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The effects of argon added to a high-power microwave-sustained, inductively coupled, atmospheric-
pressure plasma (MICAP) initially operated with nitrogen as the sole plasma gas were investigated. While
replacing nitrogen in the intermediate gas flow with argon had negligible effects on the emission signal
intensities of 65 emission lines of 29 elements, 100% argon in the nebulizer gas flow resulted in a line-
dependent signal suppression of up to 70%. Pure argon in both the intermediate and nebulizer gas flows
and nitrogen in the outer gas flow interestingly resulted in a signal enhancement of up to 60% for high
excitation energy atom and ion lines. Moreover, limits of detection determined with this gas composition
showed an improvement exceeding a factor of two for Na()) 588.995 nm, Na()) 589.592 nm, Ni(i) 231.604
nm, Sb() 206.833 nm, and Sb() 217.581 nm. On the other hand, the addition of argon to the outer gas
stream was found to be problematic: above an argon fraction of 71%, the initially diffuse plasma
discharge filamented into a thin, highly luminous ring. The MICAP could not be operated under these
conditions over a prolonged time due to the expansion of the plasma ring towards the quartz torch wall
and subsequent damage of the torch (melting). Argon was found to constrict the plasma core when
added to the intermediate or outer gas flow. This constriction was followed by a widening of the analyte
channel and a general loss in analyte emission intensity. The effect was largest for a mixed gas plasma
with an outer gas stream composed of 71% argon and 29% nitrogen, showing a 60% increase of the
analyte channel cross section diameter and a line-dependent emission line signal loss of 20 to 50%.
Moreover, no combination of nitrogen/argon in either gas flow was found to significantly reduce the
highly structured nitrogen plasma background of the MICAP. High-speed imaging revealed that the
filamented plasma discharge is composed of several small plasma segments that chaotically rotate
around the center of the plasma torus resulting in what is perceived to be a thin, highly luminous ring.
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Introduction

Research on the application of microwave induced plasmas
(MIPs) in analytical chemistry has been conducted for decades.
However, when it comes to the actual number of instruments
used in routine laboratories, the inductively coupled plasma
(ICP) is the dominating plasma source for both optical emission
(ICP-OES) and elemental mass spectrometry (ICP-MS). Reasons
for this are diverse, but the fact that limits of detection (LODs)
in ICP-OES are about one order of magnitude lower compared
to those in MIP-OES, even when using the same spectrometer,*
should not be underestimated. While there are several ways of
constructing a microwave-powered plasma source,* nitrogen
has been commonly used as a plasma gas in high power
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(=1000 W) MIPs rather than argon due to plasma filamentation
- which is the collapse of a diffuse, toroidal discharge into an
arc. In contrast to MIPs, ICPs are always operated with argon
nowadays. This is advantageous due to the higher ionization
potential of argon (15.7 eV for Ar vs. 14.5 eV for N,), resulting in
improved excitation and ionization of most elements. More-
over, the optical plasma background is significantly smaller and
less structured in an argon plasma when compared to
a nitrogen plasma.® All the above mentioned factors contribute
to the degraded LODs of microwave-based plasma sources,
operated with nitrogen as the plasma gas. While nitrogen is
generally cheaper and can even be produced on-site from
compressed air in a nitrogen generator, argon is preferred from
an analytical point of view. It therefore might seem tempting to
venture into the operation of MIPs with argon or mixtures of
argon and nitrogen.

As early as 1951 Cobine and Wilbur* noted that microwave
plasmas behave quite differently when using argon compared to
molecular gasses such as nitrogen. While the latter showed
flame-like discharges, argon produced elongated, filamentous

This journal is © The Royal Society of Chemistry 2022


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ja00036a&domain=pdf&date_stamp=2022-06-03
http://orcid.org/0000-0001-6709-7028
http://orcid.org/0000-0002-5403-7680
https://doi.org/10.1039/d2ja00036a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ja00036a
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA037006

Open Access Article. Published on 21 April 2022. Downloaded on 4/5/2026 10:29:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

plasmas. In 2002, Moon and Choe systematically investigated
argon as the plasma gas for a high power MIP.* They concluded
that for a glass tube with 18 mm inner diameter (ID), flushed
with 2.5-5 L min~" Ar, under all investigated conditions a fila-
ment-like discharge was formed. These filaments consisted of
thin, very bright, spatially unstable plasma strands.

By using a novel brass microwave plasma torch (MPT), Jin
et al.® were able to maintain a stable argon MIP at power levels of
up to 150 W. Due to the relatively low power, the argon
consumption of this plasma source could be reduced to about
1 L min~'. However, as noted by Barnes et al.” the MPT is less
robust towards high solvent loads and can suffer from matrix
effects. Another problem encountered when coupling the MPT to
a mass spectrometer was degraded isotope-ratio accuracy and
precision.

Okamoto et al.® constructed a high power microwave plasma
source using argon as the plasma gas based on a narrow bore (2-
4 mm ID) quartz discharge tube. Thereafter, an annular shaped
plasma was formed in argon at 1300 W power. While LODs
comparable to those of ICP-OES could be attained, the external
cooling of the discharge tube posed a limit on the maximum
microwave power and potentially the lifetime of the tube.

Jankowski et al.>*® further investigated the analytical proper-
ties of narrow bore discharge tube microwave plasmas using
argon or argon/helium mixtures as the plasma gas at reduced
power. Giersz et al.** extended this work and developed a micro-
wave-driven ICP operated at atmospheric pressure using argon or
helium as the plasma gas. This approach allowed the use of torch
outer diameters of up to 20 mm facilitating the introduction of
undesolvated sample aerosols generated by an ultrasonic nebu-
lizer. As the used plasma torch was lacking an outer gas flow, the
maximum power was however limited to about 300 W.

Moon and Choe* extended their investigation to the char-
acteristics of an oxygen/argon plasma in 2006. They used again
an 18 mm ID torch, quite similar to an ICP torch with the
exception that no injector tube and consequently no inner gas
stream were present. With oxygen as the outer gas flow and
argon as the intermediate gas flow, they were able to form
a stable, diffuse — which means not filamenting - discharge.

The filamentation phenomenon was further investigated by
Cardoso et al. in 2009 using high-speed photography to study
these filaments in argon.” They concluded that the number of
filaments increases with increasing absorbed microwave power,
discharge tube diameter and pressure. Moreover, Cardoso et al.
found that the dimension of the filaments increased in a linear
manner with the absorbed power.

Hong and Uhm™ could show that the addition of a small
amount of a molecular gas is able to suppress plasma fila-
mentation in argon. At 1000 W additions of 0.3% CH, or 0.4%
CO, or 0.8% O, or 1% N, were found to be sufficient. The
authors concluded that the different thermal conductivities of
the investigated gasses are the main reason for the differences
in the required amounts of these molecular gasses. From
a mechanistic point of view, Hong and Uhm assumed molecular
gasses to suppress plasma filamentation because of two
conditions that have to be fulfilled simultaneously: first,
molecular gasses increase the gas kinetic temperature due to
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their higher thermal conductivity compared to argon and
second, they reduce the electron density in the filaments.
Following these findings, Castafios-Martinez et al.** found that
not only small amounts of molecular gasses can suppress
plasma filamentation in argon, but also noble gasses with an
ionization energy lower than that of argon e.g. krypton and
xenon. They obtained a diffuse plasma discharge when adding
either 0.5% Kr or 0.07% Xe. The authors additionally noted that
metastable atoms seem to contribute to the stabilization of
a diffuse argon plasma. Clearly, the assumptions of Hong and
Uhm" cannot provide sufficient explanation for the observa-
tions of Castafnos-Martinez and coworkers, as small additions of
Kr or Xe will not appreciably change the overall thermal
conductivity of the bulk plasma gas flow.

While the operation of high power MIPs using only argon as
the plasma forming gas is challenging, nitrogen/argon mixtures
seem to be a viable alternative. In fact, there is an interesting
similarity of this approach to the ICP: while ICPs are nowadays
operated exclusively with argon as the plasma forming gas, the
addition of nitrogen has been reported to be beneficial in
certain cases. For ICP-MS, Louie and Soo'® demonstrated that
the addition of small quantities (about 0.2%) of nitrogen to all
gas streams of the plasma torch resulted in a decrease of both
oxygen based polyatomic interference and doubly charged ions
as well as a general increase of the sensitivity throughout the
mass range by a factor of 2-5. Similar observations were made
by Hu et al.V” for laser ablation ICP-MS. Agatemor and Beau-
chemin'® showed that the addition of small quantities (about
0.1% v/v) of nitrogen to the outer- and inner gas flows mini-
mizes the matrix effects of sodium in solution nebulization ICP-
MS, while improving the LODs of Al, Co, Pd, and V. The concept
of argon/nitrogen mixed gas plasmas is also well known in ICP-
OES; Montaser and Mortazavi'® showed that a stable plasma
discharge can be maintained with up to 100% nitrogen in the
outer gas flow of a conventional ICP (Fassel-type) torch without
the need for excessively high plasma power (>5 kW) as used in
previous approaches by Greenfield and Smith.*® While argon/
nitrogen mixed gas ICPs are smaller in size and require lower
radial observation heights, the attained LODs for a number of
elements were higher when compared to those of an all-argon
ICP. A similar observation was made by Meyer and Barnes® for
an ICP operated with nitrogen as the sole plasma forming gas.
Ohata®* further studied the effect of up to 6% (v/v) nitrogen in
the outer gas flow of an axially viewed ICP-OES and also
encountered nitrogen-induced shrinking of the plasma. The
LODs of some high energy atom lines (As, Bi, P, S and Zn) and
ion lines (Cd, Fe, Ni, and Zn) could be improved by a factor of 2-
7 due to the addition of nitrogen, whereas for most other
emission lines an increase of the LOD was encountered when
compared to that of a standard argon-only ICP-OES. Scheffler
and Pozebon* introduced small quantities (<3% v/v) of nitrogen
into the inner (nebulizer) gas flow of an axially viewed ICP-OES.
The authors found that nitrogen increased the plasma robust-
ness* by up to 50%. Moreover, a considerable reduction of the
matrix effects of high concentrations of Na, K and Ca by
nitrogen on a number of emission lines was reported.
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While from the mechanistic point of view, the filamentation
of argon-based microwave plasmas is well documented, impli-
cations on the analytical capabilities are scarcely discussed in the
literature. Particularly, MIP properties at the brink of fila-
mentation are largely unexplored. As krypton and xenon are too
expensive for routine laboratories even when consumed only at
flow rates of a few ml min ", this work focuses on argon/nitrogen
mixed gas microwave plasmas, extending our previous work on
air as the plasma gas.? As already noted, the use of nitrogen as the
plasma gas entails an intense, highly structured optical plasma
background over most of the spectrum relevant for optical
emission spectrometry as well as degraded analyte excitation and
ionization when compared to an argon ICP. Clearly, any
improvement of one or both shortcomings of nitrogen plasmas
can be expected to narrow the gap between MIPs and ICPs in
terms of LODs. As nitrogen is the root cause of the degraded
performance, but a pure argon high power MIP is not feasible
due to filamentation, the admixing of argon to an initially pure
nitrogen MIP is investigated. A high-power microwave-sustained,
inductively coupled, atmospheric-pressure plasma (MICAP) is
used under high-speed imaging surveillance to investigate the
effect of the plasma gas composition on LODs.

Experimental
Instrumentation

A microwave-sustained, inductively coupled, atmospheric-
pressure plasma (MICAP) source* was coupled to the simulta-
neous spectrometer of a commercial ICP-OES (Ciros Vision
EOP, Spectro, Germany), as illustrated in Fig. 1.* The microwave
energy was provided by a 2M262A 1.5 kW 2.45 GHz magnetron
connected to a Magdrive 2000 (Dipolar AB, Sweden) high voltage
power supply. A conventional one-piece ICP-OES torch (for
Ciros Vision EOP, Spectro, Germany) having the following
dimensions was used: outer quartz glass tube: 17 mm inner
diameter (ID), 19.4 mm outer diameter (OD); intermediate
quartz tube: 14 mm ID, 16 mm OD, injector tube: 2.5 mm ID, 6
mm OD. While the nitrogen supply to the MICAP torch was
adjusted via an external control unit (Radom Corp., USA), argon
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Fig. 1 Top view diagram of the MICAP attached to the simultaneous
spectrometer of the used ICP-OES.
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was controlled by the mass flow controllers of the ICP-OES
instrument, whose spectrometer was used for this work. The
sample introduction system comprised a standard baffled
cyclonic spray chamber (Glass Expansion, Australia) and a glass
concentric nebulizer (Type A, Meinhard, USA).

For high-speed imaging, a 3-megapixel camera, capable of
acquiring up to 200 000 frames per second (fps) (MotionBLITZ
EoSens mini2, Mikrotron, Germany), was used. Plasma images
(144 x 150 pixel) were directly recorded in axial plasma viewing
with a Kowa LM35 (f= 35 mm/F1.4, used at f-number 4) objective
using 62 ps exposure time resulting in 15 000 fps temporal
resolution. No additional light absorbing filters were used. The
image conversion factor was determined photogrammetrically to
be 118 um per pixel. It is important to note that for imaging
experiments the MICAP was detached from the spectrometer
allowing axial plasma viewing by the high-speed camera. To avoid
microwave radiation leakage to the laboratory environment
during these high-speed imaging experiments, a grounded
aluminum attenuation tube (40 mm inner diameter, 80 mm
long) was attached to the front face of the MICAP source.

Standard operating conditions used throughout all experi-
ments are listed in Table 1. The only exceptions are high-speed
imaging investigations, where the microwave power was
reduced to 1000 W, in order to prevent serious torch damage
during plasma filamentation. It is important to note that at
1500 W similar observations to the case of 1000 W microwave
power were made visually.

Reagents

Purified water (18 MQ c¢m, Barnstead Nanopure, Thermo Fisher
Scientific, USA) and high purity nitric acid (Roth, Germany,
purified by subboiling) were used throughout. Standard solu-
tions were prepared from a 100 mg L~' multi-element stock
solution (Al, As, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg,
Mn, Mo, Na, Ni, Pb, Sb, Se, Sr, Ti, T, V, and Zn, Roth, Germany),
1 g L' single element stock solutions (As, B, Bi, S, Se, P, Pb;
Roth, Germany) or 10 g L™ " single element stock solutions (Fe,
Alfa Aesar, Germany) by dilution with 3% HNO; (v/v). Argon (5.0
quality, Messer, Austria) and nitrogen (5.0 quality, boil-off from
a liquid nitrogen storage tank, Linde, Austria) were used.

Experimental procedure

In order to record a consistent set of data, the effects of argon
added to the three gas streams of the MICAP plasma torch were
investigated using a standardized procedure with four test
standards: blank solution: (3% v/v nitric acid); solution #1:

Table 1 Instrument operating conditions for the MICAP

Parameter MICAP

Power, W 1500

Outer gas flow, L min™" 16

Intermediate gas flow, L min " 0.6

Nebulizer gas flow, L min " 0.85

Integration time, s 24 (full spectrum)
Replicates 5

This journal is © The Royal Society of Chemistry 2022
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2mg L' of Al, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo,
Na, Ni, Sb, Sr, Ti, Tl, V, and Zn, 12 mg L™ " of B, Bi, and Pb, and
22 mg L~ " As and Se in 3% v/v nitric acid; solution #2: 50 mg L™ "
of P and S in 3% v/v nitric acid; solution #3: 400 mg L™ " Fe in
3% v/v nitric acid.

Between these four solutions, the sample introduction
system was rinsed with diluted nitric acid (3% v/v) for 90
seconds. For the sake of clarity, emission intensities of each line
were normalized to the intensity in a pure nitrogen plasma by
dividing the background corrected intensities recorded in the
presence of varying amounts of argon by the background cor-
rected emission intensity of the line in a pure nitrogen plasma.
Therefore any enhancement or suppression by argon can be
easily identified. The line selection was based on previous work
on MICAPs in axial viewing.?

The excitation temperature T., was calculated from the
slope of a Boltzmann plot* of 22 Fe(1) emission lines located in
the spectral region ~367-377 nm. Emission signals of the
400 mg L " Fe solution (solution #3) were used for this purpose.

Due to differences in the spectral response of the individual
CCD detector chips installed in the simultaneous spectrometer,
only Fe(1) emission lines located on a single CCD detector chip
were selected. Wavelengths and the wused fundamental
constants®”?® are listed in ESI Table S1.}

LODs and LOQs were determined for 29 elements using
a total of 63 emission lines. The calibration range was covered
by eight equidistant standards. For As, Bi, and Se the concen-
tration range was 0.22-1.54 mg L™, for S and P 0.1-5.0 mg L™*
and for all other elements 0.02-0.14 mg L™ '. LODs were calcu-
lated by the blank method and LOQs were calculated using the
calibration method,® applying the instrumental conditions lis-
ted in Table 1. Details of the calculation procedures can be
found in the study by Hesse et al.”®

Image processing

Images recorded with a high-speed camera were exported from
the cameras raw data stream to a lossless *tif format and 3000
images (equal to a time segment of 200 ms) were averaged for each
experiment using the freeware Fitswork (Fitswork 4.47, https:/
www.fitswork.de) in order to gain a fluctuation free 16 bit
grayscale image. These images were further analyzed using the
free image manipulation software GIMP (GIMP v2.10.20, https://
www.gimp.org). The image parts containing the plasma (defined
by the inner cross section of the torch) were cut out (102 x 102
pixels) and subsequently a “posterization” filter was applied.
This filter reduces the amount of grayscale values to 4 defined
equidistant levels distributed over the whole dynamic range of
16 bits. Therefore, different areas of interest (plasma ring and
analyte channel) in the original images are highlighted and can
be evaluated in a standardized photogrammetrical manner.

Results and discussion
Effect of argon on the nitrogen plasma discharge

Initial experiments were conducted to evaluate the effect of
argon on the MICAP. Particularly the onset of filamentation was

This journal is © The Royal Society of Chemistry 2022
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found to be troublesome, as the plasma discharge tends to
expand towards the wall causing torch damage. Contrary to
previously reported microwave discharges,”>'>** the MICAP
does not form long, arc-like filaments but rather a thin, highly
luminous ring. This ring is located in close proximity to the
inner wall of the torch outer glass tube - a region that is
commonly occupied by the outer gas flow. Consequently, the
formation of this ring filament created a loud, hissing noise due
to the shearing of the plasma ring by the outer gas stream. It
should be noted that the MICAP could not be operated for more
than a few seconds under these conditions, before the torch was
damaged by melting of the outer tube.

A comparison between the diffuse plasma of the MICAP
using nitrogen as the sole plasma gas and the highly luminous
plasma filament in the presence of large quantities of argon is
shown in Fig. 2. From this figure it is also apparent that under
standard operating conditions such as the ones listed in Table 1
using only nitrogen as the plasma gas, the MICAP does not
expand towards the torch quartz glass wall, leaving enough
space for the outer gas flow for efficient torch cooling.

The effect of argon on the initially pure nitrogen MICAP was
studied by admixing argon to each gas stream separately,
replacing some or all of the nitrogen but leaving the total gas
flow constant. Initial experiments showed that the presence of
argon in the nebulizer- and intermediate gas flows did not
compromise the plasma stability noticeably. However, above
about 71% argon in the outer gas flow, filamentation of the
plasma discharge was observed.

In general, a widening of the region commonly associated
with the analyte channel (in the center of the axially viewed
plasma discharge) was encountered, when argon was admixed
to the intermediate and outer gas flows, while no such effect was
observed even for 100% argon in the nebulizer gas flow. As the
widening was largest for argon addition to the outer gas flow,
the quantification of this effect by high-speed imaging
combined with photogrammetry will be exemplarily elaborated
for this gas configuration. It is important to note that the same
calculations were carried out for all mixtures of argon and
nitrogen in the three gas flows of the MICAP torch. All these
results are summarized in ESI Table S2f for the sake of
completeness.

a)

Fig. 2 Axial views (3000 high-speed images averaged) of the MICAP.
(@) 100% nitrogen in all three gas streams (b) filamentation of the
MICAP due to 100% argon in the outer gas stream (100% nitrogen in
the intermediate and nebulizer gas streams). The red circle in both
images illustrates the position and size of the quartz torch outer tube
with respect to the plasma discharge.

b)
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In Fig. 3 the effect of an increasing concentration of argon in
the outer gas stream of the MICAP discharge is shown, while
pure nitrogen was fed to the intermediate and nebulizer gas
flows. Up to 71% argon in the outer gas flow, the plasma
structure remained fundamentally unchanged: a luminous but
diffuse plasma core always surrounded the analyte channel.
When comparing Fig. 3a with Fig. 3c, it becomes obvious that
the luminous, diffuse plasma-ring became thinner with
increasing argon concentration in the outer gas flow and
thereby, the analyte channel considerably widened.

It is important to note that in Fig. 3a and c¢ 3000 detector
pictures corresponding to 200 ms total observation time were
averaged to overcome image distortion by plasma streaks - this
effect is discussed below. In order to obtain quantitative infor-
mation from the plasma pictures, 3000 high-speed camera
images of each experiment were split into 5 groups of 600
images each. Then for each group the images were averaged and
afterwards the pixel gray scale information was reduced (as
described above) to 4 levels. This procedure was selected to
assess the signal variability over time for a given gas composi-
tion. Fig. 3b and d show that by posterization the analyte
channel can be separated well from the surrounding plasma.
Please note that the high-speed camera was slightly off-axis with
respect to the MICAP discharge (approximately 5°) to avoid
damage to the camera by the hot exhaust gasses. This resulted
in a non-circular brightness distribution in the original images

919
210

Fig. 3 Effect of argon concentration in the outer gas flow of a MICAP
(1000 W microwave power; 0.9 L min~' N, nebulizer gas flow,
0.6 L min~! N, intermediate gas flow; 14 L min~ N,/Ar outer gas flow);
the position of the camera and the magnification remained unchanged
for allimages. Gas composition in (a) and (b): 100% N> in the outer gas
flow, whereas in (c) and (d) 29% N, + 71% Ar. For images (a) and (b)
3000 detector pictures were averaged. In images (c) and (d) the initial
16 bit (65 536 levels) grayscale information for the averaged images
was reduced to 4 levels to better visualize the increasing size of the
analyte channel at the center of the discharge. Color coding in images
(b) and (d): red — analyte channel, yellow — most luminous part of the
plasma core.
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and a plasma core which thereby appears not to fully encircle
the analyte channel.

The four level grayscale pictures in Fig. 3 and the results in
ESI Table S471 qualitatively show a proportional widening of the
analyte channel with increasing argon concentration in the
outer gas flow. Quantitative information can be derived from
these images by summing all pixels of the analyte channel and
normalizing the corresponding pixel area of each N,/Ar mixture
to the area of pure nitrogen as shown in Fig. 4. It is interesting
to note that up to 43% argon in the outer gas flow, no significant
change in the analyte channel diameter was observed. Higher
concentrations of argon however led to channel widening,
resulting in a significant analyte channel area increase. At the
maximum permissible argon concentration of 71% in the outer
gas flow and pure nitrogen in the intermediate and nebulizer
gas flows, the analyte channel was found to be widened by 51 +
3% when compared to a pure nitrogen MICAP.

A similar, but less pronounced effect was observed for the
intermediate gas flow, when nitrogen was gradually replaced by
argon, while maintaining pure nitrogen in the nebulizer- and
outer gas flows. In this case, the analyte channel also widened
linearly with increasing argon concentration. At 100% argon in
the intermediate gas flow, the analyte channel area increased by
15 + 4% compared to that of a pure nitrogen MICAP.

As noted above, argon in the nebulizer gas flow had no
measurable effect on the analyte channel. Even at 100% Ar in
this gas flow, no significant change in the analyte channel area
was encountered.

The addition of argon to more than one gas stream at the
same time was investigated as well. With 100% argon in the
nebulizer- and intermediate gas flows and 100% nitrogen in the
outer gas flow, the analyte channel area increased only by 7 +
3% compared to that in a pure nitrogen MICAP. Clearly, the
presence of argon in the nebulizer gas stream slightly but
significantly reduced the effect of argon in the intermediate gas
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Fig. 4 Change of the visible analyte channel area observed in axial
viewing as a function of the argon concentration in the outer gas flow.
Data have been normalized to pure nitrogen for comparison. 600
detector images were pixel-averaged for one replicate prior to
reduction to 4 grayscale levels for separating the analyte channel from
the plasma core; n = 5; corresponding plasma images of the grayscale
reduced versions are listed in ESI Table S4.+
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flow, resulting in a widening of the analyte channel area of 7 &
3% rather than 15 + 4% as in the case of 100% argon in the
intermediate gas flow and pure nitrogen in the nebulizer- and
outer gas flows. As shown later, the combination of 100% argon
in the nebulizer- and intermediate gas flows and pure nitrogen
in the outer gas flow was found to enhance the emission signal
of most of the investigated analyte lines, appearing to be the
best combination for the investigated mixed gas MICAP.

An increased concentration of argon in the outer gas flow
was also investigated with 100% argon in the intermediate and
nebulizer gas flows. It is interesting to note that plasma fila-
mentation occurred above 71% argon in the outer gas flow,
irrespective of whether the intermediate and nebulizer gas flows
were composed of argon or nitrogen. This might be explained
by the fact that the outer gas flow represents the bulk of the total
gas flow in the plasma torch. As a consequence, the composi-
tion of the outer gas flow will dominate the gas composition of
the toroidal plasma core of the MICAP.

For 100% argon in the intermediate and nebulizer gas flows
and an increasing concentration of argon in the outer gas flow
a similar pattern to the case in Fig. 4 (pure nitrogen in the
intermediate and nebulizer gas flows and an increasing
concentration of argon in the outer gas flow) was encountered:
while below 43% argon in the outer gas flow no significant
change of the analyte channel cross section was encountered,
above this concentration the analyte channel area linearly
widened. At the maximal permissible argon concentration of
71%, the analyte channel cross section was 61 £ 3% larger than
in the case of a pure nitrogen MICAP. Therefore, argon in the
nebulizer- and intermediate gas flows caused some additional
10% increase in the analyte channel area over nitrogen in these
two streams. It is important to note that although the analyte
channel cross section did widen significantly with increasing
argon concentration in the outer gas flow, the filamentation of
the MICAP to a thin, bright ring is an abrupt event. It was not
possible to obtain a stable plasma discharge with an analyte
channel area larger than the noted 161% without immediate
plasma filamentation.

Effect of argon on the analyte signal intensities of a nitrogen
MICAP

While high-speed imaging provided insights into the effect of
argon on the size of the analyte channel cross section, the
analytically relevant implications on emission line signals were
determined by emission spectrometry. For this purpose, emis-
sion spectra of two multi-element solutions containing a total of
29 elements were recorded for varying concentrations of argon
in the three gas flows of the torch.

Beside the change in emission intensity, the excitation
temperature calculated from iron atom lines, as well as the
intensity ratio of the Mg(u) 280.270 nm and Mg(1) 285.21 nm
emission lines was used to assess changes in the MICAP caused
by argon. The Mg ion to atom line ratio, often referred to as
“plasma robustness”, is commonly used in ICP-OES to identify
matrix effects or optimize plasma conditions.**° It is important
to note that for an argon ICP a magnesium ion to atom line ratio
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larger than 10 indicates a robust plasma. However, this number
must not be directly applied to nitrogen plasmas such as
MICAPs, as the electron number density and LTE plasma
temperature differ considerably between a MIP and ICP: while
for a resonant cavity MIP, electron number densities of 1.6 X
10" m™® to 2.7 x 10" m™*® and an excitation temperature of
about 5000 K have been reported,* typical values of electron
number densities and excitation temperatures for an ICP are 5
x 10 m™ to 5 x 10> m® and about 8000 K, respectively.>*
Therefore, plasma robustness values between 0.5 and 1.8 are to
be expected for MIPs operated with nitrogen according to
Chalyavi et al.,** who obtained values between 0.4 and 0.6 for
aresonant cavity MIP at 1000 W microwave power. Thaler et al.**
found values up to 1.8 under radial viewing for a MICAP at
1500 W. In the presented work, a plasma robustness of 1.6 was
obtained at 1500 W for a pure nitrogen MICAP in axial viewing,
which is expected and in agreement with the cited literature.

An overview of the effects of argon on the emission intensi-
ties of 60 emission lines from 29 elements investigated is
visualized in Fig. 5. Numerical values with detailed line desig-
nations are provided in ESI Table S2.7 Please note that in Fig. 5
only “extreme” gas conditions are shown, while in ESI Table S27
intermediate steps for each gas mixture are reported.

Addition of argon to the nebulizer gas flow. The addition of
argon to the nebulizer flow provoked a signal suppression for
most investigated emission lines as indicated in Fig. 5a. A more
detailed view of the data listed in ESI Table S27 reveals that the
addition of 44% (v/v) argon to the nebulizer gas flow leads to
signal suppression in the range of 40% to 80% for all investi-
gated elements with the exception of the alkaline metals Na and
K. When the argon concentration in the nebulizer gas flow was
further increased to 100%, all emission lines showed a corre-
sponding increase in the emission intensity compared to 40%
argon. However, with the exception of Li, Na, K, P and S no other
element reached the same emission intensity as acquired in
a pure nitrogen plasma. This suppression behavior is most
interesting, indeed. The slight enhancement of the alkaline
elements in the presence of argon might indicate a cooler
normal analytical zone (NAZ), as this fosters an increase in the
number of alkaline atoms in the ground state. However, there is
no clear trend in the dataset which might link the total line
energy to the level of suppression. All investigated emission line
intensities of S and P obtained for pure nitrogen as well as for
100% argon in the nebulizer gas stream remained unchanged.
This fact is surprising, as with the exception of the aforemen-
tioned alkaline elements, all other emission lines were sup-
pressed by the presence of argon. In addition, the plasma
background remained highly structured irrespective of the
nebulizer gas flow composition. Changes in the signal intensity
were therefore not caused by a change of the plasma back-
ground but rather by differences in the excitation conditions. It
should be noted that the highly structured plasma background
intensity remained in fact unchanged.

The excitation temperature seems to support the hypothesis
of a slightly cooler NAZ: while in a pure nitrogen MICAP the
excitation temperature was 5200 + 100 K, it slightly decreased to
4700 + 200 K at 44% argon in the nebulizer gas flow and
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Fig.5 Effect of the plasma gas composition on the normalized emission line intensity of 29 elements (60 emission lines) as a function of the total
line energy (atom lines: excitation energy; ion lines: ionization energy + excitation energy). Gas composition in (a): 100% argon in the nebulizer-
(NG) or intermediate gas (IG) flows and pure nitrogen in the other gas (OG) flows. Gas composition in (b) 100% argon in the intermediate and
nebulizer gas flows and either pure nitrogen or an Ar/N, mixture with 39% (v/v) nitrogen in the outer gas flow. Please note that all underlying
datasets plotted in this graph are listed in ESI Table S2.1 RSDs < 2% for all lines; n = 5. Elements of special interest have been highlighted with the
element symbol but the wavelength was omitted for clarity. Note that above 9 eV only ion lines are shown.

remained unchanged (4800 + 100 K) when the argon fraction in
this gas stream was increased to 100%. Unfortunately, the used
spectrometer does not cover the spectral interval necessary to
determine the electron number density from the Stark broad-
ening of the Hg line. Lacking this essential information, it can
only be concluded that argon in the nebulizer gas flow reduces
the emission intensity of nearly all observed elements, with the
exception of Li, Na, K, P and S. While the addition of argon to
the nebulizer gas flow caused no significant change in the
analyte channel diameter, the plasma robustness decreased
from 1.6 for a pure nitrogen MICAP to about 0.9 at 44% argon in
the nebulizer gas flow following the trend of all investigated
emission lines with the exception of Na and K. At 100% argon in
the nebulizer gas flow, a small increase in the plasma robust-
ness to 1.0 was encountered. Again, most other investigated
emission lines followed this trend and showed higher signals
than at 44% argon in the nebulizer gas flow.

Addition of argon to the intermediate gas flow. Adding argon
to the intermediate gas flow had no significant effect (<5%) on
all investigated emission lines as shown in Fig. 5a and
summarized in ESI Table S2.7 This even holds true for 100%
argon in the intermediate gas flow. While the analyte channel
cross section area widened slightly by 15 & 4%, no change in the
excitation temperature or the plasma robustness was encoun-
tered when compared to a pure nitrogen MICAP. This might be
explained by the fact that the intermediate gas flow has the
smallest contribution (3.4% v/v) to the total gas flow of
17.5 L min " fed to the plasma torch and is furthermore not in
direct contact with the sample aerosol.

Addition of argon to the nebulizer and intermediate gas
flows. Replacing nitrogen in both the nebulizer and interme-
diate gas flows resulted in an enhancement of some emission
lines compared to a nitrogen-only MICAP; as shown in Fig. 5b,
the alkaline elements were enhanced by some 40-60%, but also
for high excitation energy atom lines (>6 eV) of As, P, S and Se
increased signals (30% to 60%) were observed. Above about
12 eV total line energy, all ion lines experienced a nearly linear
enhancement with increasing line energy (10% to 60%) with the
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two zinc ion lines Zn(u) 202.548 nm and Zn(u) 206.191 nm
showing the largest signal gain of 60% over a nitrogen-only
MICAP. The excitation temperature under these conditions was
similar to that of a pure nitrogen MICAP (5200 + 100 K), while
the plasma robustness slightly decreased to 1.5. It is interesting
to note that Mg(u) 280.270 nm and Mg(1) 285.21 nm were both
suppressed (77% and 81% of the signal intensity of a pure
nitrogen MICAP) with 100% argon in the nebulizer and inter-
mediate gas flows, while no signal change was encountered
when argon was only introduced into the intermediate gas flow.
Unexpectedly, magnesium experienced the largest suppression
of all investigated elements when intermediate and nebulizer
gas streams consisted of 100% argon. The analyte channel cross
section area slightly, but significantly increased by 7 £ 3%
compared to that observed for a pure nitrogen plasma. Again,
the plasma background remained highly structured even when
100% argon was introduced in both intermediate- and nebu-
lizer gas streams.

Addition of argon to the nebulizer, intermediate and outer
gas flows. Pure argon in the nebulizer- and intermediate gas
flows was generally found to be beneficial, as it enhanced the
emission of high energy lines. However, if also in the outer gas
flow the fraction of argon in the total gas flow was increased
from 0% to 71%, all emission lines were suppressed by 20% to
50% (median of all lines: 30% suppression) when compared to
the signals obtained with argon in the nebulizer- and interme-
diate gas streams and nitrogen in the outer gas stream as shown
in Fig. 5b. The only exception was K(1) 766.491 nm. It is
important to note that above 71% argon in the outer gas flow,
the plasma was visually distorted and could not be operated for
a prolonged period of time without filamentation to a ring
discharge. At 71% argon in the outer gas flow, the excitation
temperature remained at 5200 + 100 K while the plasma
robustness increased to 1.8 and the analyte channel cross
section area reached the largest encountered area, increasing to
161 + 3% compared to that of an all nitrogen plasma.

The widening of the analyte channel is a result of
a constriction of the plasma torus. While its outer diameter

This journal is © The Royal Society of Chemistry 2022
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remained constant, its inner diameter increased with
increasing concentration of argon in the outer gas flow.
Therefore the sample aerosol can be expected to expand into
a wider analyte channel, resulting in a less dense radiation
source. Consequently, the encountered emission signal loss can
be explained by the fact that the spectrometer entrance optics
collects light only from a small but constant fraction of the
analyte channel center. If in this zone the number of emitting
species is reduced, an overall signal loss is to be expected.
Moreover, species at the center of the analyte channel will be
less effectively excited once the distance to the hot plasma torus
increases, giving rise to a line-specific change in the emission
intensity. The considerable increase in the plasma robustness
from 1.6 in an all-nitrogen MICAP to 1.8 in a “mostly argon”
MICAP can be interpreted with a shift in the ionization equi-
librium; while the absolute signal intensities of both the atom
and ion lines of magnesium decreased by more than 50% when
compared to those of a pure nitrogen MICAP, their ratio
changed. As the excitation temperature was similar for both, the
all-nitrogen MICAP and the “mostly argon” MICAP, the increase
in plasma robustness points to an increase in the electron
number density. Chalyavi et al.** concluded from similar elec-
tron- and excitation temperatures of a resonant cavity MIP that
a local thermal equilibrium is also present in all-nitrogen MIPs.
This is an important prerequisite for the assumption that large
quantities of argon increase the electron number density in the
MICAP. However, the excitation temperature reported in this
work is an averaged temperature over the small plasma volume
segment imaged by the entrance optics on the spectrometer
entrance slit. The fact that the excitation temperature did not
markedly change with different argon concentrations in the
three gas flows of the plasma torch indicates that for further
plasma diagnostics radially resolved excitation temperatures
are required. Nevertheless, the obtained excitation temperature
for an all-nitrogen MICAP at 1500 W of 5200 £ 100 K is in good
agreement with radial measurements by Thaler et al.,** who
obtained 5200 £ 300 K for a MICAP at the same power level.

LOD/LOQ: comparison between a pure nitrogen and argon/
nitrogen MICAP

As the highest signal enhancements were encountered for
a MICAP with argon in the nebulizer- and intermediate gas
flows and nitrogen as the outer gas flow, LODs and LOQs for
several emission lines were determined for this setup. As
exemplarily shown in Table 2 for selected emission lines, the
overall improvement was rather small. Please note that a full list
with 62 emission lines of 29 elements is given in ESI Table S3t
providing the LOD and LOQ for all investigated lines. A decrease
of the LOD by more than a factor of two was only encountered
for Na(1) 588.995 nm, Na(i) 589.592 nm, Ni(u) 231.604 nm, Sb(1)
206.833 nm, and Sb(i) 217.581 nm. Clearly, the effect of argon
on improving the LOD of a MICAP is small at best. It should be
noted that with the exception of Na(1) 588.995 nm all other
emission lines that showed improved LODs in an argon/
nitrogen mixed gas MICAP were not the most sensitive lines of
the respective elements.
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Table 2 Limits of detection (LOD) calculated by the blank method of
selected emission lines determined with a pure nitrogen or mixed-gas
MICAP (pure argon in nebulizer- and intermediate gas flows; pure
nitrogen in the outer gas flow)

N, MICAP Ar/N, MICAP
Element, emission line LOD, pg L* LOD, pg L "
Al(1) 396.152 nm 1 6
B(1) 249.773 nm 8 4
Ca(u) 393.366 nm 0.2 0.2
Cd(1) 228.802 nm 10 3
Cu() 324.754 nm 4 6
Fe(n) 259.941 nm 4 6
K() 766.491 nm 1 9
Mn() 259.373 nm 1 2
Na(1) 588.995 nm 5 0.4
Na(1) 589.592 nm 5 1
Ni(1) 352.454 nm 60 40
Ni(n) 231.604 nm 100 50
P(1) 213.618 nm 400 200
Pb(1) 405.778 nm 20 30
Sb(1) 206.833 nm 300 100
Sb(1) 217.581 nm 200 90
Zn(1) 213.856 nm 20 20

High-speed imaging: plasma streaks

During high-speed imaging experiments of plasma fila-
mentation, fast moving streaks were encountered in the MICAP.
These streaks appear to be formed in the outer regions of the
plasma and travel through the MICAP similar to waves, also
passing through the analyte channel. Fig. 6 shows a single
frame (62 ps exposure time) of the high-speed camera video
stream. The plasma is distorted at the outer surrounding and
also at the center of the analyte channel a wave-like structure
can be observed. A high-speed video showing these streaks is
available (ESI: Plasma_streaks.mp4).t It is interesting to note
that these streaks appear to be very fast: from the plasma video
stream, it was determined that within 682 pus a streak passed
through half of the plasma discharge of 12 mm diameter
(calculated by photogrammetry). This results in a streak prop-
agation speed of about 9 m s~ . In this context it is important to
note that the observed streaks are not an artefact caused by
shimmering of hot gasses. The streaks are too fast for such an
alternative explanation and the selected depth-focus of the used
camera objective will exclude colder, less luminous zones
outside the plasma core. The streaks have only been observed
when focusing on the plasma core and do not occur in the
plasma tail flame. Moreover, the hot plasma gasses were
removed by a fume extraction hood installed above the hori-
zontally orientated plasma torch and MICAP-setup. If the
observed streaks were indeed related to the shimmering of hot
gasses, fume extraction would have caused a preferential streak
direction, which has not been observed.

Streaks were encountered with and without argon in the
outer gas flow. However, the frequency of streaks was rather low
for nitrogen as the sole plasma gas (one every few ms) but
constantly increased with increasing argon concentration in the
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Fig. 6 Single frame from a high-speed video stream (62 ps exposure
time) of the MICAP showing plasma streaks (diagonally) passing
through the discharge (1000 W microwave power; 0.9 L mint N,
nebulizer gas flow, 0.6 L min~* N, intermediate gas flow; 14 L min~!
outer gas flow with 71% Ar + 29% N,); please note the pronounced
deformation of the plasma discharge highlighted by the red arrows.
The red circle has been added as a reference for the inner torch
diameter. The green, dotted line highlights one of the streaks warping
the plasma torus.

outer gas flow. At 71% argon in the outer gas stream, always one
or more streaks pass through the discharge at a time. It is
important to note that these streaks — much like the plasma
filaments - appeared randomly around the plasma discharge
and no preferential region of creation or preferred orientation
was encountered.

The reason for streak-creation remains unclear. The fact that
with an increased argon concentration in the outer gas flow the
number of streaks increases suggests that there is a connection to
the overall gas composition. As noted before, the addition of
argon to an initial pure nitrogen plasma will alter the thermal
conductivity of the discharge. Consequently, the plasma imped-
ance might change as well. It is interesting to speculate that the
resonant nature of a MICAP cavity might be influenced by
a plasma impedance other than the tuning impedance of a pure
nitrogen plasma. This in turn may cause detuning of the resonant
cavity and provokes the increased appearance of streaks. Clearly,
a more thorough investigation of this phenomenon is required.

From an analytical point of view, streaks passing through the
analyte channel might be expected to cause disturbance of the
laminar flow pattern commonly assumed for this region of the
plasma. However, no destabilization of the analyte signal indi-
cated by increased RSDs was encountered, even when operating
the MICAP with 100% argon in the intermediate- and nebulizer
gas flows and 71% argon in the outer gas flow. The reason for
this might be the long integration time (24 s) of the ICP-OES
spectrometer detectors and the corresponding averaging of the
signal. Although no effect of the plasma streaks on the signal
stability was encountered for emission spectrometry, they
might be of relevance to mass spectrometry, where the dwell
time on every m/z is in the millisecond range.

High-speed imaging: plasma filamentation

With increasing argon concentration in the outer gas flow, the
MICAP luminous but diffuse plasma core was found to
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Fig. 7 Single frame from a high-speed video stream (62 us exposure
time) of the filamenting MICAP (1000 W microwave power; 0.9 L min~*
N, nebulizer gas flow, 0.6 L min~! N, intermediate gas flow; 14 L min~!
Ar outer gas flow). Red rings have been added to highlight a regular
plasma ring.

constrict, whereby the analyte channel at the center was
widened. When exceeding about 71% argon in the outer gas
stream, the diffuse plasma core was found to collapse into
a thin, highly luminous ring as shown in Fig. 7. High-speed
imaging showed that this ring was in fact formed by several ring
segments that were in constant movement. They appeared to
rotate around the center of the ring, though their motion
seemed to be chaotic. Moreover, segments of low filament
luminosity were visible. Also these darker segments followed
general rotation and sometimes completely disappeared. A
high-speed video showing the filamentation of the MICAP in
argon is available(ESI: Plasma_filamentation.mp4).t

From an analytical point of view, the filamented MICAP
discharge cannot be expected to be of much use even if the torch
damage might be circumvented by an excessively large outer gas
flow. As the plasma filament constricts to a thin ring, the energy
transfer to the “analyte channel” at the center of this ring can be
expected to be poor indeed. This in turn will result in inefficient
analyte excitation and severely degraded LODs.

Conclusion

The effect of argon on the analytical performance of a MICAP
was found to be small when added either to the nebulizer- or the
intermediate gas flow; no effect on the signal intensities of 65
investigated emission lines was encountered when operating
the MICAP with 100% argon rather than pure nitrogen in the
intermediate gas flow. With the exception of the atom lines of
Li, Na, K, P and S, argon caused line-dependent signal
suppression when added to the nebulizer gas flow. If, however,
nitrogen was replaced by argon in both the nebulizer- and
intermediate gas flows, the overall effect was a slight enhance-
ment of most of the investigated emission lines in the range of
about 10% to 60%. Consequently, a slight, line energy depen-
dent improvement of LODs was observed, though only for
Na(1) 588.995 nm, Na(1) 589.592 nm, Ni(u) 231.604 nm, P(1)
178.287 nm, Sb(1) 206.833 nm, and Sb(i) 217.581 nm a reduction
of the LODs by more than a factor of two was encountered.

This journal is © The Royal Society of Chemistry 2022
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Consequently, replacing nitrogen with argon in the nebulizer-
and intermediate gas flows should be considered if those
elements are to be analyzed and lowest possible LODs are of
importance.

Argon in the outer gas stream was found to constrict the
plasma core resulting in a widening of the analyte cannel by up
to 61% of its original surface area. This process was accompa-
nied by a signal suppression of 20 to 50% for all investigated
emission lines, with K(1) 766.491 nm being the only exception.

Moreover, the addition of argon to any of the investigated gas
streams resulted in no reduction of the highly structured optical
plasma background, providing further explanation for the
modest overall improvement of the investigated emission line
LODs. Based on these findings it can be concluded that the
addition of argon to a MICAP presents no significant analytical
advantage over a pure nitrogen plasma.

When comparing an argon/nitrogen mixed-gas ICP with
a nitrogen/argon mixed-gas MICAP, two distinct differences
become obvious; while LODs in ICP-OES**** and ICP-MS*® in
general can be significantly improved by the addition of
moderate quantities of nitrogen, the inverse - the addition of
argon to an initially all nitrogen MICAP - was shown to degrade
LODs at most argon/nitrogen ratios. However, from the plasma
stability point of view, the MICAP is far more tolerant to argon,
than the ICP is to nitrogen; as shown, argon causes the plasma
core of the MICAP to constrict resulting in a widening of the
analyte channel. Ultimately, the microwave discharge collapses
(filaments). Yet, the fully filamented MICAP discharge remains
in the state of a plasma. The ICP on the other hand will extin-
guish if the concentration of nitrogen in the plasma-forming
gas exceeds a certain threshold. It will extinguish because the
plasma impedance is vastly altered by the nitrogen and the RF
generator ultimately cannot compensate for these changes.
While free running RF generators are limited in their allowable
frequency response, in crystal controlled RF generators, the
impedance matching network will ultimately fail to provide the
necessary additional capacitance.

When the concentration of argon in the outer gas flow of
a MICAP exceeded about 71%, plasma filamentation - that is
the formation of a highly luminous, thin-walled ring discharge -
was encountered. The MICAP could not be operated under these
conditions over a prolonged time due to the expansion of the
plasma towards the quartz torch wall and subsequent damage
of the torch (melting).

High-speed imaging showed that the filamented plasma
consists of several chaotic rotating segments. For the not fila-
mented, diffuse plasma discharge, high-speed imaging revealed
plasma streaks moving at high speed through the discharge.
The number of streaks was found to increase with the argon
concentration; however they were not found to compromise the
signal stability in optical emission spectrometry.

It is interesting to note that depending on the gas compo-
sition the plasma robustness changed by up to a factor of two
although the excitation temperature remained nearly constant.
Moreover, for axial plasma viewing the Mg(u) 280.270 nm/Mg(1)
285.21 nm ratio proved to be a useful parameter for tracking
changes in the plasma discharge.
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