of trace elements [11-13]. The matrix
interferences can be produced by inorganic acitlg glasily ionizable elements [12], or organic
solvents [13-17]. In ICP-OES, spectral interferenclie to the presence of low amount of

organic solvents in the plasma are, usually, ndiméing consideration for trace elements
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analysis, since the number of analytical lines toatld suffer from potential spectral
interferences are quite low [18, 19]. The impor@ant direct analysis of organic samples using
ICP in order to determine trace elements has beelh documented [20]. There are main

circumstances in which the introduction of orgasamples into the ICP are required or desired:

I) For the direct analysis of trace elements in petnol feedstocks and petroleum
products [21-31]

II) For the determination of wear metals in used dirdtdricating oils, to indicate
engine deterioration [30, 31]

[II) For analysis of organic extracts [32-39]

IV) For the quantitation of trace elements in wateteraéxtraction into an organic
solvent [40]

V) After a sample pre-treatment (sample dissolutiolent extraction, etc.) [22]

VI) After a previous chromatographic step in the anslgé environmental, biological,
metabolic and pharmaceutical samples [41-50]

In recognition of the importance of non-aqueous-{@FS, studies have been reported
that the behavior of the ICP with organic solvastslifferent from that with aqueous solutions
[13-15]. It is recognized, however, that owing e greater volatility of many organic solvents
compared to water, for ICPs fed with organic th@esimental conditions for stable plasma
operation are much more critical than with aquesmlation [18, 35, 40-43, 51-53]. A number of
more fundamental studies have identified a rang@aténtial problems associated with the
introduction of organic solvents into the plasma,[b4, 55]. These problems have been

described in the following section.

1.3 The problems of ICP-OES with organic solvents

1.3.1 Plasma ignition

Introduction of volatile organic solvents into tiasma produce high solvent loads
which can cause soot formation on the wall of trel or even plasma extinction [1]. Therefore,
the generation of plasmas that are stable oveopged periods of time is the first problem to be

solved in analysis of organic solvent solutions][Biyazaki et al. applied a specific ignition

16



procedure for 32 organic solvents and reportedftivesbout one third of the considered solvents

plasma ignition was very difficult or even impodsifb6].

1.3.2 Spectral interferences

Previous studies illustrated an enhancement indgrackd emission with introduction of
organic solvent in the ICP compared to aqueoudisoki[26, 57-63]. Spectral interferences, due
to G-and CN-band emission, have been reported for giermhination of trace elements in
organic solvents [14, 18, 64, 65]. However, for l@encentration of organic solvents, the
numbers of analytical lines that suffer from poigrgpectral interferences are relatively low and
spectral interferences are usually not a limitingnsideration for trace elements analysis
by ICP-OES [13, 18, 19, 26].

1.3.3 Changes in the aerosol generation process

Organic solvents mainly affect the pneumatic nefatilon process due to their
significantly lower surface tension, higher vis¢psand vapor pressure when compared to
water [67]. As a result, aerosols become finer thase obtained with plain water solutions [68].

Similar results have been reported using diffetgoes of nebulizers [69].

1.3.4 Changes in discharge characteristics

Introduction of organic solvents into the ICP charnigecharacteristics of the discharge
significantly when compared to an ICP with aqueaasosol. Due to the formation of the &
green “"tongue” in the aerosol channel is obselgabBissociation of the green tongue at about
8-12 mm above the load coil and formation of CN &4a cause the disappearance of the green
tongue. Air surrounding of the discharge would be N, and Q source [70]. The important

variable operational parameters which need to bened are:

1) Radio frequency (RF) input power
1)) Argon gas flow rates

1)) Observation height

IV)  Sample feed rate

V) Torch geometry

17



VI)  Addition of oxygen to the inner, intermediate oterngas flow of the ICP torch

1.3.5 Changes in excitation temperature and analytgignal

The excitation temperatureg,d, is the temperature that governs the energy pbopnlas
defined by the Boltzmann distribution [7]. Kreuniagd Maessen [71] used Fe (Il) emission
lines for measuring the excitation temperaturesdifierent organic solvents. These authors
found that excitation characteristics strongly depen the solvent load and the nature of the
pyrolysis products. By introducing chloroform arattwontetrachloride, Boorn and Browner [18]
observed a change in excitation conditions whenpawed with water. These authors assumed
large vapor loading, produced by these highly vielatolvents, absorb the RF power in the
central channel and consequent temperature dearetiseplasma. Benli [72] illustrated that for
ethanol/water mixtures, by increasing the ethawoicentration in ethanol-water mixtures from
0 to 90 % vlv, firstly the excitation temperatutiglstly increased and then reached the highest
level and finally dropped to a value lower thanttbatained with pure agueous solutions.
Goldfarb et al. [73] also observed a decrease enplasma temperature by introducing the
ethanol into the plasma. Blades et al. [70] meabkaxeitation temperatures for an ICP with both
water and xylene introduction. These authors oleskra lower excitation temperature for a

xylene aerosol than an aqueous aerosol at a fieegmpand observation height.

Previous study showed 50-200 % net analyte sigrgression in the presence of certain
volatile organic solvents [18]. This signal supgiesn is due to the changes in plasma excitation
characteristics caused by interaction of solverih wie plasma and subsequent lowering its

excitation temperature.

In order to alleviate these problems the followalganges compared to the introduction
of agueous samples have been reported in litemtwbich have been listed in the
following section.

18



1.4 Measures taken to alleviate interferences withrganic solvents

1.4.1 Control of solvent load

For elimination of carbon build-up and abnormalighh nebulization efficiencies, the
solvent load of plasmas can be reduced by redudtidhe sample uptake rate [18, 74] or by
reduction of the aerosol carrier gas flow rate [B8], or by cooling of the aerosol [15, 18, 21, 41,
54-57, 62, 71, 76-78]. The aerosol can be coolethbyse of a condenser [15, 18, 54, 56, 57,
62, 71, 76-78] or by spray chamber cooling [59]tiBmethods remove significant proportions
of the solvent from the aerosol by condensatiohal been proved that temperature fluctuation
in the spray chamber can have a significant effecthe signal intensity, especially for organic
solvents with high vapor pressure [56, 79]. Theueacy of the analytical signal will be

improved using a spray chamber whose temperatuetamed constant [79].

Some authors have recommended that for common rgshaich as methyl isobutyl
ketone (MIBK), petroleum ether, xylene, ethanol d&m@ehzene the spray chamber could be run
easily at 8-10 °C. For more volatile solvents sashacetone or chloroform lower temperature
would be required and the chamber can be operatémvbO °C [79]. Haueler and Taylor
developed a cooled spray chamber for measuremem&different elements in toluene [41] and
in pyridine [42]. The detection limits at 0 °C wasl00 times lower for toluene compared to
room temperature. In previous studies, it has lmEsmonstrated that aerosol cooling improves
the signal-to-background ratio of more than twoeosdbf magnitude for various combinations of
spectral lines and organic solvents [41, 56]. Havesuch gains refer to improvements with
respect to the generally very poor signal-to-backgd ratios obtained with certain organic

solvent solutions.

1.4.2 Increasing the RF power

It has been found that the major difference betweggimized “aqueous ICP-OES” and
optimized “organic ICP-OES” is in the magnitudétbe RF input power [13]. Organic solution
plasma usually operates at higher power than agugolution plasma. In order to stabilize the
discharge and to achieve similar excitation condgj 500 W of additional power is required
with organic solvent introduction compared to agueesample introduction. The reason for this

difference is higher energy consumption for theodegosition of organic compounds than the
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decomposition of water [18]. Boumans et al. [13}eastigated the effect of xylene on ICP
characteristics. They showed that the presencegainac solvent increases the enthalpy of the
carrier gas, and, after molecular dissociationgciggelike G, CN and CO enhance the thermal
conductivity of the aerosol channel. This suggesisosupported by results published by Blades
and Caughlin [70] who measured the excitation teatpees for an ICP with both water and
xylene solvent introduction. These authors dematetra lower excitation temperature for the
organic solvent ICP than for the aqueous solveit #€ a fixed power and observation height.
They illustrated a decrease in the excitation teatpee, due to the absorption of RF power by
the large vapor loading of organic solvent and sgbently the dissociation of C-molecules in

the central plasma channel.

Barrett and Pruszkowska [26] illustrate the effetRF power on the intensity of atom
and ion lines using xylene as a solvent. These mere selected in a wide range of excitation
potentials from 2.9 eV to 15.4 eV. These authopored that for the lines with excitation
potential higher than 13 eV intensities of lineswdl increase with increasing the power, while
intensities of lines with lower potentials showghli variation with power. Moreover, they
demonstrated that by enhancing the RF power inncgeCP, the intensity of the C line
increases, the intensity of the Band decreases, and the CN emission signal isagnstable.
The power enhancement increases the amount ofyeaggigable in the plasma and promotes
dissociation of organic solvent, thus reducing énission and subsequently increasing C
emission. Generally, effect of increasing the ieaid power is to help the dissociation

of organic matrix.

1.4.3 Increasing the outer gas flow

In order to prevent torch melting due to the insegaRF power, increasing in the outer
gas flow is necessaroreover, it is desirable to use a high outer daw to prevent carbon

deposition and maintain more stable plasma [75].

1.4.4 Addition of a low flow of oxygen into the neblizer and outer gas flow

Due to the high solvent vapor load, organic solseatn form carbon deposits in ICPs. In
ICP-OES, in order to eliminate soot formation, @m@vC deposition and reduce CN ang C
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molecular band emission, sometimes addition of erymto the carrier argon stream causes
solvent vapor combustion. In ICP-MS for removing tireen ¢ emissions observed at the base
of the plasma and preventing soot formation oncttded sampling cone, a small dose @fi©
often added to the nebulizer, intermediate or og&s flows [79]. The addition of oxygen
increases polyatomic interference problems fromaimatide ions (MO) and it may cause the
sampling cone degradation. Therefore oxygen additio ICP-MS must be carefully
controlled [1, 21, 22, 57, 58, 63, 79-101].

1.4.5 Decreasing the injector diameter

It has been reported that by using a smaller iafertner tube diameter with organic
solvents analysis, the plasma stability improved @@ base line noise reduced. In this case, the
pressure in the spray chamber and the velocityaoipée aerosol introduced into the plasma is
higher which causes the reduction of interactioretvith the ICPBarrett and Pruszkowska [26]
reported that the selection of appropriate injetibe size depends on the type of solvent. These
authors showed that common solvents such as kexpsgtene, and chloroform using an
injector tube of 1.5 mm or less generate a sympatplasma and a stable discharge and for
more volatile solvents such as methanol and MIB&dize of 1.0 mm or less.

1.4.6 Increasing the nebulizer gas flow

Boumans and Lux- Steiner [13] reported that for ll6&ded with organic solvents an
intermediate gas flow is required in order to prév&ot formation on the inner surface of the
torch. By operating the plasma at higher nebulgas flow, the aerosol drop size distribution

becomes finer and the aerosol transport efficigadire plasma improves.

1.4.7 Using of desolvation systems to remove largercentage of organic solvents

Removal of the solvent after nebulization by usithg aerosol cooling/desolvation
approach is a general solution to minimize the lemols of organic solvents introduction
[1, 102, 103]. The basic principle of the desolmatsystem is that, after nebulization, the aerosol
will be heated to maintain the sample in a vapasgh Afterwards, the sample vapor enters to a
cooler/condenser or a membrane desolvation systeander to reduce the amount of solvent

entering the plasma.
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By cooling the sample vapor, the amount of sohamtering the plasma can be reduced
and is particularly useful when it comes to analgzsome volatile samples. This cooling can be
a few degrees below ambient or as low -20 °C, d#ipgron the types of sample being analysed.
The trapping of analyte in the condenser will ias® with decreasing condenser temperature
resulting in degraded analytical performance (linoit detection (LOD), and limit of
guantitation (LOQ)) [54].

Membrane desolvation devices are very useful fareags-type samples, but more
important for volatile organic solvents. The desigiha fully optimized desolvation system
depends on the application. Various factors sucth@solvent and its physical parameters, the
solvent volume flow rate, the degree of solventoeah and the solvent tolerance of the ICP will

determine the performance of the desolvation sy§1€w|.

1.4.7.1 Various desolvation systems

In order to reduce solvent load into the plasmassd\separators and desolvation systems
such as separator modules, cryogenic desolvati@spleation interfaces and membrane
interfaces have been reported in previous stu@ieww is the brief description of these various

desolvation systems:

1.4.7.1.1 Separator modules

Separator modules are Peltier-based aerosol codémges to be installed between the
spray chamber and the ICP torch. This device i# fn@m three separate electronic cooling
modules. This electronic aerosol cooling device tleg®gnized to be more appropriate than an
aerosol cooling device containing a coiled aerasaling tube dipped in a liquid cooling bath.
Additional advantages of this device include siwipfiin the design, stability, easy operation
and flexibility to automation [76]. Although theseparator modules provides temperatures
stable to £ 0.5 °C for as long as is needed, |onigenperature range is the main disadvantageous

of this device.
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1.4.7.1.2 Cryogenic desolvation

Cryogenic desolvation is usually a two-step systémthe first step, the aerosol is
transporting through a primary condenser kept #eei0 or -10 °C. In the second step, after
exiting the primary condenser, the aerosol streampassing through a low-temperature
cryocondenser, which is cooled by dry ice (~-80 [XDp]. By using this cryogenic desolvation,
solvent load decreases to such an extent thatgéesset of conditions could be applied for a
range of solvents. Higher RF powers, sample dslfivestrictions, special torches and plasma

ignition conditions are not required for sustainafgtable plasma.

1.4.7.1.3 Membrane interface

Gustavsson [106] developed a membrane sample udtioth interface, designed
especially for removing organic solvents from ael®s In this study a silicone rubber
membranes with an active area of 40x400 mm was. Ut this membrane an acceptable
solvent removal was achieved at a separator temyperaf 20 °C. The organic solvent removal
in this device is quite efficient and also give®@ulate analyte transport efficiency. In another
study, Backstrom and Gustavsson [107] used two memals with thicknesses of 12 and 15 pum.
Their investigation showed that by using a thiakembrane the solvent removal efficiency was
decreased. Moreover, they showed that organic staweith different polarity and volatility can
be handled by this membrane. The main advantagefaids membrane is that all the gas flow
rates and the liquid flow rate can be changed iedéently therefore its performance is easy to

optimize.

1.4.7.2 Benefits of desolvation system

Removing organic solvents from the aerosol leadddhowing benefits:

1) Similar excitation properties (i.e., backgroundapeand analyte line intensities)
for both organic solutions and aqueous solutioikeasame forward power [78]

1)) Reduction of matrix-derived background emission arthancement of the
analyte signal and detection limit [108]

1)) Operation of the ICP with organic solvent samplésdifferent polarity and
volatility [107]

IV)  Application of nebulizers with higher analyte trpog efficiency [107]
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1.4.7.3 Problems and peculiarities of desolvatiorystem

For analysis of various organic solvents, severablems and difficulties were noted in
experimentation with the desolvation systems. Chamispecies which are partially or
completely volatile at temperatures close the teaipee of the desolvator heater will be
condensed and removed to a variable level in thebm&ne desolvator resulting in imprecise or
totally misleading results. Prior to analysis,dhemical means, volatile analyte forms must be
rendered non-volatile. It has been reported thatvadatile analytes in sample solutions may
cause gradual fouling of the desolvator as it deposin the membrane
pore structure [76, 105-108].
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2.1 Abstract

A novel online combustion system was developedHerquantification of metals (Ag,
Cd, Cr, Fe, La, Li, Mg, Ni, Pb, Y, Zn, and Zr) imolatile organic solvents such as acetone,
MIBK, chloroform, dichloromethane, tetrachloroetkaror trichloro-trifluoroethane. After
combusting the sample aerosol in a commercial car@oalyzer oven in an oxygen-rich
atmosphere, carbon dioxide and remaining oxygenraamved from the gas stream prior the
introduction into an ICP-OES. The proposed combuastarbon removal approach allowed
stable operation of the ICP even when introduciigdlly volatile solvents that otherwise would
have immediately extinguished the plasma. Analigeads in halogenated solvents were found
to be significantly higher than in non-halogenateés and non-linear calibration functions were
observed for all investigated analytes below 5 md Khough a stable operation of the plasma
was possible, the analyte signal intensities obthin water were, depending on the element and
the solvent, between 1.5 and 2800 times higherithhalogenated solvents.
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2.2 Introduction

As described in Part 1, the introduction of votirganic substances (e.g. solvents) into
the inductively coupled plasma can be troublesdRegluced plasma stability, structured plasma
background from molecular species (e.g.0€ CN bands), spectral interferences by carbon and
soot formation on the torch or the injector are sawh the problems regularly encountered in
ICP-OES when introducing larger quantities of carbd@he decomposition of the organic
solvents by the ICP requires more energy compavedater [1] giving rise to a shift of the
longitudinal emission maximum but there are disatlvgeous with increasing RF power [2, 3].
On the one hand, high RF power increases the IgIB&Sna continuum but on the other hand RF
generators of contemporary ICP-OES and ICP-MS unstnts can rarely provide more than
1700 W. This is rather low when compared to higlwvg@®d, nitrogen cooled plasmas. These
sources are reported to tolerate high solvent @asads without compromising the stability of
the discharge. Greenfield et al. [4] used 5.5 kWpeWwer and a heated spray chamber to analyze
samples of organophosphorus compounds dissolveg/leme. He also demonstrated that by
changing the outer gas flow (coolant gas) to oxyaed increasing the RF power to 6 kW, C
and CN molecular bands could be effectively sumae$5].

In this work a novel approach has been investigatexercome the various problems of
organic solvents, described in Part 1. The soluttorsolving these problems is to burn solvent
and sample in the presence of oxygen and remoug bw¢ evolved carbon dioxide and the
remaining oxygen before the introduction of the gagam into the ICP. The aim of this

investigation was to evaluate the feasibility oéthpproach.

2.3 Experimental

2.3.1 Multi EA®5000

The Multi EA® 5000 (Analytik Jena, Germany) is the new genematid elemental
analyzers. The instrument is intended for the dateation of total carbon, nitrogen, sulfur and
chlorine. Liquid, solid and gaseous samples caarnayzed directly and without pretreatment.

In this study we present a new application of thssrument.
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This instrument is equipped with a double furna@ehhology which can be switched
between vertical and horizontal applications, fast and optimum adaptation to the sample
matrix and analysis standard with the least effiortthis work, the furnace in vertical position
was used for combusting the organic solvents gaantroduction into the ICP. The Complete
combustion occurs by means of intelligent procedwr&rol in which the organic solvent is first
pyrolyzed using inert gas. The pyrolysis producéesthen burned in the pure stream of oxygen to
prevent the soot formation and make a guarantetnéoactual oxidation process (This section is

an additional description that has not been pubdsh

2.3.2 Online combustion system

The online combustion system has been shown inr€igil comprised Multi EA 5000
and a separation device for carbon dioxide remdvak setup was installed between the aerosol
exit of the spray chamber and the torch of the ICTRe sample aerosol was mixed with
additional argon and oxygen in the carbon analymen where the combustion took place at
1050 °C, effectively burning all carbon to €’he oven temperature was not optimized as it
only needs to be high enough to ensure completédgstion. The instrument manufacturer's
recommendation of 1050 °C was used throughbDoe. flow of argon and oxygen added to the
aerosol during combustion was optimized in a wagt tteposition of soot in the oven was
avoided even when introducing MIBK or dichlorometbaDetailed operating conditions of the
oven are listed in Table 2.1. The main componeth®ftombustion oven is the combustion tube
consisting of two concentric quartz glass tubes $ample aerosol is introduced into the inner
tube, mixed with Ar and — depending on the expeni@econditions — @and heated. In this
tube the sample undergoes a pyrolysis process ffue-rich” atmosphere. The pyrolysis
products leave the inner combustion tube througts €t the bottom and enter a very oxygen-

rich atmosphere enclosed by the outer combustioa. tdere the combustion is completed.
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Figure 2.1 Schematic of the online combustion system. A)rprassure safety system, B) falling film
column, C) hollow fiber gas exchanger, D) PTFE memb desolvator.

The polytetrafluoroethylene (PTFE) membrane fitemmonly installed at the exit port
of the combustion oven had to be removed. Duedathss frit inside the combustion tube the
oven operates at a slight overpressure of abod& Bad. For security reasons a T-piece was
installed in the aerosol transfer tube connecthmg gpray chamber to the oven entrance. The
third port of the T-piece was connected with a $mmaler diameter PTFE tube to a water filled
glass tube (Figure 2.1 A). By adjusting the waesel inside this tube any inadverted pressure
increase inside the combustion oven (e.g. sootgiémo on the glass frit) could be detected by

the appearance of gas bubbles.

In this work three means of removing the carborxide from the aerosol that left the

oven were investigated:

First, a falling-film column was built from a 0.8 glass tube with an inner diameter of
20 mm. The aerosol entered the vertical columnuinca glass tube (5 mm i.d.) from the bottom
while a thin film of 10 g [* NaOH solution was flowing down the column walld&ie 2.1 B)

and absorbing the GGrom the gas stream.
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In addition, two membrane based gas exchange deweee examined: a hollow fiber
gas exchanger (HMMO0004 P84HS, Evonik, Austria) aomhg a 60 cm long fiber bundle of
about 48 mm diameter (Figure 2.1 C). The fibersewestalled inside a stainless steel tube that
could be flushed with an argon sweep gas stream.a&hnosol passed through the hollow fibers
and CQ and Q was removed by diffusion. The second gas exchdegee (Figure 2.1 D) was
a commercial PTFE membrane desolvator (MDX200, €&&chnologies, USA). The sweep gas
exit port of both membrane based gas exchange elewas vented into a fume cupboard as —

depending on the solvent used>ECI or in some cases HF was released.

After combustion and subsequent treating of thesarin either the falling film column
or in one of the gas exchange devices, it was piated to the ICP torch by a 1.5 m PTFE
tube (5 mm i.d.).

Table 2.1 Optimized combustion conditions

Instrument and parame Value

Oven

Multi-purpose combustion tu

Combustion tube temperat 1050 °C

Combustion tube outt gas flow 0.3Lmir'o,

Combustion tube inner gas flow at 1| 0.07 L mir- O, + 0.13 L mir”* Ar

“post combustion phase”

Membrane desolvator

Sweep gas flo 1.0 Lmin™ Ar

Membranetemperatur 130 °C

2.3.3 Instrumentation

All measurements were carried out using an axakyved ICP-OES (CIROS Vision
EOP, Spectro, Germany). The operating conditioesreported in Table 2.2 unless otherwise

stated.
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Table 2.2 ICP-OES operating conditions

Spectrometse Pasche-Runge mount with 22 CCD line deteci
RF cenerato Huth-Kihn power oscillatc

Torck Standard torch, injector with 2.5 mm

RF Powe 1650 W

Outer gas floy 14.5 L mir”

Intermediate gas flo 0.6 L mir®

Nebulizer gas floy 0.3L mir!

Spray chamb Cyclonic; baffled and cooled -20.0 £ 0.5 *(
Nebulize Mira Mist, Burgener Research, U

Peristaltic pump tubir Glass Expansion Tygon MH 2075; 0.64 mm

The samples were nebulized in a cooled spray chatolavoid excessive solvent load in
experiments without combustion. The selected ICEBratppn conditions maintained a stable
discharge even under conditions of high carbonit@ad=or the sake of comparability between
different experiments the cooled spray chamber taedsame ICP operating conditions were
used throughout this work.

2.3.4 Additional diagnostic techniques

The oxygen concentration in the gas stream leatireg membrane desolvator was
guantified using a fiber-optical oxygen meter (Bineg G, Pyro Science, Germany) equipped
with a retractable optical mini-sensor (OXR430, 4@én fiber diameter, Pyro Science,
Germany). Sensors calibration was checked with pitregen and a premixed calibration gas
(20 % Q, 80 % N, Linde, Austria).

The carbon dioxide concentration in the gas strieaving the membrane desolvator was
determined using a dual-channel non dispersivariaft CQ sensor module (General Electric
Telaire T6615, USA). Pure nitrogen (5.0 qualitynde, Austria) and a premixed calibration gas
(2 % viv CQ in Ny, Linde, Austria) were used for G@ensor module calibration.

The nebulization efficiency and mass flow of thévent introduced into the ICP were
determined using the well-established method ofinaaus weighing [6] as shown in Figure 2.2

(This figure is an additional illustration that hast been published). Briefly, sample was
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pumped from a glass beaker to the nebulizer aralysgramber where the aerosol was formed.
Some of the liquid then left the spray chamberthia aerosol exit port whereas the rest was
pumped from the drain port of the spray chambek lacthe beaker. The beaker itself was
placed on a balance (Sartorius AC210S) and the anafuiquid per unit of time that left the
spray chamber as aerosol could be determined hydieg the weight of the beaker as a
function of time. The balance was put in a contimiweighing mode and sent the weight every
200 ms to a computer. For volatile solvents thepexation from the glass beaker caused a small
but significant error. Therefore the nebulizatiofficeency data were corrected by the

evaporation rate of solvent from the beaker.

Figure 2.2 Schematic drawing of the direct weighing setup

2.3.5 Reagents

Solvents of p.a. quality were used throughout. &daats were gravimetrically prepared
from oil- or toluene-based single element metaliganic solutions (Cr, Fe, Mg, Ni: Conostan;
USA; Cd, Pb, Y, Zn: Alfa Aesar, Germany; Ag La, MHG Labs, USA) with a concentration of

1000 mg kg". Aqueous multi element solutions were preparethfeocommercial 100 mg128

42



element stock solution (Al, Ag, As, B, Ba, Be, Bia, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo,
Na, Ni, Pb, Sb, Se, Sr, Ti, Tl, V, and Zn in 5% H\®oth, Germany) and high purity water
(18 MQ cmi, Barstead Nanopur, Thermo Fisher Scientific, USA).

2.4 Results and discussion

2.4.1 Solvent loading of the ICP

It is well known [3, 6-9] that due to differences\viscosity, density and surface tension
the nebulization efficiency of organic solventsusually higher than that of water. Using the
conditions reported in Table 2.2 the aerosol sdlfead and the corresponding nebulization
efficiency and aerosol carbon load were determimgthe method of continuous weighing [6]
for a number of common organic solvents. The redidted in Table 2.3 clearly show that the
nebulization of solvents like acetone or diethyilestwill cause heavy carbon loading of the ICP

whereas methanol or butanol represent a lower buiatehe plasma.

Table 2.3 Nebulization efficiency, aerosol solvent load asaosol carbon load of selected solvents

Solven Nebulization Aerosol solvent loac| Aerosol carbon loac
efficiency, % mg solvent mift mg C min*

Acetone 11 96 60

Dichloromethan | 17 25¢ 37

Diethyl ethe 47 297 192

Butano 3.7 32 21

Methano 5.¢ 5C 19

MIBK 6.2 51 37

Wate| 24 46 -

2.4.2 Effect of oxygen on the ICP

The introduction of molecular gases like oxygenkown to affect the excitation
properties of the ICP [11, 12]. Compared to othppraaches, where a small flow of
oxygen [13, 14] (a few ml mit) was added to the intermediate or inner gas flbthe torch to
avoid soot deposition, the setup used in this woperated at a much higher oxygen

concentration to facilitate complete combustion andid soot-induced clogging of the oven.
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As the combustion oven always adds argon and oxy@éne aerosol prior and during
combustion, the setup for studying the effect ofjgen on the ICP was slightly modified: the
spray chamber was disconnected from the oven ama\wln entrance was tightly sealed. The
Ar/O, mixture (0.3 L mift O, and 0.2 L mift Ar; note that the combustion conditions in the
final setup introduced even slightly more oxygeristed in Table 2.1) leaving the exit port of
the oven was then combined with the aqueous aetd8ang L* multi-element solution) from
the spray chamber and introduced into the ICP.ifuolate the conditions without the presence
of oxygen, the aerosol was mixed with 0.5 L thir from an additional mass flow controller
after the spray chamber, making up for the Arf@xture that was otherwise added by the
combustion oven. Keeping the gas flow in the ICRHEs injector constant was considered to be
important, as it is well known, that the gas veipanside the plasma's analytical channel is of
significance to the emission signal.

The effect of oxygen on the ICP is rather deletesias shown in Figure 2.3. Although
the RF power in all experiments was very high (168pthe introduction of oxygen by the
combustion oven resulted in a suppression of atemission lines by a factor of 2 to 9 whereas
ionic line emission was reduced 9 to 60 times wtemnpared to the emission signal of the same
line in the absence of oxygen. It is interestingntie, that with exception of the two Ar (I)
emission lines investigated (404.442 and 430.01Q fime energy 14.7 and 14.5 eV,
respectively) all atom emission line suppressiatdias increase with the line energy. The reason
for this behavior could be a significant changeahea ICP's excitation temperature. Clearly, the

presence of larger volume fractions of oxygen i ¢hrrier gas stream entering the ICP should
be avoided.
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Figure 2.3 Signal suppression of 56 emission lines (preskimté\ppendix B) by 0.3 L mihoxygen as a
function of the emission line energy. An aqueousntOL! multi-element solution containing
28 elements was used. For atomic lines the exaitatinergy was used whereas for ionic lines
the energy sum of excitation and ionization enevgg plotted. Line energies are taken from
[15]; Error bars are not plotted for clarity; RS@r fll lines < 5 %; n=5; note the logarithmic
scale.

2.4.3 Removal of CQand oxygen after combustion

The experimental setup used for comparing the thesetreatment devices was similar:
applying the conditions reported in Table 2.2, ltion containing 50 mg t Ca, Cu, Co, Fe,
Mg, Mn, Na, Ni, Ti, and Zn in butanol was nebulizadhe spray chamber, the aerosol was then
burned in the combustion oven and the gas streatrldft the oven was passed through one of
the gas treatment devices. Blank readings werer@atdrom pure butanol.

2.4.3.1 Falling-film column

The falling-film column was considered a cheap &ady way of removing carbon
dioxide from the aerosol. Previous experience sldaotlat with increasing NaOH concentration
the removal efficiency of the column was improveeaching a plateau at 10 g'LNaOH.
Therefore, this concentration was used furtherTdmee setups using the falling-film column
were investigated: in the first experiment the castbd aerosol was directed through the empty
and dry column prior the introduction into the IAR.the second experiment the walls of the
falling-film column were constantly wetted by aestm of 10 ml miif NaOH solution and in the
third experiment, the column was dried again afiédfiwith 30 cm Raschig rings (5 mm

diameter, 5 mm length). No liquid was employedhiis experiment.
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Figure 2.4 Signal suppression caused by the falling-filmuoah at different conditions compared to the
emission signal of each line when the aerosol fgathe combustion oven was directly
introduced into the ICP. Error bars are not ploftactlarity; RSD for all lines < 5 %; n=>5.

As shown in Figure 2.4 the falling-film column doest improve the emission signal of
the investigated analytes. Much to the contrarg,dignal loss — expressed as the ratio between
the emission intensity without the column and thression intensity with the column in place —
is about a factor of 3 for the dry column and adaof 2 for the wetted column. This behavior
can be explained quite well when considering thgehsignal losses in the presence of the
Raschig rings inside the dry column: a large proporof the water generated during the
combustion is deposited on the Raschig rings. G&ises a loss of a large fraction of the analyte
aerosol, rendering the concept of a falling-filmluzon in this application impractical. The
slightly reduced signal suppression when usingN&®H solution can be attributed to a reduced
carbon loading of the ICP as 18 % of £&de removed from the gas stream. This is suppbted
the fact, that the plasma robustess [16] (Mg26d}70, VMg (I) 285213, nmratio) increased from
3.7 (without column) to 5.3 when the falling-filnolamn was used.

Another severe disadvantage of the falling-filmuroh is its inability to remove oxygen
residues from the combustion oven. Though it mighpossible to remove oxygen as well (e.g.
by using a F& washing solution in a separate column) this coneepld involve even more

reagents and instrumentation.
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2.4.3.2 Hollow fiber gas exchange device

The hollow fiber gas exchange device and the PTHEnbnane-based desolvator are
capable of removing both GGnd excess HOfrom the combusted aerosol by diffusion. Both
devices rely on an argon sweep gas stream flonaogtercurrent to the sample aerosol stream

around the hollow fiber or PTFE membrane.

¢ Ca 393.366 nm
W Co 238.892 nm
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Figure 2.5 Signal loss using the hollow fiber gas exchangeéiat as a function of sweep gas flow. The
signal loss is defined as the ratio of intensitiéthout/with the membrane. Error bars are
smaller than the data points.

As shown in Figure 2.5, there is a loss in signé&nsity by a factor of 13 to 21 when
comparing the emission intensities without and i hollow fiber membrane in place. Even at
the optimum sweep gas flow of 0.5 L riAr, the emission signals are a factor of 3 to\8ep
than without the hollow fiber gas exchange devikgain, condensation of water in the gas
exchange device’s stainless steel body was obseexpthining at least partially the large signal
loss in this device. Constrained by recommendatidiise manufacturer, it was not attempted to
heat the gas exchange device as this would hau#adsn a system degeneration above about
70- 80 °C.

The reduced signal loss at 0.5 L fhiAr as sweep gas can be attributed to the remdval o
C0O, (40 %) and @from the aerosol. This is also reflected by amaase of the plasma stability
(Mg (11)/Mg (1) ratio) from 3.6 to 6.1. Another imease in sweep gas flow to 1 L mienhanced
the plasma stability only slightly to 6.8 and rensa unchanged until 2.5 L min
Simultaneously, a steady element- dependent riskeirsignal loss was observed that seems to

be caused by the pressure gradient inside the naemlolesolvator.
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2.4.3.3 PTFE membrane-based aerosol desolvator

As condensation of water seemed to be the unifpiraplem of both the falling-film
column and the hollow fiber gas separation deviEegcommercial PTFE membrane-based
desolvation unit was investigated. In this unit thembrane can be heated to temperatures well
above 100 °C. Thereby, water condensation is civeumed.

Initial experiments were conducted with a 2 m Pvahsfer line (3 mm i.d.) connecting
the membrane desolvator to the ICP. The PTFE mambseas heated to 110 °C and the argon
sweep gas flow was varied between 1 and 2.5 L'riinsteps of 0.5 L mif. As in all other
experiments the emission signal of the investigagiemnents obtained without the membrane

were used for signal normalization.
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Figure 2.6 Signal enhancement by using the PTFE membrangvdésr. The signal enhancement is
defined as the ratio of intensities with/without tnembrane. Error bars are smaller than the
data points.

The enhancement of the emission lines using the braam desolvator is shown in
Figure 2.6. Because of removing of £09 %) and Q the emission intensity of all lines
increased significantly. Due to the fundamental ma@isms of line excitation not all lines show
the maximum enhancement at the same sweep gas flow.

The aerosol transfer line between the oven andntembrane desolvator was 0.2 m
(5 mm i.d.) long and wrapped with aluminum foilfegtively preventing the condensation of
water. In the final setup, the membrane temperataincreased to 130 °C.

From the above discussion it is evident that the=EPTmembrane-based aerosol

desolvator is the only viable way of removing carlitioxide and oxygen. Both falling-film
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column and hollow fiber gas exchange device suffférem a significant analyte loss (about a
factor of 10 to 100 for the falling-film column amdfactor of 5 for the hollow fiber gas exchange

device) due to condensation of water.

2.4.4 Optimization of the combustion conditions

The absence of oxygen in the inner combustion tabelted in instable emission signal
intensities as shown in Figure 2.7. Even 300 g #fieintroduction of a 1 mg Kgmulti element
solution in dichloromethane the signals of Fe,Nlg, Y, and Zn increased and stabilized only
after about 400 s. Cr and Li showed a peculiarsigart profile wherein the highest signal
intensity was encountered immediately after the pdanmneached the oven for the first time
following a decrease of both signals. The Li sigmae again slowly after a local minimum at
about 105 s. This behavior might be explained Withformation of carbides: CrC is a refractory
material with a boiling point of 3800 °C and lithiuis also reported to form iG, at
temperatures above 1000 °C [17]. Initially, theansurface of the combustion tube was not
covered with carbon. Therefore Cr and Li were ratained in the inner combustion tube. As
soon as soot started to build up in the inner tebaments like Cr and to some extend Li were
partially trapped reducing the respective emissignals. The fact that soot deposition inside the
inner combustion tube was observed visually sugpitiis theory. It is important to note, that
after each measurement the combustion tube wasetlday changing the inner gas flow of the
combustion oven to 0.2 L minoxygen for 45 s (so called “post combustion phasEfiereby
reproducible conditions where maintained betweerniritividual sample runs.

Clearly, soot deposition must be avoided insideitimer combustion tube. Due to the
completely different temporal analyte profiles tree of an internal standard cannot be expected

to compensate for the effect of soot formation uitirelement analysis.
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Figure 2.7 Signal response after the introduction of 1 mg" Kgr, Fe, Li, and Zn dissolved in
dichloromethane for different levels of oxygen e tinner combustion tube. The signals
were normalized to the maximum obtained signahisity at 0 L mift oxygen in the inner
combustion tube. Note that it takes 45 s for thrapda to be pumped from the autosampler
cup to the spray chamber.

In order to avoid soot deposition in the inner castlon tube oxygen was also added
during the analysis and not only during the posmlmostion phase. The fully computer-
controlled oven allows the addition of oxygen te tinner combustion tube only in the post
combustion phase. Consequently, the oven was progea for a long post combustion phase of
700 s with either 0.05 L mih oxygen + 0.15 L min argon or 0.07 L mih oxygen +
0.13 L min! argon in the inner combustion tube. For secugfsons it was not attempted to
increase the oxygen flow in the inner combustidmetabove 0.07 L mih It is interesting to
note, that with 0.07 L mihoxygen + 0.13 L mif argon no soot formation was observed even

with very volatile solvents.

With increasing amounts of oxygen in the inner costion tube, the transient emission
signals reached a steady state faster, as shokigure 2.7. For Ag, Ba, Cd, Cr, Fe, Li, Mg, Ni,
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Pb, Y, and Zn (not all data shown in Figure 2. &table signal was reached after about 180 s
when the gas mixture in the inner combustion tulzs @.07 L mift oxygen + 0.13 L min

argon. Further experiments were conducted usingdhee gas mixture.

With Y as internal standard the system’s short tstability expressed as the RSD of 10
consecutive measurements of a 1 mg Kg, Cd, Cr, Fe, Li, Mg, Ni, Y, and Zn standard in
dichloromethane was between 1 and 6 %. Only fdeehithe RSD was 8 %.

2.4.5 Composition of the gas stream introduced intthe ICP

As noted earlier, oxygen and carbon dioxide haveeraeating effects on the ICP
discharge. After the optimization of the combustmncess and the membrane desolvator, the
composition of the gas stream entering the ICPimasstigated. It is important to mention, that
any throttling of the gas stream had to be avomethis would have resulted in a change of the
membrane desolvator's pressure balance. Due toaltezations of the plasma’s thermal
conductivity [18] and the resulting changes in IG@’s excitation conditions any plasma-based
spectroscopic quantification attempt for oxygen asatbon dioxide must be considered
unreliable in the context of this work. Therefoa#ternative spectroscopic techniques were used
with dichloromethane as the representative tesestl

When dichloromethane was introduced into the systewher the optimized operating
conditions reported in Table 2.1, the £€oncentration in the gas stream that left the nran#
desolvator quickly rose to 0.16 % v/v and stabdiz¢ 0.177 + 0.002 % v/v (n=3) within 60 s.
Upon stopping the introduction of dichloromethaadhe spray chamber it took 180 s to reach

baseline again as remaining solvent in the sprayntler continued to evaporate at low speed.
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Figure 2.8 Oxygen concentration in the gas stream that ke#vwe membrane desolvator as a function of
time.

The oxygen concentration in the gas stream thatthkef membrane desolvator was
guantified using a fiber-optical oxygen meter (Bineg 3, Pyro Science, Germany). It was
found that the membrane desolvator removed the @xygther efficiently from the introduced
gas stream. The aerosol entered the membrane desoWith about 46 % oxygen and left it
with no more than 1.3 %. The transient signal efdlkxygen concentration in the gas stream that
left the membrane desolvator showed a distinctilprda30 s after the combustion oven program
was started, the oven switched from the combuspibase to the post-combustion phase
introducing 0.07 L mift oxygen into the center combustion tube. At thisypthe nebulization
of the sample was initiated. The additional oxygdded in the post-combustion phase caused an
increase in oxygen concentration of the gas float teft the membrane desolvator. When the
sample aerosol reached the combustion oven, thgeoxgoncentration in the gas stream that
enters the ICP increased sharply (shown in Figu8eafter 130 s) to 1.28 % and then decayed
swiftly towards a steady level of 1.26 % that remedi steady until the introduction of sample to
the spray chamber was stopped.

2.4.6 Influence of intramolecular chlorine on the metal release in the oven

The conditions during the combustion are charazdrby the presence of a large excess
of oxygen resulting in an increased formation ottahexides. Upon passing through the glass
frit located at the very bottom of the combustiabd, some of these oxides are potentially
retained inside the oven. This theory is suppobgdhe remobilization of metals by halogens:
after the introduction of 50 mg'LCa, Cu, Co, Fe, Mg, Mn, Na, Ni, Ti, and Zn in hah the
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signals of all analytes dropped to blank level with5 s when switching to pure butanol and a
blank measured immediately afterwards suggestetemaining contamination. A subsequent
introduction of dichloromethane resulted in a di&tesaturation for all analytes. This indicates
an instantaneous mobilization of metals trappeienthe combustion oven — most likely in the
high surface glass frit installed at the lower efidhe combustion tube. To further support the
theory of metal releasing action of halogenes, tgnig of constant analyte concentration but
different ratios between a non-halogenated andl@géaated solvent (4-methylpentan-2-one -
MIBK and dichloromethane respectively) were anatyze

—4—Fe 238.204 nm

—&@—-Mg 280.270 nm
==Y 360.073 nm
—e—7r 339.198 nm

Signal normalized to 100%

0 20 40 60 80 100
Dichlormethane fraction in solvent, % (m/m)

Figure 2.9 Variation of the analyte signal as a function dfie solvent composition
(MIBK/dichloromethane); n=3.

As shown in Figure 2.9 the analyte signals incrédseAg, Cd, Fe, Li, Mg, Ni, Pb, and
Zn with rising concentration of dichloromethane.pimre MIBK the emission intensities of Ag,
Cd, Fe, Li, Mg, Ni, Pb, and Zn were between 15 (&®&) 4000 (Li) times lower than in pure
dichloromethane. This clearly shows, that the presef HCI and G| which are formed during
the combustion, prevent the deposition of analyteshe oven. This is also apparent when
considering that the melting points of all analytdorides are significantly lower than the
corresponding oxides or carbides as listed in Tabde For the chlorides of Cd, Fe, Pb, Zn, and
Zr the boiling point is also lower than the comlwusttemperature leading to an efficient
vaporization in the oven and high transport efficie In this context it should also be pointed
out, that the RSDs for Ag, Cd, Fe, Li, Mg, Ni, Rind Zn decreased from 10-5 % to < 3 % when
the dichloromethane content of the solvent mixturewas increased

from < 18 % (m/m) to> 38 % (m/m) dichloromethane. As even in pure MiIBle temission
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signals of these metals were at least 10 timesehititan the SD of the background, the signal

fluctuation causing the large RSDs must be atteidwd other factors than the ICP.

Table 2.4 Melting and boiling point (at atmospheric preguof some substances potentially formed
during combustion [17-19]

Substanc Melting poin Boiling point
Ag,0O 830 °C

AgCl 455 °C 1557 °C
CdC 1559 °C; sublimatic

CdCh, 568 °C 970 °C
CrG; Decamposes at 220 °C to ,0;

Cr0O; 2266 °C 3000 °C
CrC 3000 °C 3800 °C
CrCI2 1150 °C

Fe,05 1565 °C

FeC 1650 °C

FeC; 306 °C; sublimation starts at 120

Li,O 1440 °C

LiCl 610 °C 1360 °C
MgO 2800 °C

MgCl, 712 °C 1412 °C
NiO 1990 °C

NiCl, 968 °C; sublimatio

PbC 886 °C 1472 °C
PbC, 498 °C 951 °C
Y0, 2440 °C 4300 °C
YCl; 700 °C 1500 °C
ZnQ 1975 °C 2350 °C
ZnCl, 290 °C 732 °C
ZrO, 2700 °C 4300 °C
ZrC 3250 °C 5650 °C
ZrCl, 331 °C; sublimatio

54



Y and Zn signals obtained in pure MIBK were founde 1.2 and 1.6 times higher than
in dichloromethane. Nevertheless, moderate dichiethane concentrations in the solvent
increased the signals to 1.6-and 2.2-fold comptrguire dichloromethane. This is surprising as
ZrCl, sublimates well below the oven temperature whew&als boils at 1300 °C. Though the
reason for this behavior is unclear, two mechanianght be of importance: firstly, ZrCand
not ZrCl, can be the main Zr compound leaving the oven. &4,4s commonly synthesized by
treating ZrQ with carbon and chlorine at temperatures of aB00t°C [17], a lack of Glin the
oven could prevent this formation. Secondly, Zr@ight already hydrolyze partially to ZrOCI
inside the oven and thereby reduce its volatiBymming up, the chemical reactions inside the

oven are complex and depend on the solvent anoivigre conditions used.

2.4.7 Calibration

Calibration functions of Ag, Cd, Cr, Fe, La, Li, Myi, Pb, and Zn in dichloromethane
were recorded in the concentration range of 0 tmgg" (10 standards). All elements showed
a non-linear behavior of the calibration functidios low concentrations as demonstrated in
Figure 2.10. Though the precision of the 1, 3 amagskg® calibration standards was high (about
3 % RSD for all reported lines) a significantly lemslope was encountered than for the more
concentrated calibration solutions. Above 5 mg lajl analytes had a linear signal response
except Cr and La. Similar behavior of the calitmatfunctions was also observed in acetone,
butanol, chloroform, MIBK, and tetrachloro- ethafiée calibration functions of Cr and La on
the other hand were S-shaped. It is important tt@,nthat this curvature of the calibration

function at higher concentrations was found alsos&veral emission lines of the same element

(e.g9. Cr (I1)205 552, nmand Cr (I1)267.716, nmor La (I1) 333.749, nmand La (I1)408.672, noh-

The element-independent onset of the linear sedidhe calibration function indicates
an effect related to the sample introduction (costibbn oven or membrane desolvator). As the
analyte emission signals for standards of < 5 mbvgre far higher than the plasma background
(S/N >> 100), the curvature of the calibration fumie cannot be attributed to an approach
towards the LOQ. To prove the possibility of analguantification even in this nonlinear region
of the calibration function, a synthetic sampletaiming about 2 mg k§of Ag, Cd, Cr, Fe, La,

Li, Mg, Ni, Pb, and Zn in dichloromethane was inigated. 4 calibration standards in the range
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of 0.5 to 6 mg kg were used to characterize a second order polyh@msiealibration function.
The determined concentration in the test samplebeaseen 91 and 107 % of the target value
for Ag, Cd, Cr, Li, Mg, Pb, and Zn. The signal af tvas not significantly larger than the blank
value (< 3o of the background). This experiment shows thanawethe curved region of the

calibration function analyte quantification is pids.

1.0
0.8 -

0.6 -

0.4 1 —e—Ag 328.068 nm

—@—Cr 267.716 nm
—a—7n 213.856 nm

0.2 -

Normalized signal, cps/cps

0 5 10 15 20 25
Concentration, mg/kg

Figure 2.1Q Calibration functions of Ag, Cr, and Zn in dichdmnethane. Signals were normalized to the
intensity of the highest calibration standard fomparability. Error bars are smaller than the
data points.

It should be noted that due to the curvature of tadibration function at low
concentrations any evaluation based on a lineaessgpn model will fail. Also a second order
polynomial — though applicable for the curved loencentration region — is not capable of
modeling the linear dependence of the signal on ahalyte concentration in the higher
concentration range. Due to the lack of an appleabn-linear model, LODs and LOQs were
not calculated. With exception of Cr and La alllsites showed a linear signal response up to the
highest tested concentration of 70 mg'k§ the used emission line was within the linear

detector range.

2.4.8 Analyte response for different solvents

Due to the non-linearity of the calibration functiat low concentrations, the dependence
of the analyte response on the used solvent isitegp@s sensitivity factors: by dividing the
signal obtained from a solution of 10 mg'kgnalyte in an aqueous standard by the signal of a
10 mg kg analyte in an organic solvent, a sensitivity facims calculated that allows the

comparison between different solvents. The sighdhe aqueous standard was obtained using

56



the ICP conditions reported in Table 2.2 but withasing the combustion oven and the
membrane desolvator. In this experiment no oxygas admixed to the sample aerosol resulting
in a signal representing standard aqueous conditibhereby a comparison between aqueous

and “organic solvent” conditions is possible.

In all investigated organic solvents the analytdssian intensities were significantly
lower than those obtained for aqueous solutionshasvn in Table 2.5. The direct introduction
(cooled spray chamber only—no combustion or desiolvaof the volatile solvents such as
acetone, chloroform, dichloromethane, tetrachldraetand 1,1,2-trichloro-1,2,2-trifloroethane

extinguished the ICP irrespectively of the plasmiaditions used.

Table 2.5 Sensitivity factors for different solvents: thfactor describes the magnitude of signal
reduction, when analyzing the respective organlees using the combustion procedure
compared to the “standard” aqueous sample intramhuc{spray chamber only). The
sensitivity factor of water is 1 for all analyteo internal standard was used; ND: not
determined, SIF: spectral interference, NS: noaigetected (defined as <c3of the blank
emission signal).

Elemen Aceton¢ | Butano Chlorc- | Dichloro- | MIBK | Tetre- 1,1,ztrichlorc-
Emission form methane chloro- | 1,2,2-trifloro-
line, nm ethane | ethane
AdJ32s.068 ND ND 6.4 8.2 470(C 27 4.¢

Cds14.438 ND ND 19 21 1200C | 84 15

Cr 505,552 ND ND 59C 32C 11C 280( 38C

Fessg.004 44( 64 15 21 11C 69 4.C

Lasos672 ND ND 0.7 1.2 30 36 1.t

Lig70.780 740(C ND 6.7 9.€ ND 49 5.C

Md2s0.270 26C 6C 6.2 10 17C 46 3.1

Nizos1 648 100(¢ 9g 17 19 46C 69 SIF (Si]
Pbyso.3s3 ND ND 57 7C 280C | 26C 33

Y 371.030 ND ND 1.C 6.C 3.C 16 4.z

ZN 13856 330( 34C 26 24 5300C | 11C 2.4

Zr 343,823 ND ND 2.€ 35 2.2 14 0.3

57



The data shown in Table 2.5 support the theoryhefttansport efficiency enhancing
property of halogens on several analytes: for Ad, 0, Mg, Ni, Pb, and Zn the sensitivity
factors were between two and three orders of madmitower in halogenated solvents than in
non-halogenated ones. This is also in good agreewitnthe findings presented in Figure 2.11.
For Cr and Fe the transport efficiency enhancifigoeof halogens was less pronounced and La,

Y, and Zr were only affected to a small degree.

The lowest sensitivity factors were obtained in,2-ttichloro-1,2,2-trifloro-ethane. In
comparison to tetrachloroethane the presence afifle in the molecule suggests a more
efficient release of metals from the oven. Thigliing is also consistent with the improved metal
release observed in electro-thermal vaporizaticenevn the presence of Freon [20]. It is worth
noting, that the formed HF caused significantlyréased Si background resulting in spectral
interferences of the B e, nm €mMission line. Up to now no visible degeneratidntize

combustion tube was observed.

2.4.9 ICP operation at reduced RF power

The introduction of organic solvent aerosols ifite ICP almost always requires elevated
RF generator power levels to avoid the extinctiérthe plasma. Often the highest available
generator power level is selected placing significalectrical and thermal stress on the
components of the power oscillator and the accoripgnpower supply. This gives rise to
higher wear of these costly components and consélgutis desirable to operate the ICP well
below the RF generator upper power limit whilel diging able to analyze even very volatile

samples.

A typical power level for aqueous samples analyzedhe used ICP-OES is 1400 W. At
this level the outer gas flow can be reduced th ##n™. All other conditions remained as stated
in Table 2.2.

A 10 mg kg' solution of Ag, Ba, Cd, Cr, Fe, La, Li, Mg, Ni, P¥, Zn and Zr in
dichloromethane and a dichloromethane blank weaéyaed at 1650 W and at 1400 W. In order
to discriminate between effects caused by the akrpeatment (combustion, GGand Q

removal) and non-spectroscopic interferences inpllaema, an aqueous standard containing
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10 mg kg' of all analytes was nebulized without the comlmstbven and the membrane

desolvator installed. Signals of the aqueous standare also acquired at both power levels.

The effect of the reduced RF generator power fonldromethane and water as solvents
is shown in Figure 2.11. The signals obtained &01%/ were divided by the signals recorded at
1400 W for each investigated emission line. Thasatignts represent signal suppression factors
for the comparison of the two power levels.

7 4 # Dichloromethan _ atom lines
- mDichloromethan _ion lines
o 61 } |
3 Water _ atom lines
& 5 @ Water _ion lines
o |
L v |
§ g. 4 |
=9 * |
59234
23 .t nmt F
= 2 * * ’
[ L 4
c ’.0 ™ r ° o®
2 1 |
(7]
0 T T T :
0 5 10 15 20

Line energy, eV

Figure 2.11 Signal suppression caused by the reduction ofpBWer from 1650 W to 1400 W for
emission lines of Ag, Ba, Cd, Cr, Fe, La, Li, Mg, Rb, Y, Zn and Zr in dichloromethane
and water as solvents. The signal suppression rfagés calculated by dividing the
respective signal obtained at 1650 W by the sigeadrded at 1400 W. Aqueous solutions
were analyzed without combustion oven and membdaselvator installed in the aerosol
path. Moreover, no oxygen was admixed to the acgi@euosol. Line energies taken from
[15]; error bars not plotted for clarity—-RSDs wdretween 3 and 5 % for all investigated
lines.

As shown in Figure 2.11, a reduction of the RF porgsulted in a signal suppression of
all investigated emission lines when using dichhoethane. Whereas for atom lines the
suppression factor was about 2, ion lines showeléar increase of the suppression factor with
increasing total line energy (ionization potenttalexcitation potential): for Ba (I1}ss5.404, nm
(7.93 eV total line energy) a suppression factor 106 was recorded, whereas for the
Zn (1) 202548, nm(15.51 eV total line energy) emission line a factdb 6 was determined. This
behavior can be attributed to non-spectroscopgrfietences in the ICP caused by the presence
of molecular gasses (remaining oxygen and carboxida®). It is well known, that this matrix

effect influences ion lines more than atom linek] [@nd the magnitude does correlate with the
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line energy. The comparatively low suppressiondiactencountered for aqueous solutions (30-

60 % for the ion lines) further support this theory

2.5 Conclusions

The proposed sample combustion and carbon dioxa®val approach can be used to
guantitatively determine trace metal levels in hygbolatile solvents. The removal of most of
the carbon from the aerosol prior the introduciitto the ICP enables stable plasma operation

independent of the introduced solvent.

Even though ICP stability is assured by employitng tproposed approach, the
application to specific samples can be expectedffier several possibilities of optimization:
compared to the introduction of aqueous sampleanléytical performance is degraded, mainly
due to the presence of about 1 % oxygen in thesgaam and analyte-specific losses in the
combustion and desolvation system. It seems reboia expect further improvements in the
analytical performance by using a combustion tulioumt glass frit and by optimizing the
oxygen removal in the membrane desolvator by ettiserg a second desolvator in series or by
employing different membrane types. Another prolatm issue is the instability of the
peristaltic pump tubes towards various organic esutly. This problem could be overcome by

using sequential injection flow injection analystpuipment [22].

In the presented form the sample combustion angboadioxide removal system poses
several distinctive advantages over other appraaot@orted in literature. The optimization of
the ICP is not constrained by the volatility of themple but rather by the remaining amount of
oxygen in the carrier gas stream. There is no ahaggf the desolvator's membrane by sample
constituents or extraction additives which can heoentered when the solvent is not combusted.
Within the safe operating constraints of the cortibasoven, the sensitivity can be enhanced by
increasing the amount of sample introduced into ¢tlven. Moreover, species-depending
differences in the analyte volatility will not affethe analyte response, as the sample is

combusted.
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Part 3



INVESTIGATION OF THE EFFECT OF CARBON DIOXIDE-
LOADING ON THE ANALYTE SIGNAL INTENSITY AND
PLASMA ROBUSTNESS

3.1 Introduction

As it is described in Part 1, the direct introdactof organic solvents into the ICP causes
various problems such as soot formation on the wiathe torch or even plasma extinction,
severe spectral interferences, enhancement in bagkd emission and analyte signal
suppression. In order to overcome these problesndescribed in Part 2, a novel strategy for the
combustion of organic solvents and subsequent @@®oval prior to the introduction of gas
stream into the ICP was introduced. None of thestigated C@removal devices completely
remove the C@and in the best case, using PTFE membrane-basesbhdesolvator, 99 % of
CO, was removed and the rest of £as introduced to the plasma. The goal of this plathe

work was to investigate the effect of €@n the signal intensity and the plasma robustness.

3.2 Experimental

3.2.1 Instrumentation

The ICP-OES used in this work was CIROS Vision ESPectro, Germany) equipped
with a cross flow nebulizer, a Scott type spraynchar and a standard torch (2.5 mm i.d.).
Operating conditions are shown in Table 3.1.,@Biogen C, Linde, Austria) was mixed with
the nebulizer gas flow. The flow of the €@s the foreign gas was controlled by an external

thermal-based mass flow controller (Mass-Flo 1MKBS Instruments, Germany).
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Table 3.1 Instrumental and operation condition

RF rowel 1400 W
Coolantflow 12.5 L mir*
Auxilary flow 0.6 L mir'
Nebulizer gaslow 0.3L mir!

Spectromet

Pasche-Runge mount with 22 CCD line detect

RF ceneratc

Huth-Kihn power oscillatc

Torck

Standard torch; injector with 2.5 mm

Spray hambe

Cyclonic

Nebulize

Mira Mist, Burgener leseach, USA

Peristaltic pumpubing

Glass expansion Tygon MH 2075; i.d. 0.64

3.2.2 Reagents

Purified water (18 M2 cmi %, Barnstead Nanopur, Thermo Fisher Scientific, USA)
high purity nitric acids (HNQ Suprapur, Merck, Germany) were used throughotandards
were prepared from 1000 mg'tmulti element stock solution (Al, Ag, As, B, Ba, B®i, Cd,
Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, S®e, Sr, Ti, Tl, V, Zn) (Rofi Star, Germany)

in 5 % HNG.

3.3 Results and discussion

3.3.1 Effect of CQ concentration on signal intensity of various elemds

In this part of the work 1 mgtmulti elements solution was introduced to the mpias
using the routine ICP-OES setup (Table 3.1). THecefof different CQ concentration (0.32,
0.64, 0.95, 1.2, 1.5, 1.8, 2.2, 2.5, 2.8, 3.1,9.4/v) on the signal intensity of various elements
was investigated. Further increasing of © 3.4 % v/v) caused plasma extinction. The rasult
indicate that the presence of €@ the nebulizer gas flow affects the emission neity of
investigated lines. Figure 3.1 illustrates the raliped signal intensity values of few selected
emission lines (As, Se, Be, Cu, Ti, K). Normalizggdnal intensity is defined as the resultant
signal intensities after blank corrections whichrevanormalized to values obtained in the
absence of C® As Figure 3.1 shows, the presence of, C&used marked signal depression (up

to 65 %) for those elements with ionization pot&niP) lower than 9 eV (e.g. K, Ti, Cu)
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whereas the emission intensity of atomic lines WRhin the range of 9-11 eV (e.g. arsenic,
selenium and beryllium) is enhanced (up to 42 % Magnitude of the signal enhancement or
suppression is directly correlated to the amourdasbon in the plasrmand for organic solvents
analysis the amount of the carbon depends on pe=df/the solvent. During the introduction of
organic solvents to the developed combustion systifferent solvents are expected to produce
different amount of C@in the combustion oven and at a given removakiefficy of the
membrane desolvator different g@vels in the final gas flow that enters the ITRis means if
we have suppression or enhancement depending gre@®entration there will be a systematic
error when the calibration solution does not canthie same solvent as the sample. For the
analysis of solvents this is not a significant peob but for the unknown samples this is a
limitation because of different behavior of evenypission lines in term of enhancement or

suppression. Therefore, the use of internal stahckamnot be successful, too.
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Figure 3.1 Normalized signal (all signal intensities werermalized to 0 % v/iv Cg) versus CQ
concentration for the selected elements. Elemerith W in the range of 9-11leV
(As (IP: 9.84 eV), Be (IP: 9.34 eV) and Se (IP:®4V) and elements with IP < 9 eV
(K (IP: 4.34 eV), Ti (IP: 6.84 eV) and Cu (IP: 7.8¥). Error bars are smaller than the data
points.

3.3.2 Effect of CQ concentration on plasma robustness

In this part of our study the variation of the phas robustness expressed as the
Mg (1) 2502, kMg (1) 2852, nmratio as a function of the G@oncentration in the nebulizer gas

flow was investigated. The experimental procedoretlie plasma robustness determination was
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as follows: 1 mg [* solution of Mg was aspirated, G@as added to the nebulizer gas flow in
the range of 0- 3.4 % v/v and the Mg intensitie&0.2, nm and 285.2, nm were monitored at
each CQconcentration. After background correction, therelation between Mg intensity ratio
and CQ concentration was plotted (Figure 3.2). As Fig8r2 displayes, addition of GQo
nebulizer gas flow initially caused Mg ratio enhament and then reaching the maximum level
of 9.66 at 0.64 % v/v COThislow amount of CQ (< 0.64 % v/v) led to brighter plasma. The
enhancement can be related to the increased theonductivity between the plasma core and
the analyte channel of the ICP discharge causdadebZQ. With further addition of C@to the
nebulizer gas flow a decreasing trend was obseamedVig ratio dropped to the amount of 7.30
at 3.42 % viv CQ The maximum plasma tolerance was 3.42 % v/w;Qerefore further

investigation of plasma robustness was not possible

10

©
-
10

10

Mg 1l 280270, nm! M3 | 585 213, nm
©
m

~
L

0 1 2 3 4

CO, concentration (% v/v)

Figure 3.2 Mg (II) 28027, nh M@ (1) 285213, nmversus C@concentration (% v/v)

3.4 Conclusions

The results showed that the presence of @@Quces a signal enhancement for elements
with ionization potential higher than 9 eV. Fordbeclements an increase in signal intensity of
up to a factor of 2 was observed at 1.6 % v/vw @Qhe nebulizer gas flow, while decrease was

encountered with further increasing the LG@oncentration. For elements with ionization
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potentials lower than 9 eV the signal intensityrdased with increasing G@oncentration in
the nebulizer gas flow. Moreover, the variation tbé plasma robustness expressed as the
Mg (I1) 2802, niMg (1) 2852, nmratio as a function of the G@oncentration in the nebulizer gas
flow was investigated. The plasma robustness firsteased from 7.5 to 9.7 when the £O
concentration in the nebulizer gas flow was incedafom 0 to 0.64 % v/v COand then
decreased linearly to 7.3 at the maximum tested €@centration of 3.4 % v/v. Further

increasing of C@(> 3.4 % v/v) caused plasma extinction.

As the enhancement or suppression of analyte sigrgtfongly dependent on the €0
concentration present, it is important that the,@0Oncentration remains at a constant level
during calibration and subsequent analysis of thmpde. Therefore, the solvent used for
preparing the calibration should match the solwerihe sample. Though this requirement is also
a standard procedure for the analysis of aqueauplsa (acid matching), it impedes the analysis

of samples of unknown organic composition.
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FUTURE PROSPECTS

I) Improvements in the analytical performance by usimgmbustion tube without glass frit

II) Further CQ and Q removal in the membrane desolvator by either usingecond
desolvator in series or by employing different meanie type

[lI) Using alternative approaches of suppressing théedrmation in the oven

IV) Overcoming the non-linear behavior of the calitlmatiunction for low concentrations of
elements
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SUMMARY AND CONCLUSION

Direct introduction of organic solvents to ICP-O&&ises various problems such as soot
formation on the wall of the torch or even plasmdinetion, severe spectral interferences,
enhancement in background emission and analytalssgppression. In order to overcome these
problems a novel method and instrumrntation fordé&ermination of metal (Ag, Cd, Cr, Fe, La,
Li, Mg, Ni, Pb, Y, Zn, and Zr) in volatile organsolvents was developed. In this method,
organic aerosol was combusted in a commercial caditalyzer oven in an oxygen-rich
atmosphere and produced carbon dioxide and rengamwygen were removed from the gas
stream prior the introduction into ICP-OES. Thepgm®ed combustion/carbon removal approach
allowed stable operation of the ICP even when ¢ioing highly volatile solvents that

otherwise would have immediately extinguished tlaspa.

To remove the C®and Q, three means of treating the aerosol that leftoden were
investigated: falling-film column, hollow fiber gaeparation device and the PTFE membrane-
based desolvator. Falling-film column is not capabf removing oxygen residues from the
combusted aerosol while the hollow fiber gas exgeadecices and PTFE membrane-based
desolvator are capable of removing both,@@d excess £by diffusion. Water condensation is
the unifying problem of both the falling-film columand the hollow fiber gas separation device.
In contrast, this problem is circumvented in PTFEmmbrane by heating the membrane wall
above 100 °C. The highest g@moval efficiency was achieved by means of PTEEnrane-
based desolvation unit. The non-removable, C&uses a signal enhancement for elements with
ionization potential higher than 9 eV and suppsdor elements with ionization potential

lower than 9 eV.

After aerosol treatment in the oven and PTFE men#rguantification of metals in
volatile organic solvents such as acetone, me#oputyl ketone, chloroform, dichloromethane,
tetrachloroethane or trichloro-trifluoroethane bgans of ICP-OES illustrated that halogens act
as a realizing reagent for most of the metals. yeadignals in halogenated solvents were found
to be significantly higher than in non-halogenateds. Thought a stable operation of the plasma
was possible, the analyte signal intensities obthin water were, depending on the element and

the solvent, higher than in halogenated solvents.
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In this approach the sample combustion and carbmdg removal system poses several
distinctive advantages over other approaches reghant literature. The optimization of the ICP
is not constrained by the volatility of the sambple rather by the remaining amount of oxygen in
the carrier gas stream. There is no clogging ofigeolvator's membrane by sample constituents
or extraction additives which can be encounterednatihe solvent is not combusted. Within the
safe operating constraints of the combustion otlensensitivity can be enhanced by increasing
the amount of sample introduced into the oven. Meee, species-depending differences in the

analyte volatility will not affect the analyte resyse, as the sample is combusted.
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APPENDIX

A ABBREVIATIONS

ICP Inductively Coupled Plasma

ICP-OES Inductively Coupled Plasma Optical EmissSpectrometry

ICP-MS Inductively Coupled Plasma Mass Spectrometry
LOD Limit of Detection

LOQ Limit of Quantification

MDL Method Detection Limit

MIBK Methyl Isobutyl Ketone

MO Metal oxide

MS Mass Spectrometry

OES Optical Emission Spectrometry
PTFE Polytetrafluoroethylene

RF Radio Frequency

RSD Relative Standard Deviation
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LIST OF THE SELECTED EMISSION LINES FOR FIGURE 2. 3

Ad 328.068, nm

Mn 259.373, nm

V 292464, nm

Ca3z93.366, nm

Mn 257,611, nm

V 311.071, nm

Caz96.847, nm

Mn 403.076, nm

ZN 213856, nm

Caus22673, nm

MO 202.030, nm

AJ 338.289, nm

Cd 226,502, nm

Nasss.995 nm

Al 167078, nm

Cd 228,802, nm

Nasg9.592, nm

Al 396152, nm

Cd361.051, nm

Ni 221.648, nm

Al 204.442, nm

C0 228616, nm

Ni 231.604, nm

AT 430.010, nm

C0238.892, nm

Ni 232,003, nm

AS 189.042, nm

Cr 205552, nm

NI 300.249, nm

B 249,773, nm

Cr 267.716, nm

Pb220.353, nm

Ba 233527, nm

CU324.754, nm

Pb 283.305, nm

Ba 455.404, nm

CuU 327.396, nm

Pb 405.778, nm

Be 234861, nm

Fe 238204, nm

Sb206.833, nm

Be313.042, nm

Fe259.041, nm

Sb217.581, nm

Bi 223.061, nm

Fe373.486, nm

S€196.090, nm

K 766.491, nm

Sr407.771, nm

Li 460.289, nm

Sr 421,552, nm

Li 670.780, nm

Sr460.733, nm

Mg 279.553, nm

Ti 334.187, nm

Mg 280.270, nm

Ti 334.941, nm
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