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1. Introduction, Aims and

Objectives

1.1. Introduction

The great number of articles dealing with speciation analysis of mercury
and tin compounds in environmental samples shows the high relevance
and importance of this topic [1-7]. The interest in this topic can be ex-
plained by the high toxicity of the organic species in comparison to their
inorganic species as discussed in detail in literature [8,9]. The origin
of these toxic compounds in the environment is often of anthropogenic
nature because of their application in industrial processes, pesticides or
antifouling paints [8-11]. Beside man made products, alkylated species
are also generated in natural processes like e.g. methylmercury forma-
tion by biomethylation [12-14]. This highly toxic species accumulates
in animal tissue and by bioaccumulation and biomagnification enters
our food chain, leading to public health concern about fish consump-
tion. Tributyltin (TBT) mainly enters the environment via its use as

a pesticide and antifouling agent. In the aquatic environment it de-
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posits in sediments and degrades only very slow to dibutyltin (DBT)
and monobutyltin (MBT) [11, 15-18]. Today TBT is classified as an
endocrine disruptor, first recognized by its hormone like effects on mol-
lusks [19,20] leading to the so called "imposex”. Due to this, different
regulations have been established to restrict application of these com-
pounds [21,22] and to monitor its presence in the environment down to
the ppt level.

Though Gonzalvez et. al. and Vieira et. al. have reviewed non-chro-
matographic techniques for speciation analysis of organometallic com-
pounds [23, 24], usually hyphenated techniques combining highly se-
lective separation techniques with a sensitive detection technique are
applied [25]. In this context, chromatographic as well as electrophoretic
techniques have been used as separation technique. Due to its excel-
lent separation efficiency, the availability of a wide range of sensitive
detectors and marginal solvent requirement, gas chromatography (GC)
is often applied to investigate organometallic species of mercury and
tin [3,5,26-32]. To provide volatility required for separation, species
are usually alkylated in a derivatization step during sample pretreat-
ment. Such derivatization step comes with benefits as well as disad-
vantages. On the one hand an additional preparation step increases
the risk of analyte loss, sample contamination or species transforma-
tion [33-37]. On the other hand derivatized species are more stable and
their separation from sample matrix is simplified [38]. Element selec-
tive detection is either accomplished by atomic emission spectrometry

(AES) or mass spectrometry (MS). A commonly applied detector in
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this context is the inductively-coupled-plasma (ICP) mass-spectrometer
(MS). The advantages of mass spectrometry in comparison to atomic
emission are its higher detection sensitivity and the possibility to make
use of the application of isotope dilution (ID). Hereby, errors result-
ing from sample loss are eliminated and application of species specific
ID (SSID) allows identification of species transformations [13, 39, 40].
Unfortunately, ICP-MS is very cost-intensive due to high instrument
purchase and operation costs. However, species transformation during
sample preparation and strategies for its suppression are well described,
so that application of SSID is not stringently required and operation of
more cost efficient detectors, which do not offer the application of ID,
becomes suitable [31,34,40-42].

Microwave-induced-plasma (MIP) atomic-emission-detection (AED) also
provides element selective signals. Due to its high excitation efficiency, it
also provides sensitive detection [43]. Moreover, it offers excellent com-
patibility with low gas flows commonly used in GC and can be connected
to GC columns avoiding dead volumes causing quality-deteriorating sig-
nal broadening. Applications for mercury and tin speciation analysis
using MIP-AED are manifold in literature [3,44-51]. The lower costs
in acquisition of the commercial available MIP-AED system from JAS
compared to ICP-MS systems and its low gas consumption with resulting
low costs in application characterize this detection system. Due to the
highly resolving Czerny-Turner monochromator with high spectral res-
olution used in this commercially available system, a wide wavelength

range from 171-837 nm is covered for analytical applications. Thus,
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many elements are detectable. In turn, high resolution limits the simul-
taneously observable spectral range of this instrument to a predefined
40 nm window [52]. Hence, multi element capability is limited to ele-

ments with emission lines in the corresponding spectral region.

1.2. Aims and Objectives

The goal of this work was the development of an easy to use, ele-
ment selective detector for gas chromatography. Controlling and main-
tenance of the plasma based detection system should be simplified by a
straightforward setup and a system adapted software solution, providing
controlling, monitoring as well as data acquisition and data evaluation.
Instrumental parameters like gas flows should be optimized to assure
high sensitivity and selectivity for detection of mercury and tin species.
Physical and chemical characterization is requested, concerning param-
eters like plasma temperature, electron number density, selectivity as
well as limits of detection and the linearity in the working range. Sub-
sequently the developed and optimized system should be validated by
analysis of different certified reference materials and comparison with
established methods. Participation in an interlaboratory study is desired

to prove the required robustness for applicability in routine analysis.
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2. Theoretical Background

2.1. Microwave Induced Plasma

2.1.1. Plasma Characteristics

Gaseous material consisting totally or partly of separate ions and elec-
trons is defined as a plasma [53]. According to this, a plasma ap-
pears electrically neutral to the environment, but still interacts with
electromagnetic fields. This behavior is essential for the generation of
artificial plasmas, as the energy required for continuous generation of
new charged particles may be coupled in by application of high fre-
quency electromagnetic fields. Certainly, the most important plasma
source in analytical spectrometry is the inductively coupled plasma (ICP)
sustained in argon, which is excited at frequencies of 27.12 MHz or
40.68 MHz. Higher frequencies are used in microwave plasmas (MWP),
either 0.915 GHz or even 2.45 GHz. These plasmas are commonly oper-
ated with helium as its high ionization energy allows spectral excitation
and sensitive detection of nonmetals [54]. Due to the high frequency
applied in MWPs, heavy particles like ions are not able to follow the

oscillation of the electromagnetic field. In contrast, electrons are accel-

11



2. Theoretical Background

erated very efficiently and gain high amounts of energy in a very short
period of time [55,56]. This process, that occurs in the whole MWP
discharge, results in inelastic collisions of electrons with heavier parti-
cles. The transferred energy causes ionization of neutrals and thus is

essential to sustain the plasma as illustrated in equation 2.1 [55,57].
e+ He — Het + 2e” (2.1)

Moreover, fast electrons can be involved in excitation processes of ana-
lyte atoms as illustrated in equation 2.2. The superscripts * is referring
to excited species. A symbolize the analyte atoms.
e +A— A"+
(2.2)
e+ AT — AT e

Due to the fact that kinetic energies of electrons within the plasma
follow a Maxwellian distribution, beside high energy electrons a majority
of electrons with low energies is populated in the plasma. Even these
electrons and ions with low energies can participate in the excitation

process according to equation 2.3 [57, 58].

Het + A— He+ A™*

e+ He+ AT — He+ A*

12



2.1. Microwave Induced Plasma

Nevertheless, the most often postulated excitation mechanism in
MWP is proposed to be the Penning ionization followed by radiative ion-
electron recombination or ion excitation as described in equation 2.4 [56,

57]. The superscript m is referring to metastable species.

He™+A— He+ AT + e~
At +em — A"+ ho (2.4)
AT+ He™ — AT™ 4+ He

As kinetics of heavy and light particles in MWP are different, no total
thermal equilibrium is reached. Accordingly, theories that require equi-
librium state cannot be used for description of these plasma sources. To
describe fundamentals in terms of temperature and population density
in the plasma, it is necessary to define local thermal equilibria (LTE).
Therefore, mathematical terms can be used to describe each species in
the plasma. The resulting different temperatures like Tgas, Trot, Texc OF

Tion are expressions for different processes occurring in the plasma.

Gas Temperature: The gas temperature (Tgas) represents the trans-
latory kinetic of heavy particles like atoms, ions and molecules in the
plasma. Its theoretical description is based on the Maxwell-Boltzmann
distribution [59]. Three different methods for its measurement have
been described: Evaluation of the Doppler broadening of emission-
lines [60], pressure changes due to the temperature in the isolated sys-
tem [61] and Rayleigh scattering of laser radiation [62]. Tgas is com-

monly associated with the ability of desolvation, volatilization and at-

13



2. Theoretical Background

omization of introduced compounds. Therefore, the relatively low gas
temperature of low and moderate power MWPs is reflecting their limited

matrix tolerance [56, 63].

Electron Temperature: The theoretical description of the electron
temperature (T.) is also based on the Maxwell-Boltzmann distribution
as it is depending on the velocity of free electrons. Its determination is
mainly achieved by two methods. The first one is the Langmuir probe
which is based on monitoring the electrical current between two wires,
introduced into the plasma [64]. The second one is laser based Thomson
scattering. It is applied more often for T, determination as it provides

noninvasive data collection [65].

Rotational Temperature: Rotational excitation states are described
via the rotational temperature (T,). Due to the fact that low energies
are required to change rotational states of molecules, a rapid exchange
with kinetic energy of molecular species can occur [66]. Therefore, T,ot
is usually slightly higher compared to Tg,s and is often used for estimting
Tgas. For its calculation, line intensities of molecular emission bands of
N> or OH can be measured and evaluated based on their Boltzmann
energy distribution (compare 2.5), describing the population distribution
on different energy states. [63,67].

Excitation Temperature: Like T o, the excitation temperature (Texc)

is based on the Boltzmann distribution. The most efficient and com-

monly applied approach for calculation of Te. is a Boltzmann plot

14



2.1. Microwave Induced Plasma

for the atomic energy levels of the support gas or an introduced ele-
ment. This method has often been used for diagnostic evaluation of
MWPs [63,68-74]. Its theoretical background is described in litera-
ture [75].

lonization Temperature: The determination of the ionization tem-
perature (Tion) is based on the investigation of emission line intensities
of two adjacent ionization levels. Adequate results require sufficiently
intense atomic and ionic lines. Therefore, Fallgater et al. proposed the
use of Sr and Ca as thermometric species [76]. From the measured
level population of the thermometric species in both ionization states,
the prevailed temperature responsible for the level distribution is calcu-

lated by using the Saha equation.

As a result of the temperature differences between electrons and heavy
atom, the general temperature trend in MWPs can be summarized as
follows [75]:

Te > Tion ~ Texc > Trot ~ Tgas

Nevertheless, even LTEs just approximate plasma processes. The degree
of deviation from the LTE can be evaluated by comparison of the theo-
retical and experimental electron number density (n.) in the plasma [55].
Data for ne can be obtained by precise evaluation of the broadening of
spectral lines e.g. of hydrogen or the plasma gas [67-69,72,74]. Details
have been described by Starn et al. [77].

15
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|C0mputer
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a1l

Detector

Gas supply

Gas flow
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Figure 2.1.: Components required for a microwave induced plasma

(MIP) detection system.

2.1.2. Instrumentation

According to the method of power transmission to the plasma gas,
MWPs can be divided into two groups. In capacitively coupled mi-
crowave plasmas (CMPs) a flame-like plasma is formed at the tip of an
electrode [78]. The second type are microwave induced plasmas (MIPs),
in which the energy required for sustaining the plasma is transferred via
a standing microwave formed in a suitable resonator. In this case the
energy is either coupled in by a magnetic or an electrical field component
of the electromagnetic wave [56]. While CMPs can operate over a wide
frequency range, MIPs are limited to one working frequency due to the
fixed dimensions of the resonator. Figure 2.1 illustrates the components

required for the generation of a microwave induced plasma.
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2.1. Microwave Induced Plasma

Microwave Generator: For microwave generation different compo-
nents are available. Low power (< 100 W) microwave generation is
often achieved by application of klystrons [75]. Quite more popular is
the application of magnetrons as the operation is simple, efficient and,

due to the domestic utilization, also cost efficient [79].

Coupling device: Microwave power transfer from the generator to
the excitation source is accomplished by suitable transportation and
coupling devices. For this purpose, different types of waveguides and
connectors are available. The most common ones are coaxial cables
and rectangular waveguides [80]. Coaxial cables consist of two coaxi-
ally arranged metallic cylinders. During its transport the microwave is
reflected between these two cylinders. The related electric current is
just located in the metallic skin (Skin Effect) of the inner cylinder sur-
face and the skin depth decreases with higher frequencies. Thus, high
attenuation is resulting for the transport of microwaves in coaxial ca-
bles. Accordingly coaxial cables are not efficient to transport microwave
power over long distances [75].

For the operation of high power MWPs, where transmission efficiency is
more relevant, application of rectangular waveguides is reasonable. The
smallest suitable waveguide size is half of the wavelength. Accordingly,
the dimensions of these devices are limited. The consequence of grow-
ing miniaturization efforts, forces the application of coaxial cables for

energy transfer [56, 75].

17



2. Theoretical Background

Cavity: The resonator cavity is the most important component in a
MIP system as it provides the formation of a standing wave and focuses
microwave energy into the plasma. Since the first application of an MIP
in 1952 [81], many different cavities have been developed and tested for
their analytical applicability. Certainly, the most often used cavity was
developed by Beenakker. It allows the operation of a He plasma in
a quartz discharge tube under atmospheric pressure [57,82,83]. By
this development, the technical setup was quite simplified compared to
former plasma sources, which required reduced pressure to sustain He
plasmas.

Almost parallel to the work of Beenakker, Moisan et al. described
an integrated surface wave plasma launcher (Surfatron) [84,85]. The
system is also able to sustain He plasmas under atmospheric pressure.
The system shows several advantages over the Beenakker system.

On the one hand, operation under atmospheric or reduced pressure is
possible, so that operation with different plasma characteristics is pos-
sible. On the other hand, tuning and operation are easier than for the
Beenakker cavity [85—-88]. Therefore, the surfatron has been often used
in various applications [75,88-91].

During the 1990t further cavities have been developed to overcome the
problem of low solvent tolerance of conventional applied cavities [92-95].
In 1991 Jin et al. described a microwave plasma torch (MPT) sustain-
ing a flame like plasma with a central channel for sample introduction.
With this setup an efficient vaporization, atomization and excitation

was assured [96]. Matusiewicz described a "microwave plasma cav-
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2.1. Microwave Induced Plasma

Figure 2.2.: The Beenakker Cavity: (1) Cavity Wall (made of copper;
inner diameter 93.0 mm), (2) fixed bottom, (3) removable
lid, (4) discharge tube made of silica, (5) discharge tube
holder, (6) coupling loop, (7) connector for coupling loop,
(8) seal, (9) screw for tuning, (10) screw for tuning, (11)
hole for viewing or air cooling, (12) fixture [82]

19



2. Theoretical Background

ity/magnetron” (MPCM) which allows high microwave power and effi-
cient coupling between cavity and magnetron. Thus, even wet aerosol
introduction was possible [97]. These and other cavities for the gener-
ation of MIPs have been described in reviews [80, 98, 99].

Plasma Gas: MWPs are usually sensitive to the applied gas flow.
Therefore, usage of precise gas flow controllers is essential to provide
high performance characteristics [71,83,100,101]. In this context, vari-
ous plasma gases are applicable, including noble gases as well as molec-
ular gases like nitrogen or carbon dioxide [97,102]. The resulting dis-
charges differ in behavior, dimensions and characteristics. This topic

will be shortly discussed in the following section.

Helium: MIPs sustained in pure helium generally form a single fila-
ment [86,97,103]. Radial dimensions are commonly limited by the
inner diameter of the discharge tube, while axial dimensions are limited
by the cavity walls [103]. The plasma dimensions are driven by two
effects. On the one hand the high ionization energy of helium leads
to relative low electron densities with a low skin effect resulting in a
diffuse plasma discharge and good sample penetration [68]. On the
other hand, the high thermal conductivity of helium is beneficial for a
homogeneous plasma heating and energy transfer to the sample, which
improves desolvation and vaporization [56]. In turn, high dissipation of
the microwave energy is resulting in higher forward power requirements
for a stable plasma discharge [86,104]. For a comparable power level,

a lower gas temperatures compared to Ar plasmas is observed [68, 69].
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2.2. Detection

Nevertheless, resulting from the high ionization energy, high excitation
temperatures are provided leading to the ability to even excite non-
metals [56, 68,75, 80].

Argon: In contrast to helium discharges, argon is forming thin plasma
filaments. The quantity of filaments is depending on the applied gas
flow and microwave power [86,88]. The main reason for this different
behavior is the lower ionization energy, resulting in high electron density
and thus a high skin effect, reducing the plasma diameter [68,69]. The
argon plasma filament tends to extend beyond the cavity walls which
could lead to microwave leakage [97,103]. As already mentioned, the gas
temperatures is slightly higher compared to helium plasmas sustained
under similar conditions. Resulting from the lower ionization energy of

argon, lower excitation temperatures are observed [68,69].

Nitrogen: The diameter of a nitrogen plasma is similar to that of a
helium plasmas as it fills the whole discharge tube, owing to the low
electron density. Oppositional is the behavior at high microwave energy
and gas flow as the plasma expands outside the discharge tube [102].
The main disadvantage compared to noble gases is the higher spectral

background, worsening the sensitivity of nitrogen plasmas [97].

2.2. Detection

Since the introduction of MWP sources, different detection methods

have been tested to gain element selective signals. Doubtless, optical
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emission spectrometry (OES) is most often used, but also mass spec-
trometry [105-109], atom fluorescence spectrometry (AFS) [110, 111]
and atomic absorption spectrometry (AAS) [112,113] have been applied.
As the developed system is based on OES detection, the theoretical

background of this technique will be further discussed.

2.2.1. MIP-Optical Emission Spectrometry

OES is based on the detection of radiation from an excitation source.
MIPs provide high excitation power resulting from high energetic species
in the plasma (see page 13), so that these sources have been early used
for excitation purpose [54,81,82,114]. Qualitative information about
sample composition is generally obtained via the element specific emis-
sion lines. Emission originates from electronic relaxations from high to
low energetic states so that for one element many emission wavelength
are obtained. As energetic levels of atoms and ions of one element differ,
it is necessary to distinguish between atomic (1) and ionic (II) emission
lines. The relative intensities are depending on the population density
of electrons in the upper and lower states. This population is expressed
by the Boltzmann distribution law shown in equation 2.5 [115].

% = % (57 (2.5)

With N, as number of atoms in the corresponding state x and g,
representing the number of degenerated energy levels. AFE expresses
the energy difference between the states 1 and 0. 7" is the temperature

in Kelvin and k represents the Boltzmann constant.
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2.2. Detection

At constant plasma conditions, line intensity of an emission line is only
depending on the concentration of the element in the plasma, so that
quantitative information are accessible. In consequence for sensitive el-
ement detection appropriate wavelengths need to be selected. In this
context excitation characteristics of the plasma are relevant, so that
wavelength tables of spectra from ICP do not provide intensity informa-
tion usefull for MIPs [116, 117].

Spectral Background: In MIPs some spectral regions are usually in-
terfered by band spectra from excited molecular species (mainly OH, C-
and N-species) [56,100]. Band spectra usually show an intensive head
degrading in intensity either to shorter or longer wavelengths, depend-
ing on the nature of vibrations in the molecule. Evaluation of element
lines interfered by these molecular bands generally call for background
correction to avoid quantification errors.

Commonly a separate background signal is measured and subtracted
from the analyte signal to eliminate interfering background radiation.
Due to differences in the background signals from different spectral re-
gions, it is essential to collect the background adjacent to the used
detection wavelength. Depending on signal stability, a sequential or si-
multaneous background correction can be applied.

In sequential correction, background and element signal are collected at
the same wavelength but at different times. Thus, in transient chro-
matographic data, identification and accurate measurement of back-
ground emission is difficult. In contrast, the simultaneous approach is

more suitable as the background and analyte emission are collected at
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2. Theoretical Background

the same time but on different wavelengths. Therefore, adjacent spec-
tral regions must provide an interference-free wavelength range to collect
background radiation. Quimby et al. reported higher selectivities using
simultaneous correction [83]. The used background correction methods

will be further discussed in chapter 3.1.2.

Detectors: Radiation from the plasma is usually focused on the detec-
tion device by lenses or mirrors. For the required wavelength selection
and subsequent detection, different systems are available.

The simplest option is application of interference filters as just a small
wavelength range around the transmission maximum can pass the fil-
ter while wavelengths outside the bandpass are eliminated by destruc-
tive interferences and spectral blocking coatings on the filter surface.
Therefore, detection may be accomplished by usage of photo-diodes
or photo-multiplier-tubes (PMT). As interference filters only offer low
spectral resolution, the amount of unspecific radiation arriving at the
detector is relative high. For the required background correction an os-
cillating interference filter was proposed by Cammann et al. [118] and
has been applied successfully for detection of halides and organomercury
compounds [45,118,119]. This technique will be further discussed in
chapter 3.1.2. Detection of more than one element is possible by appli-
cation of a splitted fiber optics in combination with appropriate filters.
The driving force for the development of systems using interference fil-
ters was simplicity of the optical design [45,118].

As costs for interference filters have not been decreased over the last

decades, but costs for spectrometers due to miniaturization declined,
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2.2. Detection

today spectrometers are normally used. Further more, spectrometers
provide higher flexibility in combination with better spectral resolu-
tion. Sequential/scanning spectrometers focus the dispersed light on
the exit slit of the monochromator. Detection is mostly accomplished
by a photomultiplier tube (PMT) as they cover a wide wavelength
range with high sensitivity [56]. For transient signal collection, rapid
scanning systems are required to enable a background correction near
the observed detection line, and provide the high sampling frequency
necessary for this purpose. Using these systems, for multielement de-
tection a small wavelength region has to be selected to provide the
required data rate [52,120]. Multichannel spectrometers are usually
working with charged coupled device- (CCD) or photodiode array de-
tectors. Depending on detector dimensions and required resolution,
wavelength ranges of several hundred nanometers are covered, allowing
for extended multielement capabilities. Background correction can be
achieved simultaneously so that detection limits are reduced by reduc-
tion of noise originating from the sample introduction [56,121]. Result-
ing from the commercial availability of a MIP-OES detection system
for GC from JAS, this technique has been applied for many analytical
problems [19,43,44,122-124] which have been discussed during the last
decades by many reviews [79, 125-127].
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2. Theoretical Background

2.3. Gas Chromatography Plasma
Hyphenation

Due to the high separation efficiency of gas chromatography it is of-
ten applied for speciation analysis of organometallic compounds. Like
in other chromatographic techniques, the separation is based on the
interaction of the analytes with the stationary phase. Nowadays capil-
lary columns with inner diameters from 0.10 to 0.53 mm are commonly
applied. As a result of the small inner diameter of capillaries, sample ca-
pacity is limited but separation efficiency is enhanced. To avoid sample
overload with resulting peak broadening, often split injection is applied.
In this technique the gas flow is splitted in a known ratio within the
injector, and the smaller part is guided onto the GC column.

The mobile phase, mainly helium, hydrogen or nitrogen, is responsible
for sample transport, as its inertness prohibit chemical interaction [115].
As common GC Detectors like the flame ionization detector (FID), the
thermal conductivity detector (TCD) and the electron capture detec-
tor (ECD) provide no element selective signals, plasma based detectors
are often used for this purpose. The required interface between separa-
tion column and plasma source has to assure 100% analyte transfer by
maintaining eluting analytes in gaseous form. Moreover, condensation
of high-boiling analytes on cold parts has to be avoided because of the
resulting chromatographic peak broadening [128]. Such problems can

be avoided by two approaches. On the one hand, a heated transferline
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2.3. Gas Chromatography Plasma Hyphenation

can be used to guide the GC effluent to the plasma and avoid cold spots.
On the other hand, analyte transfer can be achieved by using an aerosol

carrier, generated by an usual solvent nebulizer [129].

2.3.1. Gas Chromatography - Microwave Induced

Plasma Hyphenation

Tolerance of MIP sources against solvent or aerosol introduction have
been reported to be relatively low [95]. Therefore, these plasma sources
are generally directly hyphenated to GC via a transferline. The technical
setup is very simple, as the heated transferline can transport the column
effluent directly towards the plasma by placing its end a few millimeters
away from the plasma. Moreover, carrier gas and plasma gas are com-
monly helium so that no plasma disturbance is expected [95,130]. To
make sure that the solvent introduced by GC injection does not causes
problems, GC-MIP systems are usually equipped with solvent venting
systems [92,95]. The complexity of these systems differ. The simplest
device is a heat resistant three way valve [83]. A more complex sol-
vent venting system which is reversing the plasma flow direction in the
discharge tube has been described by Quimby and Sullivan [94]. This
setup is also used in the commercial available MIP atomic emission

detector (AED) provided by JAS [93]. Apart from improved plasma
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2. Theoretical Background

stability, a further advantage of the applied solvent venting is the re-
duction of carbon depositions in the MIP discharge tube which may lead
to peak tailing, and plasma instability as consequence from reflecting

microwaves power [131].

2.3.2. Gas Chromatography - Inductively Coupled

Plasma Hyphenation

Direct Hyphenation: For direct hyphenation of GC with ICP-MS,
different setups have been proposed [132-137]. While in the early days,
unheated interfaces were used for the detection of volatile species [133],
nowadays totally heated interfaces are prefered especially for higher boil-
ing point compounds [129]. Efficient sample transfer is assured either
by coupling the interface to the injector tube of the ICP torch or by re-
placing the injector tube with the transferline. As the GC effluent flow
is to low to punch the hot plasma by formation of the central channel
through the plasma, an additional argon makeup gas flow is added to
support analyte transport to the plasma [138]. In later works this gas
flow is preheated by Ni-Cr wires or guiding the gas supply line through
the GC oven [132,135,136,139]. In addition, passing this gas flow
through the complete transferline assures a homogeneous heat distribu-
tion and thus a constant temperature in the transferline [132]. A typical
direct GC-ICP coupling setup is shown in figure 2.3. For tuning of the
MS and the sampling position, addition of xenon to the makeup gas flow

is proposed [139-141]. The added xenon allows to compensate drift-
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Figure 2.3.: Direct GC-ICP hyphenation via completely heated transter

line.

effects caused by the plasma . However, optimum sampling position,
plasma parameters and MS lens settings are depending on the element
of interest and the observed mass range, Xe tuning is not suitable for op-
timum sensitivities [142,143]. The main advantage of this hyphenation
approach operated under dry plasma conditions are reduced polyatomic
interferences due to the absence of an additional solvent load to the
plasma.

As the ICP is very tolerant against solvent, normally no solvent venting
systems are applied. However, since the introduction of organic solvents
may lead to carbon deposition on the sampler cone, addition of oxygen

to the makeup gas may be beneficial.

Aerosol Carriers: Operating the ICP under wet plasma conditions by
using an aerosol carrier, shows some advantages over direct hyphenation

for GC-ICP hyphenation. Changing the system between standard mode
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Figure 2.4.: GC-ICP hyphenation via spray chamber to generate an

aerosol carrier according to Krupp et al. [144].

and hyphenated mode by dis- and reassembling the sample introduction
system can be omitted by hyphenation of the GC via the spray cham-
ber. While the setups proposed by Peters et al. and Prohaska et al.
are either injecting aerosol or gas chromatographic effluent [145, 146],
in the setups of Feldmann et al. and Krupp et al. - shown in figure 2.4 -
GC effluent and aerosol are mixed before injection [144,147]. Using the
latter approach, nebulization of element standards allows the generation
of continuous signals. Thus, not only tuning of the instrument is simpli-
fied but also drift compensation by using internal standards is allowed.
Resulting from wet plasma continuous, no oxygen addition is required

since oxygen is generated from the water continuously introduced [144].
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The basic technical set up of MIPs has already been introduced on
page 16. Different set ups and parameters have been tested during the
development process to provide optimum performance characteristics of
the new detection system. The different approaches will be discussed

in the following chapter.

3.1. Detection

3.1.1. Detection Wavelength

As already mentioned, high selective and sensitive spectrochemical de-
tection of elements with plasma excitation sources requires the selection
of optimum detection wavelength. Therefore, literature known emission
wavelengths for mercury, tin and carbon (table 3.1) have been eval-
uated for sensitivity and possible interferences. Due to the fact that
line intensities are depending on excitation characteristics of the used
plasma, all wavelengths listed in table 3.1 have been evaluated with re-

spect to line intensity and interferences from spectral background. This
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Table 3.1.: Literature known emission wavelengths applicable for de-

tection of mercury, tin and carbon.

Element | Wavelength [148] Rel. Intensity
Hg 253.65 nm (I) 1000
Sn 235.49 nm (I) 700
242.95 nm (1) 700
270.65 nm (I) 500
284.00 nm (I) 1000
303.41 nm (I) 600
C 193.09 nm (1) 1000
247.86 nm (I) 400

background radiation can usually be attributed to atomic and molecular
emissions generated from components eroded from the discharge tube
or impurities in the plasma gas. Depending on the emission wavelength,
analyte detection can be influenced by such interfering radiation, so that

background correction is necessary.

3.1.2. Spectral Background

In figure 3.1 the emission spectrum of our setup, typical for a microwave
induced He plasma, is shown. Obviously main background emissions are
resulting from excitation of diatomic nitrogen or oxygen compounds.
Therefore, the most affected spectral range between 306 and 360 nm is

not applicable for optical emission spectrometry. Certainly, one reason
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Figure 3.1.: Emission spectrum of a microwave induced helium plasma
(He flow: 200 mL/min; MW power: 65 W). The spec-
trum was sampled with an integration time of 5 ms and a

spectral resolution of 0.2 nm (FWHM).

for the high presence of nitrogen in the plasma is its type of construc-
tion (discussed in chapter 3.2) which allows nitrogen diffusion into the
plasma. Obviously element detection between 235 and 260 nm is inter-
fered by different NO-bands. Due to differences in elemental emission
wavelengths of target compounds and molecular emissions bands, elim-
ination of NO interferences should be possible by a simple background

correction method. As already mentioned in the theoretical section, si-
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3. Technical setup

multaneous background correction offers some advantageous over the
successive approach. Therefore a simultaneous method was used to

ensure a proper correction.

3.1.3. Interference Filter

A simple and fast background correction method, using a narrow band-
pass interference filters for wavelength separation was described by Cam-
mann et al. [118]. Plasma radiation is first collimated, to provide the
best filter efficiency. The transmitted radiation is subsequently focused
on the detector. As illustrated in figure 3.2, the detection is accom-
plished by a simple photo diode. Filters have to be chosen by selecting
their transmission maximum fitting to the analyte element emission line.
Tilting of the interference filter leads to a shift of the filter's transmission
maximum to shorter wavelengths. Therefore, spectral background col-
lection can be achieved by tilting the interference filter, providing high
selectivity with low technical effort. To provide a high data acquisition
rate a fast oscillation between tilted and perpendicular positions is nec-
essary. A subtraction of both signals results in a background corrected
element signal. As multielement capability requires usage of a splitted
fiber optics with different filter systems and dedicated photo diodes, the
technical setup will become more complex. Additionally the light in-
tensity, available for the different detectors is limited through the beam
divider. Therefore, the sensitivity is reduced in multielement detection

and thus multielement capability of this approach is rather limited.
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Figure 3.2.: Scheme of background correction with narrow bandpass
interference filter technique. An element emission line is
represented by the red signal. The black and the blue
curves represent the transmission of the filter at detection

and background positions, respectively.

Analytical performance of this approach for the hyphenated GC-MIP-
AES system was investigated by measuring a solution of dimethylmer-
cury (~460 ng/mL in hexane) as model species. In this context chro-
matographic baseline stability and sensitivity have been evaluated. All
relevant instrumental parameters are listed in table 3.2. A chromatogram
recorded with the interference filter based background correction me-
thod is shown in figure 3.3. It is obvious that plasma quenching as
consequence of solvent load is leading to strong negative peaks during
the solvent peak. Moreover the baseline drift, resulting from solvent
residues in the plasma, is not eliminated by the interference filter tech-
nique. Nonetheless a high sensitivity with an absolute detection limit
(calculated as 3-times the signal-to-noise ratio) of 16 pg for mercury

has been achieved within this work.

35



3. Technical setup

. L H.C)H
36000 injection (H,C),Hg
peak
. 29000
S
S,
2
‘@
5]
2 22000+ solvent
——Hg 253.65 nm
15000 T T T 1
0 1 2 3 4
time [min]

Figure 3.3.: Chromatogram of dimethylmercury collected with an inter-

ference filter based detection and background correction.

As the interference filter only transmits a small wavelength window, no
further information about plasma characteristics or plasma performance
are accessible. Moreover it prohibits spectral information about possi-
ble atomic or molecular interferences. Hence, method development and
troubleshooting is difficult. Due to the fact that all sensitive emission
wavelengths of mercury and tin are more or less interfered by molecu-
lar emissions (compare figure 3.1) a more flexible system consists of a
small CCD spectrometer (ca. 1800 euros) was evaluated for detection

purpose.
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Table 3.2.: Instrumental parameters for evaluation of the optical sys-

tem used for detection.

GC Setting
Injection Vol. 1ulL
Mode Split 8:1
Start Temp. 200 °C (0.2 min)
Ramp 12 °C/s
End Temp. 280 °C
Column Type HP-1
(30 m; 0.25 mm; 0.25 um)
He Flow 2.2 mL/min
Oven Start Temp. 50 °C (1 min)
Ramp 15 °C/min
Hold 80 °C (0 min)
Ramp 60 °C/min
Hold 250 °C (1 min)
Transferline Temp. 280 °C
Plasma
Cavity Rectangular Resonator
Power 35 W
Gasflow 150 mL/min
Optics
Filter 253.6 nm (FWHM 1.5 nm)
Spectrometer | 190-410 nm (FWHM 0.2 nm)
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3.1.4. Spectrometer

The used CCD spectrometer is providing a higher spectral resolution
of 0.2 nm (full width at half maximum (FWHM)) compared to the
interference filter (1.5 nm FWHM). Moreover, it offers multielement
capabilities in the spectral range between 190 and 410 nm. Thus, si-
multaneous background correction can be applied by defining appropri-
ate background wavelengths and polynomial fitting of this background
below the analyte signal. Background intensities at the position of the
emission peak can then be calculated and subtracted from the ana-
lyte peak’s intensity to obtain a background corrected signal. By this
approach, continuous spectral background can be effectively deduced.
Even structured interfering background emissions e.g. from NO or OH
molecules may be effectively removed, if wavelengths of band head and

observed emission line are sufficiently different.

Detection of Mercury: The spectral background adjacent to the mer-
cury emission line at 253.65 nm is shown in figure 3.4. As depicted, the
background NO band emission can be well calculated and subtracted
by a fitted 2"¢ order polynomial function. The resulting chromatogram
is shown in figure 3.5. It was collected by injection of dimethylmer-
cury (DMM) (~460 ng/mL in hexane) under instrumental parameters
as listed in table 3.2. It is obvious that the CCD spectrometer is pro-
viding better sensitivity compared to the interference filter. Addition-
ally, baseline drift resulting from plasma quenching by solvent or carbon

residues are efficiently eliminated. By this, an absolute detection limit of
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Figure 3.4.: Optical emission of the helium MIP in the spectral range
adjacent to the mercury emission line at 253.65 nm.
The polynomial function illustrates the calculated spec-
tral background. In light grey a spectrum collected at an
unidentified chromatographic peak is shown. This carbon
containing species is interfering with the mercury emission

line.
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Figure 3.5.: Chromatogram of dimethylmercury. Detection and back-
ground correction has been accomplished by a CCD spec-

trometer.

1.4 pg for mercury was obtained. Certainly one reason for this improve-
ment compared to the interference filter technique is the higher spectral
resolution, as less collected background emission leads to a better dif-
ferentiation of blank signal and analyte signal. Additionally elemental
emission intensities on different CCD pixels of the spectrometer can be
statistically weighted. This mathematical step increases the statisti-
cal significance of the emission intensities in the center of the emission
line by multiplication with normalized weighting factors (0.031, 0.237,
0.440, 0.260, 0.302). The result is a decreased statistical significance

of emissions at the borders of the line, which are strongly influenced by
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spectral background and noise. In contrast the intensities and thus the
significance in the center of the emission line is increased, resulting in
higher sensitivity.

Limits of a background correction with fixed background positions be-
comes obvious from figure 3.4 (Spectrum in light grey). It shows
the spectrum collected at the chromatographic peak maximum of an
unidentified carbon containing species. With an emission maximum of
253.7 nm this interfering emission is located very close to the mercury
emission line and therefore, effectively corrected by background subtrac-
tion is not possible. The influence of this interference on mercury is
low in terms of calculated selectivities (compare chapter 5.3.1). Fortu-
nately identification is easy by additional emission bands arising in the

spectrum specific for this interference.

Detection of Tin: In contrast to mercury with only one emission line
between 200 and 400 nm, tin provides numerous detection wavelengths
with usable sensitivity, available in this range as listed in table 3.1. As
already mentioned by other authors using MIP-OES, for detection of
tin, addition of hydrogen to the plasma gas is required. Added hy-
drogen is binding free oxygen as hydroxides and forces formation of
volatile hydride species, thus preventing oxide formation and increas-
ing tin emission intensity [46, 100, 149]. Hence, for selection of back-
ground wavelengths 0.5% hydrogen were added to the plasma gas flow
of 200 mL/min. The resulting spectrum is shown in figure 3.6. It is
obvious that emission intensities of all oxygen containing species have

been decreased compared to the spectrum of the pure helium plasma
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Figure 3.6.: Spectrum of the helium MIP (helium flow: 200 mL/min;
MW power: 65 W) with 0.5% hydrogen as dopant. The
spectrum was collected with an integration time of 40 ms

and a spectral resolution of 0.2 nm (FWHM).

(figure 3.1). The apparent increase in background intensities from fig-
ure 3.1 to figure 3.6 is a result of different integration times used for
spectra recording.

To generate tin signals, tetraethyltin (TTET) dissolved in methanol
(MeOH) with a final concentration of 100 pg/mL, was injected via the
GC. GC conditions are listed in table 3.3. Figure 3.7-3.9 illustrates the
observed tin emission lines resulting from 100 ng Sn (absolute) in the
spectral range suitable for the spectrometer. The background around

235.49 nm and 242.95 nm can be well interpolated by a 2" order poly-

42



3.1. Detection

spectrum
3000+ Sn peak
*  background pixel
—— 2" order polynomial function
---- blank spectrum N
S 2000+
S,
2
‘@
C
[4}
=
1000
T T T T
232 233 234 235 236
wavelength [nm]
spectrum
6000 Sn peak
*  background pixel
2" order polynomial function
__ 50004
]
5,
2
‘@
g
£ 4000
3000 T T 1
241 242 243 244

wavelength [nm]

Figure 3.7.: Optical helium MIP emission in the spectral range adjacent

to the tin emission lines at 235.49 nm and 242.95 nm.
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Figure 3.8.: Optical helium MIP emission in the spectral range adjacent

to the tin emission line at 270.65 nm.

nomial function as visualized in figure 3.7. For the spectral background
around 270.65 nm, a linear fitting is more suitable (R?: 1%t order poly-
nomial 0.989; 2" order polynomial 0.976). Tin emissions at 284.00 nm
and at 303.41 nm are interfered by OH emission bands as shown in
figure 3.9. A robust background correction is assured by usage of a 1%
order polynomial function for background calculation as shown in the
corresponding spectra.

Resulting chromatograms are depicted in figure 3.10. It can be seen
that peak intensities increase from 235.49 nm to 284.00 nm. Intensity
for tin at 303.41 nm is little lower compared to 284.00 nm. Peaks re-

sulting from plasma quenching during the solvent peak are observed on
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Figure 3.9.: Spectral range around tin emission lines at 284.00 nm and

303.41 nm.
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Table 3.3.: GC conditions used for injection of TTET (100 ug/mL in

MeOH).
GC Setting
Injection Vol. 1ul
Mode Split 10:1
Start Temp. 200 °C (1 min)
Ramp 12 °C/s
End Temp. 240 °C
Column Type HP-1
(30 m; 0.32 mm; 3.00 um)
Gas Helium
Flow 4 mL/min
Oven Isothermal 150 °C
Transferline Temp. 250 °C

all emission lines. Its degree will be discussed in chapter 5.3.1. Signal-
to-noise ratios have been used to evaluate performance of the different
tin detection wavelength. Results are listed in table 3.4. Though de-
tection wavelength at 284.00 nm and 303.41 nm are partly interfered
by molecular emissions of OH molecules, best signal-to-noise ratios are
observed. The reasons for this are the high intensity of these emission
lines and low fluctuation of the interfering OH bands, leading to a low-

noise background signal.
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Figure 3.10.: Element chromatograms of tetraethyl tin collected at dif-

ferent detection wavelength.

To improve certainty and sensitivity, summation of different detec-
tion wavelength for one element is proposed in literature [150]. The
idea of this approach is that random noise will be eliminated and the
element signal will increase. Thus, summation was applied for the chro-
matograms shown in figure 3.10. It is obvious that intensity of the
TTET peak increases by summation. The actually resulting signal-to-
noise ratio is just slightly higher compared to that from tin emission at
284.00 nm. Using summation, spectral background for every element
emission line need to be evaluated carefully to avoid analysis errors, as

interferences are also summed up.
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Figure 3.11.: Spectral background of appropriate carbon detection

wavelength.
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Table 3.4.: Comparison of signal-to-noise ratios for different tin emis-

sion wavelengths.

Wavelength | S/N Rel. Intensity
235.49 nm 2.290 0.087
242.95 nm 5.737 0.219
270.65 nm 11.004 0.420
284.00 nm | 26.205 1.000
303.41 nm | 23.186 0.885
sum signal 32.923 1.256

Detection of Carbon: To provide further information about alkyla-
tion of organometallic species or possible coelution of carbon containing
components, two detection wavelength for carbon were evaluated. Fig-
ure 3.11 shows the spectral range around carbon emission lines listed in
table 3.1. As C emission at 193.09 nm is not interfered by atomic or
molecular emissions a 1t order polynomial function is used to eliminate
plasma background radiation. Unfortunately line intensity is very low.
One possible reason is that the CCD in the spectrometer is not efficient
for detection of this short wavelength. Even further carbon excitation
in the MIP may be inefficient or the emitted radiation in the vacuum
UV range absorbed by air in the optical system. Nevertheless, a carbon
signal resulting from injection of 200 ng of TTET into the plasma can

be observed as shown in figure 3.12.
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In contrast to line intensity published in literature, in the used MIP
carbon emission provide higher intensity at 247.48 nm compared to
193.09 nm. In figure 3.11 a blank spectrum is compared with a spec-
trum collected at a carbon containing (4 ng abs.) chromatographic
peak. Challenging for detection at 247.9 nm is the interference of a
NO band with the band head located at the same wavelength. To
eliminate fluctuation of the NO background, interpolation of the NO
emission band with a 2" order polynomial function has been tried. By
this approach, low carbon emissions are not detected as long as emis-
sion intensities are of lower quantity than the NO emission band used
for background calculation. Nontheless this approach was found to be

suitable as shown in figure 3.12.

3.2. Cavities

As already described in chapter 2.1.2, the cavity of the plasma excitation
source provides formation of a stationary wave and focuses microwave
power in the discharge tube to sustain a stable plasma discharge. Two
types of microwave induced plasma sources were tested for detection of

the target compounds.

3.2.1. Setup

Rectangular Resonator: The first plasma source used is based on the
" Automated Speciation Analyser” (ASA) MIP developed by Rosenkranz

et al. [66,119]. As shown in figure 3.13 microwaves are generated in
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Figure 3.12.: Carbon chromatograms gained by injection of TTET
(100 ug/mL in MeOH) (4 ng carbon (abs)).
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Figure 3.13.: The ASA microwave-induced plasma source, consisting

of a rectangular resonator.

a common magnetron and coupled into a rectangular resonator, also
working as waveguide. The plasma is sustained in a helium flushed
ceramic discharge tube made of Al;O3. Due to the high temperature
resistance of the ceramic, no special external cooling is necessary. Easy
mounting of the discharge tube is provided by a graphite fitting. The
microwave energy is focused into the plasma, while unwanted microwave
modes are eliminated by partially shielding the discharge tube against
electromagnetic field with a copper tube. Thereby the plasma discharge
is limited to the unshielded region at the end of the discharge tube.

As reflected microwaves may travel back through the resonator, leading
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to detuning of the magnetron by destructive interferences, the original
plasma source described in literature, contained a circulator eliminating
these microwaves. The plasma can also be sustained without this com-
ponent so that it was removed from the setup to save its high costs.
Easy and fast maintenance is assured by a simple setup of the source.
Optical detection is performed axially by end on viewing the discharge
tube. The optic consists of two lenses focusing radiation on the detector
or a fiber optics, which guides the light to the used spectrometer.
Hyphenation to the GC is accomplished by a heated transfer-line. Thus,
the capillary column ends right in front of the plasma, assuring a com-

plete sample transfer without peak broadening caused by dead volumes.

Mini-MIP Source: A complete new microwave induced plasma source
for element selective detection in GC (named MiniMIP) was developed
by the INP Greifswald and the Neoplas GmbH Greifswald. In contrast to
the system mentioned before, microwaves are guided to the plasma via
a coaxial cable as shown in figure 3.14. By this, geometrical dimensions
of the cavity may become smaller compared to a rectangular waveguide.
To prevent microwaves reflected in the cavity from reentering and by this
detuning of the magnetron, a circulator is mounted between magnetron
and cavity. The plasma region is constructed similar to the source
described above. The plasma is also sustained in a ceramic (Al,O3)
discharge tube fixed axially in the resonator by a graphite fitting. To

focus the electric field on the end of the discharge tube, it is surrounded
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Figure 3.14.: MiniMIP microwave induced plasma source using a coax-

ial cable for microwave transport.

by a metallic cylinder. This cylinder and the inner diameter of the
discharge tube limit the plasma dimensions to 6 mm in axial and 1.5 mm
in radial direction.

For hyphenation with GC the plasma source is equipped with a heated
transfer line allowing positioning of the capillary column directly in front
of the plasma. Similar to the ASA source, the plasma gas is added at
the end of the transfer line so that a complete mixing with the GC
effluent is assured.

The optical system is mounted end-on so that the plasma is observed
axially. The transfer optics consists of a fused quartz glass lens (f =
30 mm) which focuses the radiation on a fiber optics (0.22 numerical
aperture). By this and usage of a coaxial cable, flexible positioning and

mounting of the detector at the GC system is possible.
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Table 3.5.: Comparison of the used plasma sources.

ASA Plasma MiniMIP (INP)
(no circulator)
Magnetron 30-200 W 20-100 W
Plasmagas He He, Ar
Gasflow 100-200 mL/min 100-300 mL/min
Dopant not provided Hz/02 <10 mL/min
Discharge tube Al>,O3 Al>,O3
d;=3.0 mm d;=3.0 mm
di=1.5 mm d;=1.5 mm
Hyphenation Transfer line Transfer line

3.2.2. Comparison and Evaluation

As shown in table 3.5, both cavities have been constructed for operation
at low microwave power (below 200 W). According to literature a low
solvent tolerance is expected [92-95]. Hence, high absorption of pro-
vided microwave power generated by the magnetron is advantageous.
Moreover, plasma power is a relevant parameter for the excitation of
analytes in the plasma and its stable maintenance by this for sensitive
detection [57,71,151].

Measurements of power absorption in both plasma sources were carried
out at the INP Greifswald. For this purpose, a directional coupler was
mounted between magnetron and waveguide or coaxial cable and cavity,

respectively. By this setup a separate measurement of forward power
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and reflected power was possible via the corresponding connection pin.
Thus, absorbed power could be calculated as difference of both values.
Results of these measurements are summarized in figure 3.15. While
absorbed power in the MiniMIP source is continuously increased with
increasing forward power, no trend in power absorption of the system
consisting of a rectangular resonator without a circulator is visible. This
should be attributed to detuning of the magnetron by the reflected mi-
crowave power or a destructive interference of forward and reflected
microwave. However, the problem can be related to the omitted circu-
lator in the ASA based plasma source.

Resulting from the low power absorption, the ASA plasma source is very
susceptible to high solvent load. The plasma is extinguished by injection
of more than 0.125 plL solvent. The MiniMIP can tolerate up to 1 pl
solvent and reignites spontaneously after being extinguished by higher
solvent load.

Beside stability, sensitivity of the system is an important criterion for
analytical applications. Before the detection limits for mercury could
be determined, plasma conditions of both excitation sources were opti-
mized by injection of DMM (50 ng/mL Hg) dissolved in methanol. GC
parameters were similar to those used for evaluation of the detectors op-
tic system and have already been listed in table 3.2. Microwave power
was adjusted to sustain a stable plasma discharge. Unfortunately for the
ASA plasma a stable plasma discharge was only possible at 35 W and

a helium gas flow rate of 150 mL/min. Above this power value strong
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noise resulting from high microwave energy reentering the magnetron
was observed. The MiniMIP source was operated with 60 W and a
helium gas flow rate of 200 mL/min.

Detection limits were calculated according to equation 3.3 on page 88.
For the rectangular resonator system an absolute detection limit of
0.3 pg according to mercury was achieved. By using the MiniMIP source
an absolute detection limit of 0.4 pg was gained. Therefore, similar de-
tection limits are provided. As the MiniMIP offers higher robustness it

was used for further development.

3.3. Durability of Ceramic Discharge Tubes

An important factor for routine application is the high stability of the
system assuring operation with a high uptime and calling for only lit-
tle maintenance efforts. At the beginning of the development process,
durability of the discharge tube was short, so that possible factors short-
ening the lifetime of the discharge tubes were evaluated to increase ap-
plicability of the detection system. To exclude material defects, unused
discharge tubes were analyzed by the neighboring analytical service com-
pany marcotech with a scanning electron microscope. Resulting pictures
are shown in figure 3.16. No cracks in the ceramic or other irregularities
were visible that could cause preterm destruction. Figure 3.17 illus-

trates damages at discharge tubes after application at different plasma
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Figure 3.16.: Scanning electron microscope pictures of an unused dis-
charge tube. No cracks or other material defects are

visible.
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Figure 3.17.: Discharge tube after operation with 5% of hydrogen as
dopant (helium: 200-300 mL/min; MW power: 65 W;
repeated solvent injection). The Material defects as con-
sequence of the operation under these conditions are vis-

ible with the naked eye.

conditions. Cracks in the ceramic and heavy erosion at the plasma po-
sition are visible. Correspondingly, operating conditions were evaluated

to extend the discharge tube’s lifetime.

3.3.1. Dopant Gas

High erosion of the discharge tube resulting from addition of hydrogen
as dopant gas was already described by Estes et al. [100]. As a remedy
against such erosion some authors recommended active cooling of the
discharge tube with water or other cooling fluids, leading to increase the
lifetime of the tube [71,72,94]. Unfortunately, a more complex setup is
necessary for external cooling, complicating tube exchange and main-
tenance. In order to enable a simple and fast maintenance, our new

detection system was constructed without requirements for cooling flu-
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ids. In order to prove the applicability of the new system, the influence
of dopant gases on the lifetime of the ceramic discharge tube was evalu-
ated. The erosion resulting from high amounts (5%) of hydrogen added
to the plasma gas is demonstrated in figure 3.17. Due to this erosion
the inner diameter at the plasma position is increased, and the residual
lower wall thickness is reducing the mechanical stability leading to a
reduced lifetime. Besner et al. also reported peak tailing phenomena as
a result of a changing flow pattern as consequence of this erosion [152].
Erosion was evaluated by plotting the lifetime of different discharge
tubes running under similar conditions versus the used amount of dopant
gas. Lifetimes less than 60 h are most frequently observed with hydrogen
amounts above 4%. No significant differences in lifetime of discharge
tubes used with pure helium plasmas and mixed gas plasmas with hy-
drogen concentration below 4% are observable. Hence, less than 4%

hydrogen does not lead to higher erosion and shortened durability.

3.3.2. Plasma Source

To improve discharge tube’s durability, minor changes of the plasma
source have also been tested. One approach was to change the dis-
tribution pattern of the electromagnetic field particularly in the region
of the discharge tube’s walls. Lower field strength in the region close
to the alumina walls should reduce heating of the wall. Therefore the
diameter of the borehole on the front side of the cavity was increased
from 3.3 mm to 3.7 mm. Hereby the microwave energy density at the

tube wall was diminished. The resulting lower heating of the tube was
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expected to lead to less erosion and longer discharge tube lifetime. Un-
fortunately only a few discharge tubes were running under same plasma
conditions with different front hole diameters. Hence, results are not
conclusive but a small improvement in durability of the ceramic tube

could be assumed.

3.3.3. Solvent Load

Camman et al. reported a dependency of ceramic discharge tube lifetime
from temperature shock resistance [151]. It is well known that high
amounts of organic compounds - for instance the solvent vapor during
a chromatographic solvent peak - may extinguish the plasma. As a
consequence of this, the plasma and also the discharge tube are strongly
cooled down. At reignition the resulting temperature shock caused by
rapid heating of the alumina tube by the plasma may lead to cracks in
the brittle material. In order to evaluate the plasma quenching effect of
different solvent loads, the operation of the system using either splitless
or split GC injection was further investigated. Certainly with discharge
tubes used under splitless injection conditions, shorter lifetime could be
observed compared to discharge tubes used in split injection mode.

The problem of low solvent tolerance is usually overcome by application
of solvent venting systems [83,92-95,151]. For this purpose a Single-
Column-Switching (SCS) System (GERSTEL) was installed behind the
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capillary separation column to assure complete sample injection into the
GC column. The applied system excludes possible mass discrimination
effects expected for solvent venting in the injection port. Now maximum

operation times above 600 h were gained.

3.4. Automation of the Detector

Nowadays automation is an important factor for application of labora-
tory systems as high sample throughput and high reproducibility can be
provided and unattended operation becomes possible. Hence, a com-
plete computer controlling of the new detection system was aspired.
Moreover, important parameters should be monitored to avoid dam-
age of system components and assure optimum analytical performance.
Therefore following parameters have been considered during the required

automation development:

e Controlling

Gas flows (plasma and dopant gases)

Ignition

Extinction

Shut-down in case of malfunction

Data acquisition parameters

Triggered measurements
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e Monitoring
— Microwave power
— Gas flows

— Plasma temperature

Microcontroller: To allow computer controlling of commercially avail-
able components not constructed for automation, a microcontroller was
used. Due to its easy application based on simple software control via
the implemented USB interface and the provided instrument library the
LabJack U12 controller available from Meilhaus (USA) was applied.

Digital Ports: The Labjack U12 provides 20 digital 1/O ports individ-
ual programmable as input or output channels. As digital signals are
represented by a sequence of discrete values, two states are possible for
these ports. True or false are represented by an electrical voltage set
either to 0 V or to +5 V. Therefore these ports are usable for switching

of components or accepting external trigger signals.

Analog Ports: In contrast to digital signals, analog signals can have any
values. The two analog output ports can be set to voltages between 0
and +5 V with a 10-bit resolution (1024 increments). Moreover, the
microcontroller provides eight analog input ports which are configurable
either as 8 single-ended ports with an input range of +10 V or four

differential ports with an input range of 20 V. The resolution of each

64



3.4. Automation of the Detector

input port is 12-bit (4096 increments). Thus, provided analog ports are
suitable for controlling and precise readout of voltages fed to compo-

nents.

3.4.1. Controlling

Gas flows: Plasma conditions and the resulting analyte excitation is
strongly depending on plasma gas flow and its composition. Therefore,
automatic controlling of various components is essential to provide sen-
sitive and reproducible detection system operation. While total plasma
gas flow is affecting the residence time of analyte components in the
plasma, dopant gases like hydrogen and oxygen are often applied to im-
prove excitation conditions for various elements [50,149,152]. Chemical
interferences like the formation of high melting oxides can be avoided by
transformation to volatile hydride species. As a consequence high blank
values and bad sensitivities resulting from the inefficient excitation can
be reduced [149]. In contrast oxygen is usually applied to minimize
deposition of elementary carbon. It may reflect microwave energy and
thus leads to an unstable plasma discharge. However the low gas flow
rates are to be controlled precisely.

Therefore, digital mass flow controllers ( Bronkhorst HIGH-TECH) were
used to control the plasma and dopant gas flow rates. The controllers for
hydrogen and oxygen have been calibrated for the gas flow range from

0 to 10 mL/min, whereas the helium mass flow controller provides gas
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Figure 3.18.: Circuit diagram for computer controlled ignition of the

plasma.

flows up to 300 mL/min. The used mass flow controllers were equipped
with RS-232 interfaces allowing for simple computer controlling via the

delivered instrument libraries.

Ignition: In a cold helium gas stream the amount of free charge car-
riers is too low for self ignition of the plasma. In consequence the
essential charges for plasma ignition at a given electromagnetic field
strength need to be formed by an electrical spark. Such ignition spark
was generated by a commercial available 5 kV high-voltage-module (Hi-
volt G50R; output: 0-5 kV, 0.3 mA). Time period of the ignition spark
is controlled via the developed software, as discussed in chapter 3.6.
The circuit diagram is shown in figure 3.18. As depicted switching of
the 15 V power supply for the high-voltage-module is achieved by a

simple relay circuit via an 1/O port of the microcontroller.

66



3.4. Automation of the Detector
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Figure 3.19.: Circuit diagram for triggered measurements.

Shut-down in Case of Malfunction: Extinction of the plasma by
switching-off the magnetron in case of a malfunction is accomplished by
controlling the supply-voltage of the magnetron via a solid-state-relay.
In contrast to electromagnetic relays these devices work similar to a
transistor without moving components and can be directly controlled via
an 1/0 output port of the used microcontroller. This approach allows for
software controlling even if the power-supply feeding the magnetron does
not provide an adequate software communication interface. Monitored
parameters used for the detection of an instrumental malfunction are

the reflected power and the light intensity of the plasma.

Triggered Measurement: For reproducible retention times and appli-
cability for long sample sequences, automated start of the measurement
is essential. An appropriate output at the used Agilent GC-system is the
"Event” port for controlling external devices as it includes two passive

contact closures. Connection to this port offers an easy opportunity to
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detect this remote start signal via an |/O-port of the microcontroller.
The circuit diagram is demonstrated in figure 3.19. As shown, defined
true/false states are assured by applying +5 V DC and a pull-down

resistor, providing 0 V as false state.

Detection Parameters: Beside plasma conditions important detec-
tion parameters in OES are related to the detection system. Detection
is accomplished by a commercial available CCD spectrometer which is
software controlled via its USB connection to the system computer. All
relevant parameters like exposure time and internal spectrum averaging
are directly adjustable by use of the corresponding instrument library,

providing these parameters.

3.4.2. Monitoring

Power: Microwave forward power and the amount of energy reflected
by the plasma source are essential information to assess plasma proper-
ties and identify eventual problems. Therefore, these values should be
monitored during application of the plasma source. The circulator used
to prevent reflected microwave energy from re-entering the magnetron
provides two electrical contacts for monitoring of both forward and re-
flected microwave energy. A rectifier-diode converts microwave power
to an electrical voltage that is proportional to the microwave energy ap-

plied. This resulting voltage is measured with the analog-input port of
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Figure 3.20.: Circuit diagram for monitoring of forward- and reflected

microwave power.

the used microcontroller. Subsequently microwave power is calculated
with an appropriate polynomial calibration function, which is unique for

every rectifier-diode. The electric circuit is summarized in figure 3.20.

Gas Flows: In contrast to most other components used for the plasma
detector, the utilized digital-mass-flow-controllers provide a RS-232 in-
terface. Hence, direct connection with the computer allows continuous
read out of current gas flows by use of the corresponding instrument

library.

Temperature: As mentioned in chapter 2.1.1 plasma temperatures
are usually calculated from the emitted spectrum using the Boltzmann
equation. In order to measure the spectral features such as line intensi-
ties, high resolving monochromators are necessary. Due to the fact that

the small CCD spectrometer used in the developed system provides only
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Figure 3.21.: Simulation of the appearance of the N> emission at

391.4 nm including vibrational levels.

limited resolution, common methods used for temperature calculation
are not suitable. Thus, for a rough online temperature estimation a new
approach is required.

In chapter 2.1.1 different temperatures defined according to local-ther-
mal-equilibria (LTE) have been discussed. As mentioned the rotational
temperature in a plasma is often calculated via N> emission bands and
approximates the kinetic gas temperature. Therefore, the behavior of
the No* emission band at 391.4 nm in dependence of changing gas
temperatures has been simulated with the free software spectroscopy
tool LifBase 2.1. The results are shown in figure 3.21. In contrast to

the band head, that does not change significantly, the flank resulting
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from rotational levels increases with higher gas temperature (see fig-
ure 3.21). This predictable, temperature dependant behavior was uti-
lized for a rough temperature estimation by measuring the ratio of two
integrals at different positions of the band. Due to the background radi-
ation in the observed plasma, moreover a spectral region for background
measurement has been defined and the average value was subtracted
from all data points inside the integrals. The integrals of the spectral
ranges highlighted in figure 3.21 and resulting integral-ratios are listed
in table 3.6. As expected the ratios are increasing with temperature.
Thus, a polynomial fit allows to calibrate the correlation between mod-
elled temperature and integrals from the emission band. According to
this, the temperature inside the plasma can be calculated using equa-
tion 3.1. Due to the used molecular band, the resulting temperature

can be interpreted as rotational temperature.

T = 30357.2- 7% — 12834.5 - % + 6070.1 -  + 436.9
,_ Int(4) G
Int.(B)

The approach was tested by means of a spectrum collected from the
new plasma source. High accordance of the simulated spectra shown
in figure 3.21 and the sampled spectrum is apparent from figure 3.22.
The resulting ratio of 0.3328 correlates with a rotational temperature
about 2200 K. This value is in good agreement with results gained with

common methods described in chapter 5.2.
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Table 3.6.: Integrals of two regions of the N> emission band used for

a rough estimation of the rotational plasma temperature.

Temperature | Int.(A) Int.(B) | Int.(A)/Int.(B)
1000 K 5.293 47.14 0.1123
1400 K 18.67 91.28 0.2046
1800 K 38.48 137.4 0.2801
2200 K 62.18 183.6 0.3387
2600 K 88.32 229.5 0.3849
3000 K 115.9 247.4 0.4224
65000 He N; Band part A
N; Band part B
52000 Background
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Figure 3.22.: Spectrum of the new MIP source. The highlighted inte-
grals (Int.(A)=2500.45) and Int.(B)=7513.14 were used

for temperature calculation.
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3.5. Final Setup

The final setup is summarized in figure 3.23. The gas chromatographic
system consists of a Hewlett-Packard GC (HP 6890) equipped with a
programmable temperature vaporization (PTV) inlet (GERSTEL CIS
4) and a multipurpose autosampler (GERSTEL MPS2). To protect the
plasma against high solvent load, a Single Column Switching System
(GERSTEL SCS) was used. It was installed between the capillary col-

umn and the transfer line and offered the opportunity of venting the
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solvent peak. The GC was controlled with the GC ChemStation (Rev.
B.02.01-SP1 [260]). All GERSTEL components were controlled via the
GERSTEL Maestro Software (Version 1.4.8.4).

To fulfill the demand of complete automation the developed detection
system is linked with the used GC components via the computer. There-
fore it was necessary to develop a homemade software to allow an easy
and user-friendly application of the detector, fully controlling the op-
tions provided by the technical setup. Different tools to control plasma
and data acquisition parameters, monitoring system performance and

data evaluation were necessary.
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3.6. Software

Development of the software was performed with the graphical program-
ming environment LabVIEW 2009 from National Instruments. As many
functions are predefined, the corresponding commands are easy avail-

able even for untrained users.

A flowchart of the complete software is prompted in figure 3.24. As
shown, at software start, the spectrometer is initialized by loading the
corresponding instrumental library and the related calibration file. In
addition, the plasma power supply is switched on. The main program is
organized in two parallel "while loops” being executed repeatedly until
a boolean statement is set true. The first loop is responsible for syn-
chronization with the gas chromatographic system. It waits for trigger
signals and transfers these to the second loop. The second loop con-
tains the whole code for controlling, monitoring, data acquisition and
data evaluation. This separation of synchronization and main processes
assures that all trigger signals coming from the chromatographic sys-
tem are recognized. A trigger signal starts the acquisition loop, which
collects data for a defined period. Its structure will be discussed in sec-
tion 3.6.2. As it is running in the main loop, neither data evaluation
nor controlling or monitoring of the system is possible during data ac-
quisition. Hence, the complete processor capacity of the PC is available
for the acquisition process, assuring a high and particular constant data
acquisition rate. After measurement has finished the main program loop

continues.
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Figure 3.24.: Flowchart of the purpose made software.
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The following sections will deal with the above mentioned functions of
the software. Herein the graphical user interface (GUI) and the corre-

sponding program code will be explained in detail.

3.6.1. Controlling and Monitoring

For a better structure of the GUI, the different functions of the software
are organized in sub-panels. The control panel is shown in figure 3.25.
Selected wavelengths are global parameters as they are necessary for
data acquisition as well as for data evaluation. So the selection panel
is located on the left side of the GUI. In consequence it is available in
all selected function panels. In the upper region of the control panel
a schematic setup of the detector is shown. Numerical values like gas
flows and acquisition time are directly typed into the corresponding in-
put boxes. The returned gas flow values are visualized via different
sliders representing the different gases. To avoid an over saturation of
all relevant detection wavelengths, the exposure time is completely con-
trolled and adjusted by the system software.

To change the plasma and data acquisition conditions while processing
a sample batch, above mentioned parameters may also be automatically
set. Therefore it is necessary to load a sequence file, which contains the
corresponding directory of the method files. Sequence files as well as
method files are ASCII CSV files containing relevant parameters in a
predefined order.

For igniting the helium plasma, first maximum plasma gas flow (He:

300 mL/min) is initiated and the system is flushed for 30 s. Sub-
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Figure 3.25.: Graphical user interface for controlling and monitoring

the plasma parameters.

sequently the high voltage module is energized for 0.5 s so that the
resulting spark ignites the plasma discharge. To assure equilibration of
the plasma and avoid thermal shocks to the discharge tube, the system
retains for 30 s with maximum gas flow before setting those gas flow
value that shall be used during detection mode.

Strong heating of the cavity would lead to distortion and thus damaging
of the plasma source. Therefore the magnetron needs to be switched-
off at unexpected plasma extinction. Hence, forward and reflected mi-
crowaves power is monitored as described in chapter 3.4.2. Power values

are obtained by a calibration function individually calculated for the used
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rectifier-diode. Under normal operation conditions maximum 20% of the
microwave's power is reflected in the plasma source. An extinguished
or wrongly running plasma is easy detectable via the ratio of forward
and reflected power. The software automatically stops the power sup-
ply of the magnetron in case of an unexpected increase of the reflected

microwaves power above a level of 60%.

3.6.2. Data Acquisition

All relevant data acquisition parameters are set in the related control
panel. Thus, the acquisition GUI just offers online observation of the
collected data. As already shown in figure 3.24, data acquisition is
organized in a separate "while loop” so that plasma and spectrometer
parameters once transferred to this loop at its initiation are fixed during
the acquisition process. Acquisition time is read-out within this loop
in every cycle so that the time may be changed during the acquisition
process.

As shown in figure 3.26 the collected spectrum is always processed in

different ways:

e Optionally it is saved in an array to enable evaluation of the per-
formed background correction and recalculate a background cor-

rected chromatogram, after data acquisition is finished.

e To adjust the exposure time, the intensities of the selected detec-

tion wavelength are investigated. Correct adjustment is assured by
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calculating the ratio of maximum permitted intensity and sampled
intensity. Multiplication of the used exposure time with this ratio

leads to the exposure time set for the next collected spectrum.

e For generation of an online chromatogram, the spectrum first need
to be normalized according the used exposure time. Necessity can
be explained from the changing absolute intensities in the spec-
trum, when the exposure time is automatically adjusted to avoid
over saturation. After normalization, the background correction
is performed as described in chapter 3.1.2. To allow a direct plot-
ting of the chromatogram, a time stamp is added to each element
specific intensity value and those data stored in an array. The
element specific online chromatogram is obtained by plotting this

array.

A recalculation of the element chromatograms during data evaluation
requires a normalization of the raw spectra according to the used expo-
sure times. Therefore all exposure times are linked with specific time
stamps and written to a separate array.

After acquisition is finished, plasma- and sampling parameters are added
to the online chromatogram- and the exposure time array for documen-
tation. The structure of the resulting files is visualized in figure 3.27.
According to further processing, the three arrays are saved to the hard
disk in different data formats. The background corrected chromatogram
file is saved as ASCII-txt-file, a format that can be opened in various
software applications providing a flexible data evaluation. The expo-

sure time array and the spectra array are stored as binary files in order
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Figure 3.27.: Structure of the different files saved after data acquisi-

tion.

to assure a fast storage with minimum memory requirement. Never-
theless, this file occupies quiet significant storage space on hard disk
drive. To reduce the required space on hard disk, it is possible to save
just the chromatogram file. In turn, the opportunity of chromatogram

recalculation or evaluation of the spectral background is lost.

3.6.3. Post Data Evaluation

Another important step is the evaluation of the collected data. To sim-
plify this step, the software contains different tools for a fast and easy
data handling. The responsible GUI is shown in figure 3.28. The dif-
ferent provided functions " Background Correction”, " Signal to Noise”,
"Limit of Detection” and "Integration” are organized in different sub-
panels. In the upper region, the software offers a data explorer which

is independent from the chosen data processing tool. Thus, data are
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Figure 3.28.: Graphical user interface to evaluate the spectral back-

ground and the applied background correction method.

loaded by selecting the corresponding file-name. Supported file for-
mats are the above mentioned sampled chromatogram txt-files and the
spectra-files. Moreover, the software is able to load previously exported
ICP-MS data stored in CSV-format (e.g. such as the data storage pro-
vided by Agilent ChemStation). In this context, signal-to-noise investi-
gation, calculation of the detection limit and peak integration are appli-

cable for any kind of chromatographic data stored in txt- or CSV-fromat.

Chromatogram txt-files: As visualized in figure 3.27, the chroma-

torgam txt-files are small and just contain the sampled element chro-
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matograms making the loading process fast. To evaluate the spectral
background the corresponding spectra-file can be loaded. Due to their
higher memory requirements, the loading process is slower. As the
background correction is not reprocessed during loading these files, only
wavelengths observed during data acquisition are available. According
to its properties, this data format is best for evaluation of great sample

batches in routine analysis.

Spectra spec-file: All spectral information are stored in the spec-
tra spec-files making a new background correction and calculation of
elemental chromatograms necessary. This step requires high proces-
sor capacity, slowing the loading process. In turn, information about
spectral background and the performed correction are directly available.
Moreover, it is possible to analyze elements, not previously selected for
data acquisition but perhaps becoming interesting afterwards. Hence,
this data type is optimum for method development and a small number

of unknown samples.

ICP-MS CSV file: Due to the lack of available software solutions for
evaluation of GC-ICP-MS data, the opportunity to load these data was
implemented in the developed software. Beforehand it is necessary to
export the ICP-MS data to CSV-files. The ChemStation software saves
the exported CSV-files in the corresponding sample folder. As these files
may contain various chromatograms of different isotopes, it is necessary

to select the related column to be loaded. For a simple drift correc-
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tion, the opportunity to calculate the ratio of two ion chromatograms
is implemented. The data evaluation routine offers a simple internal

standard drift correction of the ion-chromatogram.

Background Correction: Evaluation of the spectral background can
only be done in post-run data evaluation, after loading the correspond-
ing spectra spec-file. The sub-panel to evaluate the spectral background
contains three charts (see figure 3.28). The one in top left displays the
selected element chromatogram. Using the cursor, the operator can
select the spectrum corresponding to the chromatographic data point.
The selected spectrum is displayed in the lower section of the sub-panel,
showing the whole sampled spectrum and thus giving an overview of
possible interfering molecular bands or other interfering emissions from
the plasma source. The chart on the right hand side shows the spec-
tral range around the observed elemental wavelength. Moreover, data
points used for background correction are highlighted and the resulting
polynomial function for background calculation is plotted. Therefore,
a simple evaluation of the applied background correction by visual in-
spection is possible. In addition to that the software calculates the gas
temperature of the plasma, according to the method described in sec-
tion 3.4.2..

For a fast comparison of different samples it is possible to store the cur-
rently loaded chromatogram internally and overlay it with a second, new
loaded one. This overlay function is suitable for a rough estimation of
peak heights for example to assess reproducibility of sample preparation

or the chromatographic system.
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As shown in figure 3.29 in the lower section of the sub-panels for signal-
to-noise ratio estimation, calculation of the detection limit and peak
integration, a table appears. All results of the aforementioned functions
are represented in this table including information about used detection
wavelength, retention time and used evaluation tool. These results can
be exported as tab separated CSV-file for further data processing. De-
spite the performed spectral background correction, the position of the
chromatographic baseline may be different from zero, so that it has to
be subtracted prior to further data evaluation. The software provides
two methods for chromatographic baseline subtraction. In most cases it
is suitable to use the median of the chromatogram as baseline. In case of
high peak loaded chromatograms, in worst case additionally with strong
tailing, this approach is not sufficient. Therefore, the baseline needs to
be calculated for every single peak on the basis of the selected peak
limits previously defined by the user.

For routine analysis with great sample numbers a batch processing op-
tion is included.All files within the batch are automatically loaded in the
order displayed in the explorer and the results of the selected evaluation

tool are stored to the results table.

86



3.6. Software

mI Messung  Methode | Oniine Signal | Analyse | Auswertung
Anwender Verzeichnis
& Anwender i n20e0
Verstrichene Zet (5 Daten Methodenzeien v
o 120620, RHig ementelzte o] (1L | Elementspuren | spee s () MethodenTyp  Mitel Gasfluss Power
Temperatur (K] vyt Unterge. Tt ab20.m] 2 J0 o 5w
b I — MaBd kM %0: et
by Jao e o oy w
Koniguation | :
Wellenlinaen
Untergrund | SN R e —
1 sesee e
Srera ey =
SERE
Gauss 11
Gauss 13
i Gousz15
(12536 nm Gauss17
Gausz19
G Gauss 2L
2614 nm Gauss 23
= Gouss 25
Gl Gauss 27
- Gausz29
Gauss 31
2550m Gouss 33
Ja300m ! i Gauss 35
R
b et Gauss 39
239mm z - P— F
W 52536 om [ fohdoen [T RS |
Pb 2614 nm Gaussfiter
e vb 2833 nm
e Datei $n235.5 nm Element Retentionszeit | Reflected | raebnis R |
Sn 2k I Softwaregrenzen Grenzbed
2790m 502007 om i o ‘
502839 nm
o = e
[ P00 1531 nm I Batch nde
o s I i ey
Egerchatukoo = i § et [W(isbeejccen]

o N

Figure 3.29.: GUI for estimation of the signal to noise ration of a chro-

matographic peak.

Signal-to-Noise Ratio: The signal-to-noise ratio of a chromatographic
peak is usually calculated according to equation 3.2, where H is the peak
height considering the chromatographic baseline and h,, is the greatest
fluctuation in a period of five times the full width at half maximum

(FWHM) of the peak.
Signal _ 2H

Noise  hy,

To simplify signal-to-noise ratio determination for the user, required

(32)

input parameters to be entered were minimized during software devel-
opment. After setting background and peak position, the software auto-

matically identifies the peak maximum and calculates the FWHM. Sig-
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nal-to-noise ratios are displayed in the results table. To gain meaningful
results, it is necessary to check that range of retention time defined as
instrumental blank is free of chromatographic signals.

To enhance the visual inspection possibility of the user, different graph-
ical representation forms of the chromatogram can be selected. Details

will be discussed in the section " Display options” on page 90.

Limit of Detection: The sub-panel for calculation of the limit of de-
tection from a chromatographic peak, offers two options to define the
peak window limits. The first one is an automatic selection of the
peak window limits by the software. For this purpose, the algorithm
developed to find the FWHM was extended to find position with lower
percentage intensities of the peaks maximum. Provided are values of
10%, 20%, 25% and 50%, so that even window limits for not com-
pletely separated peaks can be located by the software. The advantage
of software calculated peak window limits is the higher reproducibility.
Moreover, even in presence of small variations in retention time, peak
window limits do not have to be readjusted by the user. Thus, batch
processing becomes possible. Alternatively, peak window limits may be
defined by the user, an option that may be advantageous in case of
poorly separated, strongly tailing peaks.

The limit of detection is calculated from the peak area according to

equation 3.3 [153,154].

I(pL)y = 0" 0 (33)
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Thus, the detection limit (xpL)) depends on the standard deviation of
a blank (SDplank), the sensitivity b (slope of the calibration curve) and
the uncertainty factor o (usually ¢ = 3). To enable the calculation of
blank’s standard deviation the software sets the range of the blank 10
times longer than the corresponding signal peak. In this region, 10 inte-
grations are performed and SDyjank is calculated from the resulting area
values. Sensitivity is estimated by a linear fit of the blank’'s mean area
and the peak area for a given analyte amount. The result is displayed
in the results table. As already described for the signal-to-noise ratio
calculation sub-panel, the chromatogram can be represented in differ-
ent forms to improve visual inspection of the chromatogram (compare

page 90).

Peak Integration: Certainly, evaluation of the peak areas is the most
important step in chromatographic data analysis. Therefore, the soft-
ware solution provides a powerful tool for peak integration. Most of the
features like automated selection of peak window limits in a predefined
range, auto-selection of the chromatographic baseline, batch-processing
and the choice of different chromatogram representations have already
been discussed in previous sections. Additionally, the integration tool
supports up to 20 different regions for automated peak search and sub-
sequent integration. In case of a baseline changing over retention time,
the baseline can be defined separately for each peak search section. As

the integration process is completely automated, the software is suitable
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for the evaluation of chromatograms with a high amount of different an-
alyte signals and a great number of sampled data in a short time by just

one click.

Display options: To improve the signal-to-noise ratio after data ac-
quisition, different approaches for noise reduction are possible. The
simplest method is use of the moving average to smooth the noisy
data. As an unweighted averaging of the data points along the time
axis is performed, the desired noise reduction is achieved in connec-
tion with an undesired signal intensity reduction and the broadening
of the chromatographic peak. Better results are obtained by applying
improved methods using convolution with filter functions. The basic
concept of filter functions is the reduction of high frequency information
characterizing the noise, though essential information located in lower
frequencies is kept. Most often used are Gaussian functions or Fourier
transformation [155-159]. As already mentioned before, smoothing of
chromatographic data is extremely simplified in the software. So Gaus-
sian functions with different widths are selectable to allow convolution
with raw chromatograms. The general function used for generation of

these Gaussian functions is summed up in equation 3.4.

o) —e <%> (3.4)

In this context ¢(n) is the density function. N represents the width
of the Gaussian curve, while « is a value inversely proportional to the

mathematical standard deviation of the Gaussian curve. In figure 3.30
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Figure 3.30.: Influence of different smoothing approaches and filter

width on the shape of the chromatogram.

one chromatogram of dibutylmercury smoothed with different moving
average width as well as Gaussian functions is shown. The improvement
of the signal-to-noise ratio is obvious for the moving average and the
Gaussian filter function. Moreover, peak broadening is negligible for
both tested methods and applied width. To investigate the enhance-
ment of the limit of detection by smoothing, signal-to-noise ratios for
different width of the Gaussian function and moving average length were
calculated. Results are shown in figure 3.31. As shown in figure 3.31,
signal-to-noise ratio improvement for an optimized moving average is
about 5.7 while an optimized Gaussian filter allows an improvement

about 7.4. The found optimal Gaussian filter width in this case is 35
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signal-to-noise ratio

signal-to-noise ratio

Figure 3.31.:
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points correlating with a half width of 17 points. This filter length fits
well to the detected chromatic peak width. According to this observa-
tion, highest signal-to-noise ratio values could be expected when using
the Gaussian filter with a filter length corresponding to the chromato-
graphic peak width. This result is slightly differing from those reported
for the application of Fourier transformation as filter function, for which
different authors observed optimum performance when filter's FWHM
was about 60% of FWHM of the chromatographic peak [158,159]. Any-
how, to obtain best sensitivities filter width has to be adjusted according
to peak width. Thus, optimum sensitivities for all chromatographic peak
can only be ensured by selection of the filter's width according to the

observed chromatographic peak width.

k
Intgy = > _ Int, (3.5)
n=1

Int,, represents the intensity while k and n are enumerators.

The visualization of the smallest peaks requires a completely different
data handling. A plot of the cumulated intensities, calculated according
to equation 3.5, results in a rising or falling function, if the chromato-
graphic baseline is unequal to zero. This fact is also observable in
figure 3.32 (data in light blue). The algebraic sign of the slope is de-
pending on the absolute value of the chromatographic’s baseline. By
subtracting the median calculated from the raw data the slope of the
cumulated sum is almost zeroed. Hence, chromatographic peaks are

appearing as well defined steps in the chart (compare figure 3.32 dark
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Figure 3.32.: Comparison of a chromatogram in conventional shape

and the cumulated representation.

blue). A comparison of the plotted cumulative sum with a smoothed
chromatogram (dark blue dash dots) illustrates the power of this way

of data presentation.
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As already mentioned in former chapters, low detection limits and high
reproducibility are only achievable by optimization of instrumental pa-
rameters. As cavity and discharge tube dimensions as well as spectral
resolution of the optical system are given by the used technical setup,
only some plasma parameters are available for adjustment. Especially for
multi element detection knowledge of optimum gas flows, dopant gases
and applied microwave power is essential for achieving highest analytical
performance. With respect to detection, the observation position within
the plasma is important as different elements may be excited in differ-
ent plasma regions [74, 83,100, 160, 161]. For system optimization, all
mentioned parameters have been optimized with respect to best signal-
to-noise ratios using a response surface mapping method changing one

parameter at time.

4.1. Gas Flows

First the influence of changing plasma gas flows on signal-to-noise ratios

was investigated. As residence time of element atoms in the plasma is
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Table 4.1.: Instrument parameters for optimization purpose.

GC Setting
Injection Vol. 1ul
Mode Split 10:1
Start Temp. 145 °C (0.2 min)
Ramp 12 °C/s
End Temp. 240 °C (8.0 min)
Column Type HP-1
(30 m; 0.32 mm; 3.00 um)
Gas Helium
Press. const. 162.9 kPa
Oven Isotherm 160 °C (15 min)
SCS Cut ON at 1.0 min (25 kPa)
Cut OFF at 2.0 min
Transferline Temp. 200 °C

depending on the velocity of the plasma gas inside the discharge tube,
high gas flows may cause less efficient excitation than possible. More-
over, high gas flows reduce gas and discharge tube temperatures com-
promising atomization and excitation efficiency. Both effects are reduc-
ing intensities and detection power [71,100,160]. Reducing the plasma
gas flow is resulting in higher residence time and higher temperature
inside the plasma. Hence, higher intensities are expected. Unfortu-

nately, increased plasma temperature is resulting in higher erosion of

96



4.1. Gas Flows

the discharge tube, leading to reduced lifetime and increased spectral
background. Moreover, higher temperatures enhance ionization rates of
the analytes in the plasma and therefore decreases intensity of atomic
emission lines.

To change plasma characteristics, small amounts of different dopant
gases can be added to the plasma gas. As already mentioned, the
element tin tends to form high melting oxides that cannot easily be dis-
sociated by low power plasmas and therefore, is not available for atomic
emission. Since such high melting compounds accumulate in the dis-
charge tube, not only sensitivity is decreased but also peak tailing and
subsequent memory effects can be observed. To overcome these prob-
lems, hydrogen is commonly added to the plasma gas to generate volatile
hydride species and bind free oxygen as hydroxide [100, 149, 152, 162].

Beside possible positive effects the most severe disadvantage of the ad-
dition of hydrogen is an increased deposition of elemental carbon in the
discharge tube resulting from the reducing environment. As result of
deposition within the discharge tube, peak tailing has been observed.
Moreover, elemental carbon reflects microwave energy, and thus reduces
the power transfer into the plasma. The result is a signal drift during
long term measurements. To reduce this effect often addition of oxygen
to the plasma gas is proposed [46,57,97,149,152].

In the first optimization step, the influence of total gas flow and the
amount of hydrogen on the detection performance were investigated.
For this purpose, microwave power was adjusted to 95 W and the total

gas flow was varied in a range from 300 to 100 mL/min with decre-
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Figure 4.1.: Image of the signal-to-noise ratio dependency for Hg de-

tection from the plasma gas flow and its hydrogen content.

ments of -20 mL/min. The hydrogen amount was altered from 2.0% to
0.0% with decrements of -0.5%. To investigate multielement capability
of the mixed gas plasma the effects on mercury and tin detection were

evaluated, respectively.

Mercury: Mercury signals were generated by repeated GC injection of
DBM (10 pg/mL calculated as Hg) dissolved in methanol. Relevant GC
parameters are listed in table 4.1. Results are summarized in figure 4.1.

It is obvious that the signal-to-noise ratio for mercury is strongly de-
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creased by addition of hydrogen. Best sensitivities are gained at a total
gas flow between 180 and 240 mL/min. As expected, low gas flows are
beneficial to gain high signal-to-noise ratios.

Due to the fact that hydrogen has shown no positive effect on mercury
detection, the influence of added oxygen was investigated in the next
step. Total gas flow was changed in established manner in the range
between 300 and 100 mL/min with decrements of -20 mL/min. The
amount of oxygen was changed between 2.0 and 0.0% with decrements
of 0.5%. The resulting signal-to-noise ratio map is shown in figure 4.2.
Accordingly, signal-to-noise ratio is strongly decreased with increasing
oxygen amounts as it has been observed in experiments performed with
hydrogen. Thus, it could be assumed, that addition of molecular gases
lowers sensitivity of mercury detection for the used system. Background
band emission intensities are reduced with added dopant gases. So an in-
complete excitation could be assumed due to fact that additional break-
ing processes of molecule bond are absorbing plasma energy. Moreover,
molecular species tend to absorb a lot of microwave energy by excitation

of vibrational modes [163].

Tin: To generate a tin signal, TTET (100 pg/mL calculated as Sn)
dissolved in methanol was repeatedly injected into the plasma via the
GC. Parameters are equal to those used for mercury optimization and
are summarized in table 4.1. The resulting signal-to-noise ratio maps for
the most suitable tin detection wavelenghts 270.65 nm and 284.00 nm
are shown in figure 4.3. The positive effect of added hydrogen on tin

sensitivity is obvious. Remarkable is the local maximum at a total gas
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Figure 4.2.: Influence of added oxygen in the plasma gas on the signal-

to-noise ratio of mercury.

flow of 160 mL/min and a hydrogen amount of 1%. Hence, for sensitive
detection of tin, gas flows need to be accurately fixed at these values.
As these plasma conditions promote deposition of carbon in the dis-
charge tube the effect of additional oxygen to the plasma gas was eval-
uated. For this purpose an additional oxygen amount between 0.0%
and 2.0% was applied with 0.5% decrements. The total gas flow of he-
lium and hydrogen were adjusted to their optimum values 160 mL/min
and 1.0%, respectively. Subsequently the signal-to-noise ratios of two
tin emission lines were analyzed. Results are shown in figure 4.4 and
illustrate the negative influence of added oxygen. Obviously the addi-

tion of oxygen undoes the positive effect of hydrogen on tin detection.
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Figure 4.3.: Signal-to-noise ratio dependency on helium plasma gas

flow and hydrogen content of the plasma gas.
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Figure 4.4.: Influence of added oxygen on the signal-to-noise ratio of

tin emission.

Therefore, optimum gas flow rates for tin detection are a plasma gas
flow rate of 160 mL/min with 1% of hydrogen added. The addition of

oxygen should be avoided.

4.2. Plasma Power

Another important parameter affecting the sensitivity is the applied mi-
crowave power. It can be assumed that increased power results in in-
creased emission intensities. However, the spectral background radia-
tion is also increased partly resulting from the material eroded from the

discharge tube. Moreover, at high power levels ionization may occur

102



4.2. Plasma Power

reducing the population of atomic levels and therefore the intensity of
atomic emission lines. Accordingly, the influence of the applied power
on the response of the MIP-OES system is complex and need to be

optimized [56,70,71,73,100].

Mercury: To find possible interrelation-ships between the applied mi-
crowave power, the composition or flow of the plasma gas and the
signal-to-noise ratio, all parameters have been evaluated in one response
surface mapping experiment. Therefore, the plasma gas flow was suc-
cessively adjusted between 300 and 150 mL/min with decrements of
50 mL/min whereas the hydrogen amount was adjusted from 1.5% to
0.0% with decrements of 0.5% respectively. The lower gas flow rate
limit was set to 150 mL/min as high thermal stress of the source was
assumed at lower gas flow levels in combination with high microwave
power levels. Parallely, the microwave forward power was varied between
60 W and 96 W with increments of 12 W. As before the mercury signal
was generated by repeated GC injection of DBM (10 pg/mL as Hg)
dissolved in methanol. Relevant GC parameters are listed in table 4.1.
By this, the signal behavior at different gas flows and gas composi-
tions was proved. Observed signal-to-noise ratios for mercury increases
with the applied microwave power. According to optimized parameters
mentioned above, best detection limits for mercury were obtained at
low gas flows without dopant gases at maximum microwave power (He

160 mL/min; P >96 W).
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Tin: Simultaneous to the optimization of the applied power for mer-
cury, the influence on tin detection was investigated. As already men-
tioned for mercury, the plasma gas flow was varied from 300 mL/min to
150 mL/min with decrements of -50 mL/min. As already mentioned,
the lower gas flow rate limit was set to 150 mL/min to avoid thermal
stress to the source at lower gas flow rates with high microwave power
levels. Simultaneously the hydrogen amount was adjusted from 1.5% to
0.0% with decrements of -0.5%. Investigated power levels were 60 W,
72 W, 84 W and 96 W. The signal-to-noise ratios resulting from the
injection of TTET (100 ng/mL calculated as Sn) dissolved in methanol
were calculated from the chromatogram. In this experiments the lo-
cal signal-to-noise maximum was reproduced at a total gas flow rate
of 150 mL/min with 1% of hydrogen. Moreover, it was observed that
high microwave power is required to provide low detection limits. In
this context no wavelength dependency of the calculated signal-to-noise

ratios at different plasma conditions was observed.

4.3. Sampling Position

Technical setup: From the work of Quimby et al. and Tanabe et
al. it is known that element emission intensities show a certain spa-
tial distribution within the plasma [83,160], making detection power
depentent on the observed zone. In order to study such relationship,
experiments have been carried out to investigate the spatial distribu-

tion of mercury and tin emissions in the plasma and its influence on
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the detection power of the new plasma source. To gain highly sensitive
element specific and spatial resolved plasma intensities, the optical sys-
tem including spectrometer, fiber optics and lens system was removed
from the detector. Instead a high resolution 750 mm grating imaging
monochromator (Acton SP2750; Princeton Instruments, Grating 1800
lines/mm, Czerny-Turner) equipped with an intensified CCD camera
(ICCD; PI-MAX 3 1024i; Princeton Instruments, 1024 x 1024 pixel)
was used for plasma diagnostics using an imaging approach to generate
a monochrome image of the plasma zone that was observed axially. To
reduce the image distortion, a sub stage iris aperture was applied be-
tween the focus lens (f = 40 mm) and entrance slit of the spectrometer.
The spatial distribution of the intensities of atomic emission lines was
investigated under optimized plasma conditions by continuously adding
small amounts of vaporized elemental mercury or TTET to the plasma
gas. Background emission was eliminated from the recorded image by
subtraction of the intensities of a background image from the plasma,
recorded at same plasma and camera operation conditions but without

sample injection.

Results and Discussion: The resulting images for mercury, collected
at a helium gas flow of 200 mL/min and 95 W microwave power, are
shown in figure 4.5. Reduced mercury emission intensities were ob-
served in the center of the plasma compared to the boundary areas of

the plasma. Such observation has already been described by Tanabe et
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Figure 4.5.: Spatial distribution of mercury (top) and tin (bottom)

emission in the plasma source.
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al. using similar plasma conditions [160]. They explained this emission
profile by the high ionization rate in the plasma center, resulting in re-
duced intensity at the atomic emission line.

In contrast to the atomic mercury emission, the emission intensity of
the atomic tin line at 270.65 nm is homogeneously distributed over the
cross-section of the discharge tube refering to figure 4.5. In this context,
ionization does not explain the emission profile easily. According to the
changed gas flow of 150 mL/min and 1% hydrogen used for tin de-
tection, maybe the added diatomic hydrogen absorbs microwave energy
mainly required for dissociating the hydrogen atoms. This energy is lost
for the ionization processes of tin [152,162,163]. However, with 7.34 eV,
the first ionization potential of tin is significant lower compared to that
of mercury (10.44 eV). Therefore, other reasons than ionization seem
to cause the effect. According to the relative high amount of mercury
vapor introduced into the plasma, also self-absorption processes could
cause the low emission intensity in the center of the displayed cross-
section. It could be expected, that the abundance of element atoms is
highest in the center of the optical path, so that the expected absorption
has a maximum in the central area observed. While the used mercury
emission line at 253.65 nm is a resonance line, resulting from electron
relaxation to the ground state, the measured tin detection wavelength
is no resonance line but corresponds to transitions between higher elec-

tronic excitation states. Since the related lower excitation state of tin
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is not or minimum populated and can therefore not significantly ab-
sorb light of the corresponding transition wavelength, self-absorption is
not expected [164]. Nevertheless, further investigations are required to

understand the different spatial emission intensity distribution.
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The developed plasma detection system was characterized according to
its physical and analytical properties. Physical characterization of the
plasma source was done by the " Institute for Plasma Research and Tech-
nology” INP Greifswald, including parameters like electron density and
different plasma temperatures. Analytical characterization of the entire
detector, consisting of plasma source, optical system and software has
been performed in the framework of this thesis. Evaluated parameters
were selectivity, linearity within the working range and limits of detec-
tion for all selected detection wavelength of mercury and tin discussed

in chapter 3.1.1.

5.1. Electron density

Electron number density ne is an important parameter for theoretical
description of plasma sources. The high-energy electrons play a spe-
cific role in analyte excitation [55,69]. Therefore, the electron num-
ber density in the new MIP source had to be determined in order to

optimize and characterize the source. The measurements were per-
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Figure 5.1.: Spatial distribution of the electron density (ne) inside the

plasma. Axial direction was defined as z. Thus, the gas
flow is directed from high to low z-values. Radial dimen-

sions of the discharge tube and cavity walls are distorted.

formed by precise determination of the Stark broadening of the Hg-line
at 486.13 nm [67,69,72,77,165]. To gain high spatial resolution of the
electron number density inside the plasma zone, the optical setup was
adjusted as described in literature [166]. Just in short, the optical sys-
tem consisted of two achromatic lenses and some aperture. The plasma
radiation was conducted through a fiber optics from the image plane
to a Czerny Turner monochromator (SpectraPro-500i; Acton Research
Corporation; Grating 2400 lines/mm) equipped with line scan camera
(TCE-1304-UW, Mightex Systems; 3648 pixel). By directing the fo-

cus of this system, a spatial resolution about 400 um in axial direction
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and about 50 um in radial direction was achieved. Due to the fact
that measured electron densities should be compared to a theoretically
model of the plasma source, investigation was performed at a plasma
gas flow of 200 mL/min Ar. Therefore, no conclusions on excitation
characteristics of the new source running with He could be drawn from
calculated electron densities. Nevertheless, comparison with other MIP
sources described in literature is possible. As shown in figure 5.1, a

3 was found. This value is

maximum electron density of 2.1 x 10! m"
in good agreement with data collected from the theoretical model of
this plasma source [166]. For the new sources operated with helium as
plasma gas, a lower electron number density could be assumed according
to the higher ionization energy of helium [56]. These data are in good
agreement with other microwave induced plasma sources published in
literature, taking into account that published values mostly represent
mean values in the plasma due to the low spatial resolution used for
their data collection [67,69, 72,74, 152].

In axial direction the plasma extends over a length of about 6 mm be-
tween cavity wall and shielding of the discharge tube. As shown in
figure 5.1, the plasma discharge sustained in argon is not symmetric but
tilted inside the discharge tube and indicates that the electomagnetic

field distribution inside the resonator is orientated similar.
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5. System Characterization

5.2. Plasma Temperature

In chapter 2.1.1 the necessity of defining different temperatures to de-
scribe a plasma has been mentioned and explained by the non equilib-
rium state of MIPs. As the gas temperature has a direct influence on
vaporization, dissociation, atomization and further processes of sample
components in the plasma it was further investigated for comparison

with microwave plasma sources described in literature [55, 56].

5.2.1. Rotational Temperature

As commonly applied in plasma diagnostic for MIPs, gas temperature
was estimated by calculating the rotational temperature (T,t) from
measured intensities of a molecular band of nitrogen (N2* 391.44 nm,
first negative system) present in the plasma. For the according tem-
perature determination the emission profile of the molecular band was
calculated theoretically as a function of the gas temperature [63, 68,
69, 162, 167]. The most suitable temperature was found by adjust-
ing the theoretical to the actually measured emission profiles. The
required spectral resolution necessary for resolving vibrational and ro-
tational modes of the emission band was provided by a Czerny-Turner
monochromator (SpectraPro-500i; Acton Research Corporation; Grat-
ing 2400 lines/mm) equipped with line scan camera (TCE-1304-UW,
Mightex Systems; 3648 pixel). Dependency of Tt from absorbed power
and helium gas flow was investigated in a range from 18 to 40 W and

100 to 800 mL/min, respectively. As results shown in figure 5.2 il-
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Figure 5.2.: Rotational temperature (T,»,:) of the plasma at variied

plasma gas flows (He) and microwave power levels.

lustrate, T, decreases with increasing plasma gas flow and increases
with higher power levels. This observation is in accordance with data
reported by Cotrino et al. [69]. The observed rotational temperatures
at the usually used gas flow rate of 200 mL/min of He are within the
range of 1500-2100 K. These values are very similar to temperatures

measured in MIPs used by other researchers [67,69,72,74,152].

5.2.2. Kinetic Gas Temperature

Beside this established method of gas temperature approximation via the

rotational temperature, it was also determined by laser absorption spec-
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trometry (LAAS) with an acousto-optically modulated (AOM) laser. To
allow the absorption experiment, the discharge tube fixture and transfer-
line were replaced by a polytetrafluoroethylene (PTFE) component with
a glass window at the end and a lateral gas connection. By this setup
it was possible to guide the laser radiation through the plasma zone
and to calculate the gas temperature according to the helium transition
line at 667.81 nm. Details have been described by Baeva et al. [166].
The kinetic gas temperature of Tg,s = 1800 K obtained in this way for
the MIP operated at 20 W microwave power and a He gas flow rate
of 200 mL/min is in good agreement with the rotational temperature

(Tror = 1600 K).

5.3. Analytical Performance Parameters

In analytical routine application, parameters like selectivity, sensitivity
and linearity are of importance. Therefore, selectivity, linearity within
the working range (LDR) and limits of detection (LOD) for detection
of mercury and tin species were evaluated using the setup described in

chapter 3.5.
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5.3. Analytical Performance Parameters

Table 5.1.: Analytical figures of merit.

Wavelength | Selectivity. | LDR  LODgpserved)Lit.
[nm] vs. carbon | [ng] [pg]

Hg 253.7 159000 5 0.8/1.4 [168]

Sn 2355 -12 50 801/-
243.0 -87 50 372/-
270.7 -215 50 280/5 [169]
283.9 -1352 50 98/96 [152]
303.4 - 50 183/0.5 [7]

5.3.1. Selectivity

The selectivity specifies the interference of an analyte signal by other
species. Due to the high carbon amount of most matrices, selectivity
is commonly evaluated versus carbon [57,100,161,168]. Usually it is
calculated according to equation 5.1 [57,161].

bAnal’
yte
SAnalyte/C’arbon = b (51)

Carbon

Herein Sanaiyte/Carbon 1S the selectivity of the analyte emission line
versus carbon, while bcarbon and banaiyte are the slopes of the calibra-
tion curves of the interfering species and the analyte at the investigated
detection wavelength.

To calculate selectivities for mercury and tin emission lines accessible
with the new detection system, solutions of DBM (0.80 ug/g as Hg)
or TTET (6.05 ug/g as Sn) in hexane spiked with different amounts
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5. System Characterization

of carbon (0-100 ug/g as decane) were injected and separated via the
GC. The usage of hexane instead of methanol as solvent was required
due to the insolubility of decane in methanol. The resulting selectivities
for mercury and tin are listed in table 5.1. The calculated selectivity for
mercury is very high, although detection is interfered by an unknown
carbon containing species as already discussed in chapter 3.1.4.

The found selectivities for tin are quite worse compared to mercury.
All available detection wavelength show negative values resulting from
over saturation of wavelengths used for background definition. As in
literature selectivities up to 3-102 for tin against carbon have been re-
ported [168], further improvements in future are expected by modifica-
tion of the algorithm to adjust the exposure time of the used spectrom-

eter.

5.3.2. Limit of Detection

The limit of detection (LOD) is defined as the lowest amount of the
target compound that can be differentiated from blank value with a
certainty of 99%. As already discussed in chapter 3.6.3 on page 88, the
LOD is commonly calculated by means of equation 3.3. Accordingly, the
limit of detection is calculated as multiple of the background's standard
deviation. Usually, for the uncertainty factor, values between two and
three are applied [57,71].

Detection limits for mercury and tin have been calculated from chro-
matogramms obtained by injection of DBM (100 ng/mL as Hg) or
TTET (100 pg/mL as Sn) both dissolved in methanol and obtained
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5.3. Analytical Performance Parameters

Table 5.2.: Instrument parameters used for evaluation of the analytical

figures of merit.

GC Setting
Injection Vol. 1 uL
Mode Split 10:1
Start Temp. 145 °C (0.2 min)
Ramp 12 °C/s
End Temp. 240 °C (8.0 min)
Column Type HP-1
(30 m; 0.32 mm; 3.00 um)
Gas Helium
Press. const. 162.9 kPa
Oven Isotherm 160 °C (15 min)
SCS Cut ON at 1.0 min (25 kPa)
Cut OFF at 2.0 min
Transferline Temp. 200 °C
Plasma
Power 95 W
Gasflow 200/150 mL/min (Hg/Sn)
Hydrogen 0.0/0.5% (Hg/Sn)
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5. System Characterization

under the chromatographic conditions listed in table 5.2. The standard
deviation of instrumental blank signals was obtained by evaluating chro-
matographic ranges without chromatographic peaks. Previously, it was
controlled that the statistical characteristics of these ranges in the chro-
matogram were identical in terms of intensity and noise values to those
at the analyte peak'’s retention time so that instrumental blanks could
be estimated on the chromatographic baseline. Results are summarized
in table 5.1.

Though excitation characteristics of the plasma source are similar to
previously described MIP sources, the detection limit for mercury could
be improved in comparison to previously described MIP sources. It
could be assumed that the improvement is gained by advanced in data
sampling devices and data processing in comparison to earlier work.
Detection limits for tin are higher compared to those described in liter-
ature, although similar plasma conditions have been applied. However,
in contrast to previously described systems a ceramic discharge tube
was applied instead of a fused quartz glass tube. Therefore, a loss in
detection power for tin, may be related to interactions of the sample
with the Al,Oj3 or its inclusions. The effect of changed discharge tube

materials need to be investigated in future.

5.3.3. Working Range

Quantification can be best achieved, for detection systems providing
a linear correlation between amount of analyte and detector signal. At

high analyte concentrations in the plasma, linearity may be disturbed by
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Hg 253.65 nm
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Figure 5.3.: Working range of the developed detection system for mer-

cury. Linearity has been proven by the Mandel test.

self-absorption or over-saturation of the detector device. The working
range of a system is the concentration range for which linear response
can be obtained. A wide working range is an important qualifier, assur-
ing broad application and reducing sample dilution and other concentra-
tion adjustments. Linearity within the working range of the developed
detection system has been verified by GC injection of solutions con-
taining DBM (0.1-50 pg/mL as Hg) or TTMT (5-500 pg/mL as Sn)
dissolved in methanol with increasing concentrations. The linearity was
estimated by plotting the peak area vs. the concentration. Linearity of
the response was evaluated by the Mandel test [170]. Results for mer-

cury and tin are shown in figure 5.3 and figure 5.4, respectively. Even
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Figure 5.4.: Working range for detection of tin. Linearity has been
proven by the Mandel test.

at high concentrations no flattening of the calibration curve can be ob-
served, indicating that the linear dynamic working range of the detection
system is wider than the concentration range tested here. Due to the ap-
plication of capillary columns in GC, high analyte amounts are expected
to force overload effects. The resulting peak broadening would limit
quantification of high concentrations with acceptable chromatographic

resolution.
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6. Method Validation

Validation of the new detection system was performed by investigation
of two certified reference materials as well as by participation in an in-
terlaboratory study. For mercury the certified reference material IRMM
BCR-464 (tuna) with a certified content of methylmercury and total
mercury was used. The reference material IRMM BCR-646 (fresh wa-
ter sediment) provides certified contents of tributyltin (TBT), dibutyltin
(DBT), monobutyltin (MBT), triphenyltin (TPhT), diphenyltin (DPhT)
and monophenyltin (MPhT).

6.1. Procedures

6.1.1. Treatment of Glass Vials

To avoid possible species loss resulting from adsorption at active glass
surface, all glass vessels have been silanized before usage [122]. For this
purpose, the glass vials were heated for 12 h at 80 “C. To simplify the
handling, vials up to 2 mL volume were placed in a 1 L Erlenmeyer flask
before. Afterwards, 1.5 mL of hexamethyldisilazane (HMDS) per 100

vials or 1 pL HMDS per mL of vessel volume were added, respectively.
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6. Method Validation

Vessels were sealed and heated for another 12 h at 80 °C. After removal

of remaining HMDS with methanol, all vessels were dried before usage.

6.1.2. Preparation of Activated Copper

The copper powder (average particle size: 63 pm) used for removal of
sulfur from the sample extract was activated by addition of HCI (50%)
and subsequent temporarily stirring (30 min reaction time). Afterward,
HCI was decanted and the activated copper was washed with solvents

of decreasing polarity ending with hexane.

6.1.3. Preparation of Derivatization Reagent

As tetra alkylborates are air sensitive and partially hygroscopic, small
amounts (ca. 1 g) of sodium tetraethylborate (STEB) and sodium tetra
phenylborate (STPhB) were weighted into glass vials (20 mL) under
Ar atmosphere. The vials were stored in the fridge at -20 °C till usage.
Solutions (10%) were prepared prior to analysis by dissolution of the

salt in an appropriate amount of THF (HPLC grade without stabilizer).

6.1.4. Preparation of Stock- and Spiking Solutions

Mercury: Stock- and spiking solutions of mercury were prepared in
graduated flasks made of polymethylpentene (PMP) to avoid analyte
loss by adsorption on the surface. Standards listed in table 6.1 were
weighted in the flask and subsequently filled up to the calibration mark
with i-propanol ("STOCK" solution). To ensure traceability, solvent
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6.1. Procedures

Table 6.1.: Concentrations of stock and high and low concentrated

spiking solutions of all used mercury species.

Species Msid. Msgly. Conc.yg
STOCK MeHgCl | 1220 mg  8.0315g | 1.517 mg/g
EtHgCl | 16.80 mg  8.0645 g | 2.079 mg/g
BuHgCl | 14.90 mg  8.0523 g | 1.847 mg/g
HIGH MeHg*™ | 0.7757 g 98.8114 g | 9.526 ug/g
EtHgt | 0.7742 g 98.8265g | 12.35 ug/g
BuHg"™ | 0.7807 g 98.8211¢g | 10.00 pg/g
LOwW MeHgt | 2.4919g 225281 ¢g | 1.054 ug/g
EtHgt | 2.4694¢g 224263 g | 1.360 ug/g
BuHg® | 2.4838¢g 227757 g | 1.091 pg/g

weight was taken. According to the varying amount of mercury species

expected in the different samples, two spiking solutions were prepared

for every standard. For high-concentrated spike solutions ("HIGH” so-

lution) an appropriate amount of every stock solution was weighted in

a graduated flask and filled up with deionized water. Subsequently the

weight of the solvent was taken for calculation of the resulting concen-

tration. The low-concentrated spiking solutions ("LOW” solution) were

prepared in the same way from the high concentrated spiking solutions.

Resulting concentrations are summarized in table 6.1.
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Table 6.2.: Concentrations of stock solutions for tin.
Standard Mstd. MMeOH Conc.s,
MBTCI | 19.60 mg 7.8716 g | 1.045 mg/g
DBTClI | 2550 mg 7.9851 g | 1.244 mg/g
TBTCI 27.70 mg 7.8502 g | 1.282 mg/g
TTBT 30.70 mg 7.8841g | 1.326 mg/g
MOTCI | 33.40mg 7.8717 g | 1.483 mg/g
DOTCl | 35.80mg 7.8664 g | 1.293 mg/g
MPhTCI | 19.20 mg 7.8480 g | 0.959 mg/g
DPhTCI | 3210 mg 7.9777 g | 1.384 mg/g
TPhTCI | 36.60 mg 7.8395 g | 1.431 mg/g
TPTCI 2370 mg 7.8613 g | 1.241 mg/g
TTPT 25,70 mg 7.8858 g | 1.268 mg/g

Tin: Stock solutions for all tin species listed in table 6.2 were prepared
by weighting the species in silanized graduated glass flasks (10 mL).
Thus, increased blank levels from plastics were avoided. After filling
up to the calibration mark with methanol, solvent weights were taken
to ensure traceability. Resulting concentrations of the stock solutions
are summarized in table 6.2. Due to the high number of tin species,
mixed spiking solutions were prepared to simplify calibration and spiking
of the samples with internal standard (”/S” solution). According to the
different amounts of tin species, three spiking solutions were prepared

(main components: "MAIN" solution; trace components: " TRACE”
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Table 6.3.: Concentrations for tin spiking solutions.

Spike Species Mgy, MMeOH Conc.
IS TPT 66.0 mg 15.6832¢g | 5.27 ug/g
TTPT 12.2 mg 1.03 pg/g

MAIN MBT 185.6 mg 15.3871 g | 12.21 pg/g
DBT 155.7 mg 12.19 ug/g
TBT 153.8 mg 12.42 pg/g

PRE TTBT | 749mg 9345 g | 12.6 ug/g

MPhT | 109.6 mg 13.4 ug/g
DPhT 72.7 mg 12.8 ug/g
TPhT 71.1 mg 13.0 ug/g
MOT 68.8 mg 13.0 ug/g
DOT 65.6 mg 10.8 ug/g

TRACE PRE | 1541mg 15.6082¢g

TTBT 124 ng/g
MPhT 131 ng/g
DPhT 126 ng/g
TPhT 127 ng/g
MOT 127 ng/g
DOT 106 ng/g
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solution; intermediate dilution for trace solution: "PRE" solution). For
this purpose appropriate amounts of stock solutions were weighted into
graduated glass flasks and filled up with methanol. Resulting concentra-
tions of the spiking standards are calculated according to the solvent’s

weight. Results are listed in table 6.3.

6.1.5. Moisture Measurements

Determination of water content of freeze dried and cryo milled sam-
ples was performed directly before further sample preparation. Moisture
measurement became necessary because all samples were stored at -
20°C, resulting in slightly increasing water contents with storage time
due to humidity condensation on unsealed samples.

Because in drying methods apart from water also other volatile com-
ponents may be lost, the drying loss is not necessarily equal to the
water content. Moreover, this method is very time consuming. There-
fore, determination was performed by means of volumetric Karl Fischer
titration using an automated system from Metrohm (901 Titrando).
A single-component solution (Hydranal® Composite 5) containing io-
dine, sulfurdioxide, imidazole and methanol was used as titrant. As
the titer of the titrant solution may vary resulting from humidity it was
checked before measurement by using sodiumtartrate-pentahydrate for
cross checking. Titer measurements as well as sample moisture mea-
surements were performed according to the procedure described below.
The titration vessel was filled with methanol and titrated till dryness.

Subsequently sodium tartrate or sample (ca. 100 mg) were added and
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the titration started. Titer of the reagent solution and samples were an-
alyzed in triplicate. The resulting moisture amount in the tuna reference
material BCR-464 was calculated as 6.41% (weight/weight). The water
content in the tuna material analyzed within the interlaboratory study
was 8.81% (weight/weight). The detection limits of volumetric Karl
Fischer titration are approximately 100 pug/g of water in the sample. As
water contents of all tin samples analyzed within this work were found

to be below this value, they have not been considered for quantification.

6.1.6. Mercury Speciation Analysis

The method used is based on an in-house method from the Federal In-
stitute for Material Research and Testing (BAM), Berlin. It has been
develop by T. Sommerfeld for speciation analysis of mercury in fish
meal [171]. A scheme of the procedure is shown in figure 6.1. Sample
tissue (CRM: 0.2 g; Sample: 0.3 g) was placed in a heat and pres-
sure resistant centrifugation tube. For calibration purpose sample was
replaced by appropriate amounts of species standards. Butylmercury
as well as ethylmercury (CRM: 100 uL High-Spike; Samples: 250 plL
Low-Spike) were added as internal standard. For enhancing accuracy,
spike weights were taken and glacial acetic acid (5 mL) was added for
digestion. Microwave digestion was carried out for 20 min at 50 W.
Ultrasonic-assisted extraction followed this procedure for 60 min. The
extracts were allowed to cool down and a mixture of methanol, water

and acetic acid (15 mL; 1/1/1.5) as well as NaOH (15 mL; 2 M) were

127



6. Method Validation

Sample: 0.5 g
Internal Standard
(Hs,Cs)Hg*

Digestion:
Acetic Acid: 10 mL
Microwave: 20 min (50 W)
Ultrasonic: 20 min

Adjustment of pH 5.5
H,0: 10 mL
Methanol: 5 mL
NaOH: 6 mL (8 M)

Derivatization:
NaB(CeHs)a: 1 mL (10%)
Aqueous Phase Extraction
Hexane: 5 mL (1 h)
Dehydration
Nast4

Figure 6.1.: Scheme of the sample preparation method used for mer-

cury speciation analysis.

added to adjust the pH to 5.5. Derivatization and solvent extraction
were carried out twice by addition of STPhB (0.5 mL 10% in THF)
and hexane (5 mL) and subsequent shaking of the mixture for 60 min.
Phase separation was executed by centrifugation (10 min, 3500 rpm).
The organic phases were collected with a glass pipette, combined and

dried with Na;SO4 prior to measurement.
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6.1.7. Tin Speciation Analysis

Sample preparation was performed according to I1ISO DIS 23161.2:
05.2007. The work flow is visualized in figure 6.2. After addition of
internal standard solutions (IS-Mix, 100 pL, table 6.3) and taking its
weight, the sample (CRM: 1.5 g; Samples: 3 g) was extracted with
glacial acetic acid (5 mL) assisted by ultrasonic treatment (30 min). As
already described for mercury speciation analysis, for calibration purpose
sample was replaced by appropriate amounts of mixed species standards
listed in table 6.3. Solids and solution were separated by centrifuga-
tion (10 min; 4000 rpm), followed by a second ultrasonic treatment
(30 min) assisted extraction of the precipitate with a mixture of acetic
acid, methanol and water (15 mL; 1/1/1). Both centrifugates were
combined and the pH adjusted to 4.5 by addition of NaOH (15 mL;
2 M) and water (5 mL). Species were derivatized and solvent extracted
twice by addition of STEB (0.5 mL; 10% in THF) and hexane (10 mL)
with subsequent shaking (60 min). Both organic phases were combined,
dried over Na;SO4 and concentrated to 1 mL. The removal of sulfur
from the sample extract was carried out by treatment with activated
copper (63 um). Cleanup was performed by adsorption chromatogra-
phy with florisil®. The column was first rinsed with hexane (10 mL).
After sample application, non polar species were eluted with a mixture
of hexane and dichloromethane (20 mL; 9/1). Prior to analysis, the
cleaned sample extracts were concentrated to 0.5 mL by means of a

nitrogen gas flow.
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Sample: 1.5-3 g

Internal Standard

(H;Cs)sSn*

(H7C3)aSn
Extraction
Glacial Acetic Acid: 5 mL

t Extraction

Ultrasonic: 30 min -
Extraction

Glacial Acetic Acid/
Deionized Water/
Methanole: 1/1/1 15 mL

Centrifugation:
4000 rpm
10 min

Adjustment of pH 4.5
NaOH: 15 mL (2 M)

n
Lt

Precipitate

Derivatization/Extraction
NaB(CzHs)a: 0.5 mL (THF 10%)
Hexane: 10 mL (60 min)

Dehydration
NazSO4

Concentration
1mL

Figure 6.2.: Sample preparation method used for tin speciation analy-

sis.
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6.2. Instrumentation

6.2.1. GC-MIP/OES

The technical setup of the used GC-MIP/OES has already been dis-

cussed in chapter 3.5.

6.2.2. GC-ICP/MS

As GC-ICP/MS is well established for analysis of organometallic species,
it was used for reference measurements to prove accuracy of the new
developed detection system. The used system consisted of a gas chro-
matograph (Agilent 6890N) equipped with split/splitless inlet and an
automatic liquid sampler (Agilent 7683B). Detection was perfomed with
an Agilent 7500ce ICP/MS system. Hyphenation was accomplished via
a heatable (to 300 °C) transferline (Agilent). It contained an untreated
fused quartz capillary, which was connected to the GC column via a
glass seal column connector (Supelco). Thus, GC effluent were effi-
ciently guided to the plasma and interactions of sample with hot metal
components in the transferline were avoided. To assure a complete ef-
fluent transfer to the plasma, ICP injector gas flow was heated in the
GC oven and guided through the transferline. If necessary, oxygen re-
quired to avoid carbon deposition at the sampler cone was added to the
injector gas flow. The transferline was connected to the plasma in two

different ways.
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Figure 6.3.: Direct hyphenation of GC with ICP/MS.

Dry Plasma: |In this setup, a special torch (Agilent) without injector
tube was used so that the end of the transferline was directly connected
to ,the torch and replaced the injector tube, as shown in figure 6.3.
Thereby the gas chromatographic capillary ended directly in front of
the plasma providing a maximal sample transfer. To allow for element
selective tuning, elementary mercury vapor was injected via the trans-
fer capillary into the plasma [172] to achieve optimized conditions for
mercury detection. With dry plasma conditions, oxygen (150 kPa) was

added to avoid carbon deposition at the sampler cone.

Wet Plasma: As already mentioned in chapter 2.3, hyphenation of
GC-ICP/MS using the wet plasma mode does not require special torches
or injectors. Hyphenation was accomplished by mounting the transfer-
line at an additional gas inlet above the cyclone spray chamber as illus-
trated in figure 6.4. Due to the fact, that no commercial hyphenation
kit for connection of the used components was available, an adapter has

been built by the mechanical workshop of the IAAC. A PFA MicroFlow
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Figure 6.4.: GC-ICP/MS hyphenation via a cyclon spray chamber.

nebulizer (AHF) was used for liquid sample introduction. Besides the
advantages of the wet plasma mode already discussed in chapter 2.3,
Davis et al. reported increased signals during usage of a wet plasma [27].
They explained the higher sensitivity by an increased electron number
density in the plasma channel resulting from the introduced hydrogen
from water. In consequence, heat transfer in the plasma is improved

and thus ionization increased.

6.3. Certified Reference Materials

6.3.1. Mercury Speciation Analysis

A first validation of mercury speciation analysis with the new detec-

tion system was performed by analysis of the certified reference material
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Table 6.4.: Analytical results for BCR-464.
MeHg* [mg/kg] Recovery

Certified value 5.50 + 0.17 -

GC-MIP/OES 5.37 £ 0.13 97.6%
GC-ICP/MS (dry mode) 5.46 £ 0.23 99.3%
GC-ICP/MS (wet mode) 5.48 £ 0.22 99.6%

BCR-464. This tuna material provides a certified content for methylmer-
cury (MeHg™) of 5.50 + 0.17 mg/kg and a certified mass fraction of
total mercury of 5.24 + 0.10 mg/kg.

Samples were treated according to the procedure described under 6.1.6.
According to the certified MeHg™" content and the samples weight of
circa 200 mg, an absolute amount in the reaction vessel of 1.07 to
1.13 pg was expected for MeHg'. Thus, MeHg' was calibrated in
a range from 0.80 to 1.2 ug. According to literature the remaining
mercury content in the fish material is present in the form of inorganic
mercury Hg?" [28,37,47,173,174].

To ensure correct results, samples were prepared and analyzed in trip-
licate. ICP/MS reference measurements were performed with direct hy-
phenation (dry plasma) and via a cyclone spray chamber (wet plasma).
All relevant GC, MIP and ICP conditions are shown in table 6.5 and
table 6.6.

The results are summarized in figure 6.5. In top, a chromatogram

collected with the new MIP/OES detection system is shown. The chro-
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Figure 6.5.: Top: MIP/OES Chromatogram of the tuna material
BCR 464 smoothed with a Gaussian filter. Bottom: Val-

idation results for mercury using the certified reference

material BCR 464 (tuna).
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Table 6.5.: Gaschromatographic parameters used for speciation analy-

sis of mercury in fish matrices.

Injector
PTV' Split/Splitless
Splitless: 0.5 min 0.5 min
Inj. Vol.: 1uL 1 uL
Temp.: 60 °C (0.0 min) 250 °C
12 °C/s
- 270 °C (10 min)
GC
Column: HP-1 30 m; 0.25 mm; 0.25 um
p(front): 154 kPa (const.)
Temp.: 60 °C (3 min)

Transferline

30 °C/min - 250 °C (0 min)
60 °C/min - 310 °C (1 min)

Temp.: 250 °C
Solvent vent
SCS ICP/MS
Cut: 0.0 min (off) -
0.5 min (on) -
3.5 min (off) -

! Programmed Temperature Vaporizer
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Table 6.6.: Detection parameters used for mercury analysis.

MIP
Plasma
Power: 65 W
He flow: 200 mL/min
H> flow: 0 mL/min
O, flow: 0 mL/min
Detection
Integration: 60 ms
Spectra averaging: 2
Wavelength: 253.65 nm
ICP/MS
Plasma wet dry
RF-Power: 1200 W 1200 W
Sample depth: 5 mm 5 mm

Coolant gas:
Carrier gas:
Makeup gas:
Oxygen:

14.0 L/min  14.0 L/min

0.95L/min  0.75 L/min

0.30 L/min  0.27 L/min
- 150 kPa

Mass spectrometer

Isotopes:
Drift standard:

Dwell time:

202 Hg 202 Hg
238 u

30 ms/Isotope
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matogram was smoothed with an appropriate Gaussian filter. The used
conditions provide a full separation of the analyzed species. As expected,
no inorganic mercury (Hg?") was detected. In the bottom of the figure
results obtained by complementary detection techniques are compared.
A good agreement between MIP/OES and ICP/MS results is obvious.
Moreover, all results are within the confidence limit of the certified con-
tent of MeHg™". These results indicate that both sample preparation as
well as the new MIP/OES system are suitable for mercury speciation

analysis of fish.

6.3.2. Tin Speciation Analysis

For validation of tin speciation analysis with the MIP/OES system, the
standard reference material BCR-646 was used. Samples were prepared
in triplicate according to the method described under 6.1.7. The main
components (MBT, DBT, TBT) were calibrated from 350 to 4200 ng
(absolute, calculated as Sn) and the minor components were calibrated
in a range from 8 ng to 300 ng (absolute, calculated as Sn).

A chromatogram of a calibration standard, collected with the
MIP/OES detector, containing circa 1500 ng of the main species and
circa 100 ng of the minor species is shown in top of figure 6.6. As
no peaks for the minor components appear in the chromatogram, the
corresponding species contents are below the detection limit for tin.
Moreover, peak tailing of the main components is observed, which would
cause quantification problems of the minor components. Therefore, just

butyltin species were quantified in the reference material using tripropy-
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Figure 6.6.: Top: MIP/OES chromatogram of an aqueous standard,
smoothed with a Gaussian filter. Bottom: Results of the

reference material BCR 646.

139



6. Method Validation

Table 6.7.: Results of the certified reference material BCR-646.
MBT [ug/kg] DBT [ug/kg] TBT [ug/kg]

Certified 610 £+ 120 770 £+ 90 480 + 80
MIP/OES 281 + 56 746 £ 55 558 + 104
ICP/MS 297 £+ 20 667 + 18 509 + 62

Recovery
MIP/OES 46.1% 96.8% 116.3%
ICP/MS 48.7% 86.6% 106.0%

Itin (TPT) as internal standard. GC-ICP/MS hyphenated via a spray
chamber was applied as reference method as with direct hyphenation no
tin peaks were detectable. The reasons are not jet understood, partic-
ularly since Wahlen and Wolff-Briche reported detection limits of their
used instrument that should be sufficient for real samples [175]. Rele-
vant GC, MIP/OES and ICP/MS parameters are listed in table 6.8 and
table 6.9. Calculated concentrations and certified values of MBT, DBT
and TBT are depicted in figure 6.6.

Remarkable is the good agreement of the observed values and the cer-
tified content for DBT and TBT with recoveries about 100%. For MBT
a poor recovery rate was observed. As MIP/OES data show high ac-
cordance with ICP/MS data, instrumental problems could be excluded.

The high conformity of DBT and TBT results, excludes general problems
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6.3. Certified Reference Materials

Table 6.8.: Gaschromatographic parameters used for speciation analy-

sis of tin in sediments.

Injector
PTV Split/Splitless
Splitless: 0.5 min 0.5 min
Inj. Vol.: 10 pl 1ulL
Temp.: 40 °C (0.05 min) 250 °C
12 °C/s
- 275 °C (2 min)
12 °C/s
- 300 °C (15 min)
GC
Column: HP-1 30 m; 0.25 mm; 0.25 pum
p(front): 157 kPa (const.)
Temp.: 40 °C (3 min)

Transferline

10 "C/min - 210 °C (3 min)
40 °C/min - 290 °C (1 min)

Temp.: 270 °C
Solvent vent
SCS ICP/MS
Cut: 0.0 min (off) -
1.0 min (on) -
5.0 min (off) -
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Table 6.9.: Detection parameters used for tin analysis.

MIP

Plasma

Power: 65 W

He flow: 300.7 mL/min

H> flow: 9.3 mL/min

Detection

Integration: 50 ms

Averaging: 3

Wavelength: 270.65 nm
284.00 nm

ICP/MS

Plasma wet

RF-Power: 1200 W

Sample depth: 5 mm

Coolant gas: 14.0 L/min

Carrier gas: 0.95 L/min

Makeup gas: 0.30 L/min

Mass spectrometer

Isotopes: 118G

120G,
Drift standard: 15
Dwell time: 30 ms/Isotope
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during sample preparation. Additionally the derivatization efficiency for
MBT is expected to be higher compared to DBT and TBT as the lower
sterical hindrance should facilitate the derivatization reaction. Other-
wise, adsorption of monoalkylated tin species (MBT, MPT) on glass
surfaces has been reported by Ceulemans et al. [122]. As glass vessels
have been silanized to avoid this effect, it is implausible in the actual
case. Another possible explanation is the high adsorption of MBT at
the sediment matrix leading to incomplete extraction. As reasons are

not yet totally understood, further investigations are required.

6.4. Interlaboratory study

A further validation of the new detection system has been carried out
within an interlaboratory study. Due to the fact that only one MIP/OES
detector was available, common range of interlaboratory studies with
circa 10 participating laboratories was not feasible. Thus, the system
was tested at two locations. This procedure was also intended to demon-
strate the robustness of the developed instrument with regard to trans-
port and dis- and re-assembling.

For the study the optimized GC-MIP/OES system was first sent to the
Federal Institute for Materials Research and Testing (BAM), Berlin. Af-
ter performance tests with standards, mercury and tin samples prepared
in two independent experiments by different staff were analyzed. Sub-
sequently, the system was uninstalled and reinstalled at the University

of Miinster. The interlaboratory study was finished by preparation and
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Figure 6.7.: Results gained for the tuna material.

analysis of the same sample materials used at the BAM, again by differ-
ent staff in two independent sample treatments. Accordingly, laboratory

and staff dependency of the found results could be evaluated.

6.4.1. Mercury

In addition to the reference material BCR-464 with high MeHg™ con-
tent a naturally contaminated provisional reference material for tuna
was analyzed during the interlaboratory study. According to literature,
for naturally contaminated tuna 0.77 mg/kg of MeHg™ in the dry mass
should be expected [176]. Therefore, absolute amounts of circa 230 ng

are resulting in the reaction vessel, when using a sample amount about
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6.4. Interlaboratory study

Table 6.10.: Comparison of the calculated amounts of MeHg™ in the
tuna sample analyzed within the interlaboratory study. A
and B are referring to the laboratories, while the number

defines the staff member.

Method MeHg* [mg/kg]

A-MIP1 0.876 £ 0.056
A-MIP2 0.822 £ 0.034
B-MIP1 0.863 £ 0.051
B-MIP2 0.852 £ 0.068

A-ICP1 spray 0.805 &+ 0.044
A-ICP2 spray ~ 0.856 + 0.048
A-ICP1 dry 0.836 £ 0.100
A-ICP2 dry 0.827 £+ 0.048

B-ICP1 0.852 £ 0.047

300 mg. In consequence, MeHg™ was calibrated in a range from 150 to
400 ng. Samples and standards were prepared according to the proce-
dure described in section 6.1.6. In both laboratories GC-ICP/MS was
used as reference method. The instrumental parameters used for GC-
MIP/OES and GC-ICP/MS are listed in table 6.5 and table 6.6. The
results are summarized in figure 6.7 and table 6.10.

A high accordance of all results was found. Therefore it could be
assumed that the used analytical methods are robust as data from

both laboratories and different staff are in good agreement. Gener-
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Figure 6.8.: MIP/OES chromatogram

sediment. The chromatogram has been smoothed with

a Gaussian filter.

ally, ICP/MS and MIP/OES data are

strates that the new MIP/OES detection system provides high accuracy.

Moreover, with the good agreement of
ries, simplicity and robustness of the d

demonstrated.

6.4.2. Tin

To show easy and accurate tin speciation analysis using the new de-

tection system, a river sediment from
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Figure 6.9.: Amounts of MBT found in th river sediment analyzed in
the interlaboratory study. A and B are referring to the

laboratories and the number refer to the staff member.

within the interlaboratory study. As shown in the chromatogram of
the sediment collected with the MIP/OES system, the materials main
components are MBT, DBT and TBT. Concentrations of the minor
components are lower than the detection limit of the system. With a
sample amount of 3 g, the same calibration strategy already used for
the certified reference material was used here as well. Absolute species
masses were calibrated in the range from 350 to 4200 ng.

Results from GC-MIP/OES and GC-ICP/MS measurements from all
species are compared in figure 6.9, figure 6.10 and table 6.11. Applied

instrumental parameters are summarized in table 6.8 and table 6.9. Vari-
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Figure 6.10.: Amounts of DBT and TBT of the sediment, obtained
within the interlaboratory study for laboratory A and B.
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Table 6.11.: Summarized results of MBT, DBT and TBT in a river

sediment analyzed within the interlaboratory study.

Method MBT [ug/kg] DBT [ug/kg] TBT [ug/kg]
B-MIP2 109 =+ 15 203 + 36 429 + 119
A-ICP1 188 + 11 315 + 11 726 + 78
A-ICP2 145 + 18 249 + 42 607 + 153
A-MIP2 223 + 48 200 + 62 582 + 138
A-MIP1 233 + 23 314 + 17 660 + 64

ations in ICP/MS and MIP/OES data from MBT are significant, and

thus again illustrate difficulties in MBT quantification. Possible reasons

are manifold.

Apart from the observed TBT value from laboratory B, the results ob-

tained for DBT and TBT are in good agreement. In this context a

slight staff dependency was observed for DBT and TBT. Nevertheless,

ICP and MIP data show high accordance as the variance of the results

are statistically insignificant in context of variations over the complete

method.
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7. Conclusion and Future

Perspectives

7.1. Conclusion

The present thesis deals with the development of a novel and cost effi-
cient microwave induced plasma source with optical emission detection.
The system was constructed as element selective detector for gas chro-
matography. Based on the small dimensions of the excitation source
and microwave transfer via a coaxial cable, a high level of flexibility was
achieved. In turn, only low microwave power (< 100 W) can be applied.
Nonetheless, a robust plasma discharge is sustained with the ability of
applying different plasma gases like helium and argon. Special attention
was paid to a simple instrumental setup to provide simple maintenance
and low production costs. By utilization of a high temperature resistant
discharge tube made of Al;O3 additional cooling fluids were avoided. A
complete automation was implemented in the new system assuring effi-
cient controlling via the developed software. Detection was achieved by

a CCD spectrometer so that a full multielement capability in the wave-
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length range from 200 to 400 nm is provided. Therefore, the system is
suitable for detection of organometallic compounds with emission lines
in this spectral range.

Plasma characteristics like electron density and plasma temperature
have been analyzed in cooperation with the INP Greifswald. The found

-3 is in the range of other, more

electron number density of 2.1 - 10! m
complicate MIP systems described in literature working under compara-
ble instrumental conditions. The determined gas temperature between
1500 - 2100 K are also similar to formerly presented MIPs [67,69, 72,
74,152].

System parameters have been systematically optimized to achieve high-
est sensitivity for detection of mercury and tin. In this context, a com-
parison of the new developed small plasma excitation source with a
formerly in our group developed plasma, showed similar detection limits
for mercury in the range of 0.3 pg mercury absolute, using the same
optical system and data acquisition software. The fact that detection
limits for mercury published in literature are 3 times higher compared
to the new system [168] indicates that main improvements are related
to advanced data processing and background correction. The devel-
oped background correction method applied to different mercury and
tin emission wavelengths efficiently reduces noise from plasma fluctua-
tion and other sources. For mercury an LOD of only 0.8 pg absolute
were observed. The obtained LOD of ~98 pg for tin is in the same range
as the best reported literature values. A linear correlation between in-

jected element amount and emission intensity was proven for the tested
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elements starting at the quantification limit ranging over more than four
decades. Therefore, quantification in a wide concentration range could
be assured.

Accurate analytical performance of the MIP-OES detector was validated
by means of measuring certified reference materials, containing differ-
ent mercury (BCR-464) or tin (BCR-646) species, respectively. Good
agreement of results gained with the new system was found in direct
comparison with established alternative detection techniques. Moreover,
the certified concentration for all mercury and tin species except MBT
could be reproduced. As MIP-OES data and ICP-MS data were in good
agreement, lower MBT recoveries have been related to high adsorption
of this species to matrix components, and thus an inefficient extraction
during sample pretreatment.

Robustness of the system was demonstrated in an interlaboratory study.
Analytical quality and its laboratory and staff independency could be
proven by comparison of the results gained for natural contaminated
tuna (mercury) and river sediment (tin) samples. All results were in
very good agreement. Thus, suitability of the developed detector for

routine analysis could be shown successfully.

7.2. Future Perspectives

The new plasma detector is a strong tool for gas chromatography. So
far it has been developed only for the detection of mercury, tin and

carbon but the helium MIP offers further useful analytical opportuni-
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ties. These should be investigated in the near future. Extension of
the application range with respect to accessible elements, detectable
with the new plasma source is one of the future perspectives. First ex-
periments have been carried out to enable the detection of organolead
components. For this purpose, different detection wavelengths with
corresponding online background correction have been implemented in
the software. Nevertheless, the main advantages of microwave induced
plasma sources have often been considered to be the ability of simple
helium discharge operation, offering high sensitive detection for non-
metals. Therefore, establishing the new detection systems in routine
analysis would require the opportunity to perform nonmetal detection.
Particularly the halogens are of great interest and it is well known that
a helium MIP is a good detector for these elements including fluorine.
Therefore, further work should also include the selection of most sensi-
tive detection wavelengths and the development of efficient background
correction methods.

Further room for future research is related to the detection of tin. Within
this work detection limits for tin have been found to be higher compared
to data published in literature. As plasma and detection conditions are
similar, except for the discharge tube material, first experiments with
fused quartz discharge tubes have been carried out to exclude adverse
interactions of tin with the discharge tube walls. Within these exper-
iments, helium and argon were tested as plasma gas and resulting de-
tection limits for different mercury and tin species were calculated from

the chromatograms. Obtained detection limits of tin have been found
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to be five times lower using an argon plasma sustained in a fused quartz
glass discharge tube. Thus, in future further experiments should be
performed to evaluate the influence of the discharge tube material and
the plasma gas on the sensitivity for tin detection. The inner diameter
of the applied ceramic (Al;O3) and fused quartz discharge tubes was
different (1.6 mm and 1.2 mm respectively) in these experiments. Thus
the influence of the discharge tube's inner diameter is of further inter-
est. In this context, mercury detection limits have not changed between
helium and argon plasma operation, leading to the question, whether
helium application is advantageous for high performance mercury detec-
tion. As argon is quite cheaper compared to helium, operational costs
of the detector are reduced for operation with argon, allowing more eco-
nomic detection of organometalls species.

As high solvent load of the plasma leads to reduced discharge tube
durability, in this work a GC column switching system was used for sol-
vent venting purpose. To simplify application of the system and reduce
complexity of the technical setup, in future a solvent venting system
should be integrated. Another opportunity to overcome the low solvent
tolerance is the development of a tandem plasma source, sustaining two
plasmas as described by Borer et al. and Duan et al. [177,178]. With
this setup, a high power plasma can be used for atomization of the
introduced components, so that power of the second plasma is com-
pletely available for excitation. Therefore, lower matrix susceptibility
and reduced spectral background can be expected, and increasing the

detection limits.
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According to the high robustness and simplicity of the developed de-
tection system, application in routine analysis is conceivable. Especially
the low costs for acquisition and application may support usage in small

and medium-sized laboratories.
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A. Abbreviations
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Table A.1.: Abbreviations used in this work.

AAS
AED
AFS
AOM
ASA
BuHgt
BuHgCl
CCD
CIS
CMP
CRM
DBT
DBTCI
DC

DL
DOT

Atomic Absorption Spectroscopy
Atomic Emission Detection
Atom Fluorescence Spectroscopy
Acousto-Optic Modulated
Automated Speciation Analyzer
Monobutylmercury
Butylmercurychloride

Charged Coupled Device

Cold Injection System
Capacitively Coupled Plasma
Certified Reference Material
Dibutyltin

Dibutyltindichloride

Direct Current

Detection Limit

Dioctyltin



DOTCI
DPhT
DPhTCI
ECD
EtHg™
EtHgCl
FID
FWHM
GC

GUI
HCI
HMDS
ICCD
ICP

ID
LAAS
LDR
LOD
LTE
MBT
MBTCI
MeHg™
MeHgCl
MeOH
MIP

Dioctyltindichloride
Diphenyltin
Diphenyltindichloride
Electron Capture Detector
Monoethylmercury
Monoethylmercurychloride
Flame lonization Detector
Full Width Half Maximum
Gaschromatograph
Graphical User Interface
Hydrochloric Acid
Hexamethyldisilazane
Image Charge Coupled Device
Inductively Coupled Plasma
Isotope Dilution

Laser Absorption Spectroscopy
Linear Dynamic Range
Limit of Detection

Local Thermal Equilibrium
Monobutyltin
Monobutyltintrichloride
Monomethylmercury
Methylmercurychloride
Methanol

Microwave Induced Plasma
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A. Abbreviations

MOT Monooctyltin

MOTCI  Monooctyltintrichloride

MPCM Microwave Plasma Cavity/Magnetron
MPhT Monophenyltin

MPhTCI  Monophenyltintrichloride

MPS Multi Purpose Sampler
MPT Microwave Plasma Torch
MS Mass-Spectrometry

MWP Microwave Plasma

OES Optical Emission Spectroscopy

PMP Polymethylpentene

PMT Photomultiplier Tube

PTFE Polytetrafluoroethylene

PTV Programmed Temperature Vaporization
SCS Single Column Switching

SD Standard Deviation

SSID Species Specific Isotope Dilution

STEB Sodiumtetraethylborate
STPhB  Sodiumtetraphenylborate

TBT Tributyltin

TBTCI Tributyltinchloride

TCD Thermal Conductivity Detector
Te Electron Temperature

Texc. Excitation Temperature

Tgas. Gas Temperature
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THF
Tion.
TPhT
TPhTCI
TPT
TPTCI
Trot.
TTBT
TTET
TTMT
TTPT

Tetrahydrofurane
lonization Temperature
Triphenyltin
Triphenyltinchloride
Tripropyltin
Tripropyltinchloride
Rotational Temperature
Tetrabutlytin
Tetraethyltin
Tetramethyltin
Tetrapropyltin
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B. Chemicals

Table B.1.: Chemicals used in this work.

Chemical Purity CAS-Nr.
Acetic Acid >99.8%  64-19-7'
Argon 4.8 7440-37-1 "
Butylmercurychloride not spec. 543-63-5!
Butyltintrichloride 95% 1118-46-3 !
Copper Powder p.a. 7440-50-8 "
Decane >99% 124-18-5"
Dibutylmercury not spec. 629-35-6 'V
Dibutyltindichlorid 96% 683-18-1"
Dichlormethan 99.99%  75-09-02
Dimethylmercury 98% 593-74-8 V!

ISigma-Aldrich, Steinhagen (Germany)
"Westfalen AG, Miinster (Germany)
"Merck, Darmstadt (Germany)
VHaihang IndustJinan City (China)
VAcros-Organics, New Jersey (USA)
VIABCR, Karlsruhe (Germany)

190



Table B.1.: Chemicals used in this work.

Chemical Purity CAS-Nr.
Dioctyltindichloride 95% 3542-36-7 V!
Diphenyltindichloride 96% 1135-99-5 '
Ethylmercurychloride not spec. 107-27-7 V!
Florisil® not spec. 1343-88-0'
Helium 4.9 7440-59-7 "
Hexamethyldisilazane 98% 999-97-3a V!
Hexane 97% 110-54-3 V!
Hydranal® Composite 5 i
Hydrochloric Acid 37% 7647-01-0 V!
Hydrogen 4.8 1333-74-0 "
IRMM-BCR-464 :
IRMM-BCR-646 !
iso-Propanol >999%  67-63-0'
Mercury(ll)chloride not spec.  7487-94-7 V!
Mercury(0) not spec.  7439-97-6
Methanol >99.9%  67-56-1 V!
Methylmercurychloride not spec. 115-09-3 V!
Nitrogen 4.8 7727-37-9 "
Octyltintrichloride 95% 3091-25-6 V!
Oxygen 5.1 7784-44-7"
Phenyltintrichlorid 98% 1124-19-2

VII'VWR, Radnor (USA)
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B. Chemicals

Table B.1.: Chemicals used in this work.

Chemical Purity CAS-Nr.
Sodium Acetate >99% 6131-90-4 v
Sodiumtetraethylborate ~ 97% 15523-24-7
Sodiumtetraphenylborate  99.5% 143-66-8 V!
Sodiumhydroxide p.a. 1310-73-2 "
Sodiumsulfate 98% 7757-82-6 V!l
Tetrahydrofurane >09.9%  109-99-9 '
Tetrabutyltin 99% 1461-25-2 V!
Tetraethyltin 98% 597-64-8 V!
Tetramethyltin 98% 594-27-4 V!
Tetrapropyltin 97% 2176-98-9 V!
Tributyltinchloride 96% 1461-22-9!
Triphenyltinchloride >97% 639-58-7 !
Tripropyltinchloride not spec. 2279-76-7 V!
Xenon 51 7440-63-3 !

VIl Griissing, Filsum (Germany)
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C. Instrumentation

Table C.1.: Instruments used in this work.

Device Identification Manufacturer
Autosampler MPS 2 GERSTEL !
Circulator VFU 1045 Valvo

Coaxial Cable Telegartner "
Column HP-1 Agilent v

Glass Connector Supelco v
Spraychamber Cyclon with baffle AHF V!
Discharge Tube Al>,O3 Mainz  Schleif-

werkzeuge V!!

'Miilheim (Germany)

""Hamburg (Germany)
Steinenbronn (Germany)

VSanta Clara (USA)
VBellefonte (USA)

VITiibingen (Germany)

Vi'Mainz (Germany)
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C. Instrumentation

Table C.1.: Instruments used in this work.

Device Identification Manufacturer
Monochromator SpectraPro-500i Acton Research
500 mm Corporation V!
Monochromator Acton Sp 2750 Princeton-
750 mm Instruments X
Digital-Massflow- F-201CV-020-AGD- Bronkhorst
Controller 33-V MATTIG X
Drying Oven ED 115 Binder X!
Fiber Optics FPC-0400-22-02SMA  Mightex-
Systems X!!
Gaschromatograph ~ HP-6890 Agilent 'V
Gaschromatograph ~ 6890N Agilent 'V
High-Voltage- G50R HiVolt X!
Module
ICCD Camera PI-MAX 3 1024i Princeton-
Instruments X
ICP/MS 7500ce Agilent 'V

Karl Fischer Unit

841 Titrando

Metrohm %V

VIllActon (USA)
XTrenton (USA)
XKamen (Germany)

X Tuttlingen (Germany)

Xl Toronto (Canada)

XMHamburg (Germany)

XIVFilderstadt (Germany)
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Table C.1.: Instruments used in this work.

Device

Identification

Manufacturer

Labor Centrifuge
Labor Scale

Lens

Line Scan Camera

Liquid Sampler
Micro controller
Microwave oven
Nebulizer
Pipette

Pipette

Pipette

Plasmasource

803 Ti-Stand

800 Dosino

5416

TE214S

Fused quartz glass
TCE-1304-UW

7633B

LabJack U12
MarsX

PFA MicroFlow
Reference® variabel
Microman
Transferpette

ASA

Metrohm XV
Metrohm XV
Eppendorf XV

Sartorius XV!

OptoSigma XV!!
Mightex-
Systems X!!
Agilent v
Meilhaus *V!!
CEM XX
AHF V!
Eppendorf XV
Gilson *X
Brand *X!

GERSTEL !

XV\Wesseling-Berzdorf (Germany)

XVIGsttingen (Germany)
XVlISanta Ana (USA)

XVIlpychheim (Germany)

XXMatthews (USA)
XXMiddleton (USA)
XXI\Wertheim (Germany)
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C. Instrumentation

Table C.1.: Instruments used in this work.

Device Identification Manufacturer
Plasmasource MiniMIP INP/
Neoplas *X!!
GC Injector CIS 4 GERSTEL !
Column Switching ~ SCS GERSTEL'
Software ChemStation Agilent 'V
Software LabVIEW 2009 National
Instruments™X!!!
Software Maestro GERSTEL !
Software MATLAB 2011 MathWorks XXV

CCD Spectrometer

Ultrasonic Bath

Water purification

Laboratory scale

USB 2.0 Spectrome-
ter

Sonorex RK100H
Aquatron water still
A4000D

TE214S

Mightex-
Systems X!!
Bandelin XXV

Stuart XXV!

Sartorius XXVII

XXl Greifswald (Germany)
XX Miinchen (Germany)
XXVlsmaning (Germany)
XXVBerlin (Germany)
XXVIStaffordshire (UK)
XXVl Ggttingen (Germany)
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