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The Solution-Cathode Glow Discharge (SCGD) is a useful plasma source for elemental analysis, gathering at-
omization/excitation/ionization capabilities for aqueous solutions with simplicity and low consumption. When
combined with Optical Emission Spectrometry (OES), ng/mL limits of detection can be achieved for multiple
elements. Additionally, this plasma source presents certain robustness against the presence of dissolved non-
analyte ions. Nevertheless, the mechanisms by which the SCGD can transfer the dissolved analytes from the
solution into the plasma, and the mechanisms of how concomitant ions in the sample solution affect the per-
formance of the analysis, are still not fully understood. Therefore, fundamental plasma diagnostics of the SCGD
are performed in this work, including electrical measurements, electron densities and rotational and excitation
temperatures. In particular, these measurements are performed introducing solutions with NaCl concentrations
up to 3.5 g/L in order to understand how they affect the atomization/excitation efficiency and the analyte
solution-to-plasma transfer processes of the source. The information is correlated with the signal produced by
three analytes (Cd, Zn and Cu).

1. Introduction

Solution-electrode glow discharge plasmas are becoming a solid
alternative as excitation sources coupled to Optical Emission Spectros-
copy (OES) for elemental analysis [1]. In terms of analytical perfor-
mance, its limits of detection (LODs) can compete with traditional
elemental analysis techniques such as Atomic Absorption Spectrometry
(AAS) or Inductively Coupled Plasma (ICP) with OES detection, showing
mid to low ng/mL range for many elements, going even lower for some
specific cases (e.g., Na, Li or Ag) [1]. Moreover, the detection of Cl and
Br was recently reported, with LODs in the low pg/mL level [2]. The use
of mass spectrometry (MS) detection improves some of these features
and even extends the use of the source to analyze organic compounds
and even large biomolecules [3,4].

One of these excitation sources is the Solution-Cathode Glow
Discharge (SCGD). The SCGD is based on an electrical discharge at at-
mospheric pressure ignited and maintained with <100 W of direct
current power with voltages normally below 1000 V, without requiring
pressurized gases. Its special characteristic is the use of a conductive
liquid electrode that is continuously renewed and electrically grounded,
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acting as the cathode; the anode is typically a pin metallic electrode a
few mm above. In this situation, the plasma is continuously in contact
with the solution, sampling it and incorporating the solution constitu-
ents into the plasma. In other words, there is no need to include a sample
nebulization step to introduce it into the plasma and atomize it,
providing a simple and low consuming OES source, with high minia-
turization and portabilization potentials [5,6]. Once the atomized ana-
lytes are in the plasma, they eventually produce atomic emission useful
for elemental detection and quantification, covering many elements in
the periodic table, reaching many alkali, alkali-earth and transition
metals, semi-metals and even halogens, especially if combined with
hydride generation strategies [2,7-9]. Not in vain, SCGD-OES and
similar set-ups were tested for the analysis of water of diverse prove-
nance (lakes, rivers, tap or mineral) [10,11] and others with higher
salinity content like seawater [6,11], waste waters [12,13], brines [14]
or blood samples, [15] showing good tolerance to complex matrices
with high concomitant ion concentrations [1]. Additionally, novel ge-
ometries (e.g., using hanging solution drop electrodes [16] or flat cap-
illaries [17]) and powering modes (e.g., ms pulsed [18]) were reported
attempting to improve the capabilities of the source. The overall
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characteristics of the SCGD indicate it can be a valuable approach for
continuous real-time elemental monitoring in water streams analysis.

Nevertheless, the simplicity of this plasma to serve simultaneously as
a nebulization/atomization/excitation source entails additional
complexity. The mechanisms under which the plasma incorporates the
elemental analytes and the excitation processes (that fortunately are
better understood from the experience with other plasma excitation
sources) are difficult to untangle. Analyte solution-to-plasma transfer
occurs in a complex environment where liquid, gas and plasma phases
coexist, generating an extremely rich chemical environment with the
presence of many different reactive species (e.g., hydrated electrons or H
and OH radicals). Additionally, the discharge presents a fast temporal
fluctuation (in the low ps scale) not usual in metallic electrode dis-
charges, adopting a filamentary structure. These plasma filaments
prospect the liquid electrode surface in a somehow chaotic way [19,20].
Different mechanisms under which this solution-to-plasma analyte
transfer were proposed. Cserfalvi and Mezei proposed cathodic sput-
tering by HoO' and O™ as a way of producing solvated metallic ions that
can lead to neutral metal-hydroxide complexes capable of travelling
across the strong electric field cathode region [21], of over 10 V/m
[22]. Maksimov et al. proposed a similar cathode sputtering mechanism
where neutral metallic species appear after the break of vibrationally
excited salt molecules presenting a bond of covalent nature (instead of
the typical non excited ionic bond nature) [23]. An alternative mecha-
nism was proposed by Webb and coworkers, involving analyte con-
taining droplets ejected from the solution surface, either generated by
electrospraying or through flash thermal vaporization (rapid vapor-
ization of a small volume of liquid that creates a high-pressure water
vapor region that condensates and expels the droplets), followed by
droplet desolvation and analyte release [24]. The droplet analyte
transfer mechanism was later supported by other studies [19,20,25,26]
and gained more weight under Hazel et al. work, where they introduced
undigested nanoparticles and still found analyte emission [27]. Cathodic
sputtering produced by impinging H,O" ions, much less massive than
nanoparticles, would require much higher ion kinetic energies to extract
the nanoparticles from the liquid solution. On the contrary, the droplet
ejection mechanism rationalizes the nanoparticle transfer, immersed in
those droplets, from the solution into the plasma. Apart from cathodic
sputtering and droplet ejection, a third mechanism was described,
involving Chemical Vapor Generation (CVG) containing the analytes,
through the reduction of the dissolved metals in the plasma-liquid
interface. In this sense, SCGD set-ups were utilized as Plasma Induced
CVG approaches to generate vapors of Hg [28] or Os [29], along with
similar set-ups using alternate current discharges (Cd or Zn [30]) or
solution-anode polarities (Ag, Cd, Hg, In, Pb, Tl and Zn [31]).

As it has been mentioned, the performance of SCGD and alike sources
resist reasonably well if high non-analyte ion concentrations are present
in the sample solution. Two of the most typically present ions in many
target samples are Na™ and Cl™. Their effect on the analytical signal was
studied for multiple analytes introducing prepared solutions with
different amounts of Na™ and Cl~ before dealing with real samples. The
results for this response study are summed up in Table 1. Na* effect has
been studied for more elements in concentrations up to the range of 100
s of mg/L, producing sensitivity drops for many elements, though some
others did not show notable signal response changes. Attending to these
exceptions, they are difficult to classify since some of them are alkali,
other alkaline-earth and other transition metals. ClI~ did produce
sensitivity changes in every analyte that has been studied, with gener-
alized sensitivity drops, except for one element, Hg, which doubled its
response.

For real sample analysis, where high concentrations of Nat and/or
Cl™ are found, previous dilution step is typically reported. This pro-
cedure is a plausible option, but sometimes demands reaching high
sensitivities to compensate from reducing the concentration of analyte
ions, together with concomitant ions. In this sense, studying analyte
response at concomitant ion concentrations similar to that of high
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Table 1
Reported analytical signal variation in SCGD-OES due to the presence of
concomitant ions.

Concomitant Analyte Signal Variation Reference
Ion Concentration (mg/L) Element
200 Hg No change [12]
100 Cs No change [32]
100 Rb No change [32]
100 Sr No change [32]
200 cd No change [33,34]
Nat 5 Ca Decrease [15,35]
100 Ca Decrease [35]
100 K Decrease [14,35]
200 K Decrease [14,35]
200 Mg No change [14]
200 Ag Decrease [34]
200 Zn Decrease [34]
200 Hg Doubled [12]
100 Cs Decrease [32]
(U 100 Rb Decrease [32]
100 Sr Decrease [32]
200 cd Decrease [33,34]

salinity samples is desirable. Additionally, to our knowledge, no detailed
study on how concomitant ion concentration affects the SCGD plasma
conditions and its working mechanisms when used for elemental anal-
ysis (both solution-to-plasma analyte transport mechanisms and exci-
tation processes) has been performed to date.

The present study unveils how the presence of two common ions,
Na® and ClI~, present in many potential samples where the SCGD-OES
approach can find a niche of applications, affects both the analyte
transport and excitation mechanisms from fundamental plasma char-
acterization experiments. This task is confronted by the characterization
of the electrical parameters of the discharge and the measurement of
relevant plasma parameters, namely, rotational temperature, electron
density and excitation temperature, introducing solutions with
increasing NaCl concentrations. These results are correlated with the
signal produced by three analytes (Cd, Zn and Cu), with a discussion
about the excitation conditions and the analyte transfer mechanisms of
the SCGD and similar sources.

2. Experimental
2.1. SCGD-OES set-up

Fig. 1 schematizes the experimental set-up used in the experiments.
The SCGD is generated between a sharpened tungsten rod and a
graphite, covered by an electrolytic solution and connected to ground. A
borosilicate glass capillary tubing of 1.1 and 0.4 mm of outer and inner
diameter, respectively, leads the solution into the discharge region. The
solution flow rate is controlled with a peristaltic pump (Reglo Icc,
Ismatec, Wertheim, Germany). A tube section filled with glass beads
helps to damp the flow rate pulsing produced by the pump. The solution
flows continuously to assure no exposition of the graphite surface. A
direct current high voltage power supply (KEPCO, Model BHK 2000-01,
New York, USA) applies a potential difference between the two elec-
trodes. The ignition is achieved by applying a potential difference of
1500 V and approaching the metallic electrode (a tungsten rod that acts
as anode) to the overflowing electrolyte. Once ignited, the discharge is
maintained at 80 mA (the power supply works in current control mode)
which requires between 600 and 900 V, depending on the inter-
electrode distance, which ranges between 1 and 4 mm, and the
incoming solution composition. The applied discharge potential is
measured using a high voltage probe (TESTEC, HVP-40). Direct voltage
readings provide the voltage between the metallic electrode and the
graphite, which includes the voltage applied to the discharge plus the
voltage between the solution surface and the graphite. To estimate the



J. Orejas et al.

HV PS Load Resistor

aills

—

Grounding
graphite

Spectrochimica Acta Part B: Atomic Spectroscopy 209 (2023) 106786

Tungsten anode

Czerny-Turner
Spectrograph

diaphragm

Peristaltic
pump

Residue

Fig. 1. Schematic presentation of the SCGD-OES set-up used in the present study.

real voltage applied to the discharge, the voltage between the solution
surface and the grounding graphite needs to be subtracted to the one
measured by the high voltage probe. The voltage between the solution
surface and the graphite is measured using the same voltage probe, and
by approaching the metallic electrode to the solution. Once the electrode
is in slight contact with the solution, the power supply provides a current
of 80 mA (without ignition) and the voltage between the metallic elec-
trode and the graphite is measured with the high voltage probe. This
measurement is performed with each solution at different NaCl con-
centrations, which impact the conductivity of the solution and this
voltage with it. Each voltage measured while the discharge is on is then
corrected removing the mentioned contribution with the respective
value to obtain a better estimate of the discharge voltage. The specific
solution voltage drop values are plot in Fig. S1 (Appendix).

A pair of fused silica lenses (50.8 mm diameter, 300 mm focal length,
LB4710, Thorlabs) focus the optical emission generated by the plasma
(magnification of 1:1) onto the entrance slit of a spectrograph (Spec-
traPro 2500i, Princeton Instruments, Inc., USA) equipped with two
diffraction gratings of 2400 and 3600 grooves/mm. An intensified
charge coupled device (ICCD) detects the optical emission for posterior
data treatment (PI-MAX 1024RB, Princeton Instruments, Inc., USA). In
between the lenses, a shutter diaphragm controls the throughput of the
system and reduces potential spherical aberration. The diaphragm is
used in the OH band and Cu lines measurements since the spherical
aberrations are notable. No diaphragm is used for the Hy emission line
(486.1 nm) since the spherical aberration is not noticed. The registered
intensities are corrected according to the wavelength efficiency of the
system, which was obtained by using calibrated deuterium and tungsten
lamps to cover a spectral region from 200 to 700 nm. The lateral reso-
lution provided by this imaging system is estimated using a 1951 USAF
test target (Thorlabs, Germany). The target is back illuminated using a
regular incandescent reading lamp at the SCGD position using the
diffraction grating at zero order, hence working like a mirror, with the
spectrograph slit totally open. The target stripes are considered resolved
if separated at half of maximum intensity recorded in the image. Ac-
cording to this, the system can resolve 10 lines/mm, resulting in a spatial
resolution of 100 pm. It is important to mention here that the resolution
can change at different wavelengths due to changes in the refraction
index of the lenses, especially in the UV. The value obtained here using a
continuous source with its maximum in the visible range, probably
worsens in the UV range. The spectroscopical measurements to be used

in the calculations of certain plasma parameters (electron density,
rotational temperature and excitation temperature) at different
discharge heights are first taken without binning. In the post-treatment,
the signal for each row of 5 pixels (corresponding to a discharge height
of 125 pm) is accumulated to obtain each parameter (emission intensity,
rotational temperature, electron density and excitation temperature)
value per 125 pm section.

The raw data registered by the spectrograph software (WinSpec 32,
Princeton Instruments, Inc., USA) were analyzed using Matlab for
further data processing and/or OriginPro for graphic presentation.

2.2. Reagents and solutions

Every solution is prepared with deionized water (specific resistivity
18.2 MQ-cm) and nitric acid (HNOs3, 68 wt%, Labkem) added to a final
concentration of 0.1 M. Sodium chloride (NaCl, >99.5%, Sigma-Aldrich)
is added to reach several concentrations (0.0000, 0.0035, 0.035, 0.35,
0.7, 1.75 and 3.5 g/L NaCl). Cu, Cd and Zn stock solutions are prepared
in 0.1 M HNOs solution at a concentration of 1000 ng/mL out of the
corresponding salts (Cu(NO3)2-3H20, VWR Chemicals, Cd(NOs3)2-4H20,
Alfa Aesar and ZnCl,, Sigma-Aldrich). These stock solutions are added to
the different NaCl concentration solutions to end with 1 pg/mL metal
concentrations for analyte signal response measurements and 100 pg/
mL Cu concentration for the excitation temperature measurements.

3. Results
3.1. Cathode voltage drop and positive plasma column electric field

The electrical characteristics of the discharge can be scrutinized to
obtain information on the SCGD electric field in specific regions of the
discharge. As in other glow discharges, the electric potential is not
uniformly distributed along the whole plasma column: most of the po-
tential drop is concentrated in areas close to the cathode, and a sec-
ondary contribution is found in the positive column, which increases
linearly with the inter-electrode distance, since the electric field in this
area is almost constant [32]. At atmospheric pressure, most of the vol-
ume is covered by the positive column and, if the interelectrode distance
is increased, only this region extends its length. Consequently, the po-
tential increases proportionally with the inter-electrode distance.
Thanks to this fact, Cserfalvi et al. proposed a method to estimate the
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cathode voltage drop and the electric field in the positive column [33].
Briefly, by measuring the voltage applied to the discharge at different
inter-electrode distances, a linear extrapolation to a hypothetical dis-
tance of zero provides an estimation of the cathode voltage drop, while
the slope of the curve provides the electric field in the positive column.

Fig. 2(a) and (b) show the results of the voltage (once the contri-
bution of the solution is removed, as explained in the experimental
section) vs interelectrode distance measurements with the correspond-
ing linear fittings, and the results for the cathode voltage drops and the
positive column electric fields, at increasing NaCl concentrations,
respectively. Error bars in Fig. 2(b) were estimated from constant and
slope errors obtained in the corresponding linear fittings. In general, the
voltage at every inter-electrode distance decreases as the NaCl concen-
tration increases (see Fig. 2(a). Attending to Fig. 2(b), the cathode
voltage drop stays constant up to 0.7 g/L NaCl, with a decrease above
that concentration after which the voltage stays constant again. Despite
this behavior, the reduction is minor (barely 11 V, around 2% reduction
when comparing the maximum NacCl concentration and the case without
added salt). In any case, the overall values agree well with previous
measurements [20,33]. For the positive column electric field, the
decrease is noticeable from 0.35 g/L onwards, with further reduction at
higher NaCl concentrations. In this case, the electric field reduction
reaches around 16% at 3.5 g/L NaCl, again compared with the case
without salt.
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Fig. 2. a) Plasma voltage vs Interelectrode distance, including the fitted lines
and b) cathode voltage drop and positive column electric field at different NaCl
concentrations. Error bars were estimated from constant and slope errors ob-
tained in the corresponding linear fittings.

Spectrochimica Acta Part B: Atomic Spectroscopy 209 (2023) 106786
3.2. OH rotational temperature with spatial resolution

OH rotational temperature is measured using the Izarra method [34].
Shortly, the method requires to measure the peak intensity ratio of two
unresolved groups of lines (situated at 306.5 and 306.8 nm, and desig-
nated as Go and Gy, respectively, in reference [34]) over another refer-
ence group of lines (309.0 nm, designated as Ggef), all of them
corresponding to the rotational fine structure of electronic vibrational
transition OH molecule, A%S (v = 0) X1 (v’ = 0). An example of the
resulting spectral images is included as supplementary information,
Fig. S2 (Appendix). The ratio between the intensities of these lines de-
pends on how populated the respective rotational states in the vibra-
tional v’ = 0 level of the A%E electric state of the molecule are. The
population of the upper levels of the first two groups of transitions, have
certain dependence on the temperature, while the upper levels of the
third one are readily populated at low temperatures and their resulting
intensity barely depends on the temperature. Although the resulting
rotational temperature cannot be directly recognized as the gas tem-
perature (the rotational distribution might be characterized by more
than one temperature due to different production pathways of the
excited OH states (AZX) [35]), it can still provide information about
possible changes in the plasma excitation capabilities. Once the instru-
mental linewidth of the optical set-up is determined (0.04 nm, using a
slit width of 85 ym), intensity ratios are compared with the ones tabu-
lated at specific rotational temperatures in the range of 600-8000 K for
that same instrumental linewidth [34]. This method is applied to the
measurements of OH unresolved intensity ratios at different discharge
heights (e.g., at different ICCD pixel rows) to obtain spatially resolved
values of the rotational temperature. The raw intensities are corrected
according to wavelength and pixel-to-pixel efficiency. A homemade
Matlab program processes the raw data, providing a temperature value
every 125 pm of discharge height. More details about the implementa-
tion of the method are included as supplementary information.

Fig. 3(a) shows the spatially resolved rotational temperature results
using the Go over Gger and Gy over Ggef intensity ratios mean value, at
different NaCl concentrations. Fig. 3(b) shows the rotational tempera-
ture versus NaCl concentration at 0.4 mm, 1.4 mm and 2.0 mm distance
from the anode (cathode situated at 2 mm). Fig. S3 (Appendix) in sup-
plementary material shows the spatial distribution of the OH emission at
the Go, G; and Ggef wavelengths, which are used in the calculations of
the rotational temperatures.

Three regions with different behavior versus NaCl concentration can
be identified. In the first region (0.0-0.8 mm), the rotational tempera-
ture descends at increasing NaCl concentration. In the second region
(0.8-1.9 mm), it barely changes up to a concentration 0.7 g/L NaCl.
However, higher concentrations increase the rotational temperature in
this region. The third region (~2.0 mm), close to the cathode, follows a
similar trend to the first region, though at a lower overall temperature.

3.3. Electron density with spatial resolution

The presence of high quantities of Na™ or Cl~ in the plasma can
change the excitation conditions inside the plasma. In this sense, the
electron density and the excitation temperature can suffer variations
that could eventually explain a lower analyte emission rate. For this
reason, the electron density is also estimated with spatial resolution. In
this case, the electron density is obtained from the Hp Stark broadening
effect, making use of the Gigosos-Cardenoso model [36], which covers
electron densities between 10'* and 10'° cm™ and electron tempera-
tures between 10° and 10° K. Previous measurements indicate that these
ranges of conditions are fulfilled by the SCGD plasma [15,37,38]. More
in detail, the Hy linewidth is related with the electron density with the
following expression [36]:

N, Z3y N 0.68116
AA (nm) = 4.800- (ﬂ)

1017
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Fig. 3. a) Spatially resolved OH rotational temperature along the SCGD column
b) OH rotational temperature at specific positions along the SCGD column
introducing variable NaCl solutions. Error calculations are detailed in supple-
mentary information (Appendix).

being A1 the line width and N, the electron density. Spatially resolved
values of the electron density are also calculated every 125 pm of
discharge height. Raw data are processed using a homemade Matlab
program. Fig. S5 (Appendix) in supplementary information shows an
example of a spectral image and three spectra at different heights,
including a brief description of the data treatment process.

Fig. 4 shows the electron density behavior at different height in the
plasma, at several NaCl concentrations. No notable change is observed
from 0.0 to 1.0 mm distance from the anode for the whole NaCl con-
centration range. From 1.0 to 2.0 mm, there is a slight increase in the
electron density up to 0.7 g/L of NaCl. At this concentration, the increase
is more notable in the electron density, especially in the region between
1.0 and 1.6 mm, with a maximum value at 1.4 mm. Interestingly, the
electron density increase is also noticed by the red shift that the Hy
emission line suffers (included as supplementary information in Fig. S6
(a) (Appendix)), albeit noticeable at a lesser degree. The electron density
increase is quite likely produced by the presence of high amounts of Na
inside the plasma and its low ionization potential. Thus, Na is highly
susceptible to be ionized, supplying the plasma with extra electrons.
Though Cl transferred into the plasma could have an impact here,
Tachibana and Yasuoka reported the low transfer efficiency of dissolved
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Fig. 4. a) Spatially resolved electron density along the SCGD column b) elec-
tron density at specific positions obtained introducing variable NaCl concen-
tration solutions. Error calculations is detailed in supplementary
information (Appendix).

Cl™ into the plasma for a similar device, so its contribution is likely to be
negligible [39]. Interestingly, the electron density increase is localized
at the end of the positive column (see Fig. S7 (Appendix) for a total
emission image of the SCGD) where electrons gain enough energy from
the electric field to efficiently ionize the Na atoms present in the plasma.
This localized electron density rise appears at the end of the positive
column closest to the cathode, right before the brightest region of the
plasma, which corresponds to several regions, including the negative
and cathodic glows. This result explains the notable decrease of the
positive column electric field (of roughly 16%) and a much smaller
change in the cathode voltage drop (of 2%) (see Fig. 2(b), at the highest
NaCl concentrations assayed: more electrons mean more charge carriers,
that require less voltage to reach the same current (e.g., power supply
works in current control mode). Also interestingly, OH rotational tem-
perature changes in this same region at 1.75 g/L NaCl (see Fig. 3).
Additionally, the spatial distribution of Na emission at 589.0 nm
(included in Fig. S6(b) (Appendix) shows new emission maximum in this
same region: up to 0.7 g/L NaCl, though present in the whole discharge
column, Na emission, presents an important peak around 1.6-1.7 mm,
which roughly corresponds to the end of the positive column, just above
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the cathode region, depending on the Na concentration (see Fig. 4(b)).
Over 0.7 g/L NaCl, Na excitation is also prominent along the whole
positive column and close to the metallic anode. This change in the
spatial emission distribution shows that the excitation conditions are
changed and can affect the sensitivity for targeted analytes.

3.4. Excitation temperature with spatial resolution

Emission lines in the SCGD plasma do not have a spatially uniform
distribution. Moreover, the changes in the electron density and Na
emission spatial distribution suggest that modifications of the emission
line spatial pattern can arise from the NaCl content of the incoming
solution. Fig. 5 (a), (b) and (c) show the intensity spatial profile of Cu
emission lines at 324.7 nm (resonant line), 510.6 nm and 521.8 nm,
respectively, introducing a solution with 100 pg/mL Cu* at different
NaCl concentrations. Despite the differences in the energies of the Cu
upper levels involved (3.8 and 6.2 eV, see Table 2), the changes are
similar in the three cases: at low NaCl concentration, the emission
spreads along the whole plasma column, with a maximum in areas close
to the cathode; over 0.7 g/L NaCl, the emission close to the cathode
depresses, while in areas closer to the anode, the signal slightly
increases.

From the measurement of atomic emission line intensities with
spatial resolution, the plasma excitation capability can be evaluated.
The optical emission of Cu, which is contained in the incoming solution,
allows to obtain the excitation temperature in the discharge with spatial
resolution. The excitation temperature is calculated from a Boltzmann
plot obtained with Cu emission intensities measured in the spectra
resulting from the 5-row grouping. Table 2 shows the spectroscopic
parameters of the emission lines included in the calculations obtained
from the NIST Atomic Database [40]. It is important to highlight here
that some other Cu emission lines are not included due to spectral in-
terferences produced by Na emission lines coming from the high NaCl
concentrations used in some of the solutions. Fig. S8 (Appendix) shows
some of the resulting Boltzmann plots obtained at four different posi-
tions along the plasma column, at three NaCl concentrations.

Fig. 6 shows the results for the Cu excitation temperature spatial
resolution, respectively, at different NaCl concentrations. In areas close
to the anode and at 2.0 mm (right at the solution surface) the un-
certainties of the measurements are notably higher. First, Cu intensities
for some lines in this area are low, especially at high NaCl concentration.
And second, the solution surface is quite chaotic [20], so the stability of
the emission is concerned. These two aspects hamper the linear fittings
and the excitation temperature measurements. In the region between
0.4 and 1.9 mm, the excitation temperature presents little variation up
to 0.7 g/L NaCl. There is, however, a small reduction of roughly 10% at
the highest NaCl concentrations (1.75 and 3.5 g/L NaCl) localized in the
region between 1.0 mm and 1.9 mm, right where the atomic emission
depresses (see Fig. 5).

3.5. Analyte signal behavior and mechanistic insights

Fig. 7 (a) shows how Zn I, Cd I and Cu I net signals (integrated at
213.8, 228.8 and 324.7 nm, respectively), behave at different NaCl
concentrations, and Fig. 7(b) presents their signal-to-noise (S/N) and
signal-to-background (S/B) ratios. Every analyte concentration is 1 pg/
mL. Net intensity suffers little variation up to NaCl concentrations of
350 mg/L (corresponding to ~140 mg/L of Na™ and ~210 mg/L of Cl").
Above this concentration, signal suppression appears, being more pro-
nounced for Cu than for Cd or Zn. Moreover, S/N and S/B present an
analogous behavior. Nevertheless, S/B seems to decrease less, as
compared to the net signal or the S/N, since the background emission
decreases at increasing NaCl concentrations [41], while the noise is
somehow maintained. In any case, though the matrix effects are present,
they are not a serious limitation for the analysis and shows the robust-
ness of the SCGD against high NaCl content samples. Webb et al.
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standard deviation of five measurements.
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Table 2

Cu I emission lines included in the Boltzmann plots, including the energies and
configurations of the levels involved in the transition and the transition proba-
bilities (Ay).

A Lower Level Upper Level A
-1
(nm) Energy Conf., Term Energy Conf., Term ¢
(eV) and J value (eV) and J value
402.3  3.79 3d%p2P°1/2  6.87 3d'%d D 3/2  1.90-107
406.3  3.82 3d%4p2P°3/2  6.87 3d'%5d D 5/2  2.10-107
510.6  1.38 3d°4s>?D 3/2  3.82 3d%p2p°3/2  2.00-10°
521.8  3.81 3d%4p?p°3/2  6.19 3d%4d?p5/2  7.50-107
578.2  1.64 3d°4s>?D 3/2  3.78 3d'%p2P°1/2  1.65.10°
T T T T i T ¥ T
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Fig. 6. Spatially resolved Cu excitation temperatures at different NaCl con-
centrations. Error bars were obtained propagating the error obtained from the
linear fitting of the corresponding Boltzmann plot.

performed similar measurements, showing stronger drops in Cd and Cu
net signals (background subtracted) of around 70% at 25 mM of NaT,
versus the 40-50% signal drop at 1.75 g/L NaCl (roughly 30 mM Na*)
observed in this study. While the change is noticeable, they both fall in
similar ranges and can be addressed by differences in the discharge and
optical set-ups [24].

Comparing these results with the ones provided in previous sections,
the 0.7 g/L NaCl concentration seems to be an inflexion point for the
behavior of different parameters, and analyte net signals are not an
exception. In terms of the excitation conditions, despite the increase in
the electron density, the excitation temperature falls slightly in a quite
specific region of the plasma. Thus, it can be considered that the exci-
tation conditions are deteriorated, partially explaining the loss in
sensitivity due to a slight reduction of electron energy. Therefore,
electrons loose efficiency in exciting atoms, despite their increase in
number density. These results are similar to those reported by Webb
et al., considering that spatially averaged data is provided there [24].
The decreasing tendency in the cathode voltage drop and positive col-
umn electric field can explain the loss in the electron energies: lower
cathode voltage drop and, especially, from the positive column electric
field values (see Fig. 2) obtained at those conditions suggest that elec-
trons are accelerated less.

In terms of analyte behavior, there is a reduction in the Cu excitation
temperature, which does not exceed 10%. Additionally, Cd I 228.8 nm
and Zn I 213.8 nm suffer a lesser decrease in their net signal values,
compared to Cu. Their corresponding transition excited states are situ-
ated at 5.4 and 5.8 eV, while Cu I 324.7 nm is situated at 3.8 eV. In this
sense, a stronger signal depression would be expected for Cd or Zn.
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Therefore, the solution-to-plasma transport efficiency might be affected
as well. This change in the transport efficiency was envisaged by Webb
and coworkers, reporting that analyte concentration was notably
diminished when Na® concentration in the incoming solution reached
1000 ppm, and explaining it suggesting a less efficient droplet formation
and desolvation process [24].

Within the described mechanisms for analyte transport, two of them
are related with the cathode voltage drop variation: cathodic sputtering
and electrospray-based ejection of droplets; on the contrary, droplet
ejection through fast thermal vaporization and CVG are less dependent
on it. Cathodic sputtering relies on the strong electric field in the cathode
area that accelerates impinging ions that eventually release analytes
from the solution into the plasma. Given that the cathode voltage drop
does not change drastically (see Fig. 2), it is quite likely that the electric
field close to the cathode remains almost the same. In that sense, it seems
unlikely that the presence of NaCl contribute to a change in the analyte
transfer through this mechanism and cannot explain the loss of analyte
signal. Similarly, electrospray ejected droplets require a strong electric
field at the liquid surface to generate Taylor cones and produce matter
ejection. Given that little change in the cathode voltage drop is found,
the electric field in areas close to the solution surface should not change
either. Nevertheless, the presence of NaCl in solution is also relevant in
the surface tension of the solution. Surface tension is increased due to a
stronger interaction between water molecules and dissolved ions,
compared to the interaction between water molecules. Nevertheless,
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surface tension presents a minimum around 0.06 g/L of NaCl [42]. In
electrosprays, a larger surface tension usually increases the required
voltage to release solution droplets from a formed Taylor cone (Voltageo
(surface tension)l/ 2) [43]. However, the maximum relative increase for
the surface tension is small, of about 0.3% at around 6 g/L [42]. It seems
that these changes are not likely to be important in the formation of
Taylor cones and droplet ejection and, consequently, to the observed
signal drop. The alternative droplet ejection mechanism, the thermally
based one, is related with the gas temperature of the plasma at the liquid
surface. The measured rotational temperatures are quite likely providing
temperatures above the gas temperature and are not reliable to be
analyzed as such. But the detected changes in the rotational temperature
above the solution surface suggest that the presence of NaCl in solution
generates changes in the excitation mechanisms of OH.

Though the CVG mechanism for solution-to-plasma analyte transport
cannot be directly studied from the experimental results shown here,
there is one aspect that can be highlighted. When comparing the SCGD
and similar set-ups using solution-anode polarities, matrix effects are
more important and signal response is more element dependent in the
latter [1]. Additionally, solution-anode polarities do not generate
droplet ejection, and the sputtering is expected to be much less impor-
tant (the main bombarding species are electrons), so the main analyte
transport mechanism is CVG. In this sense, the SCGD probably has better
resistance to the presence of ions due to the coexistence of more varied
solution-to-plasma analyte transport mechanisms (cathode sputtering
and droplet ejection) that, from the results presented here, are probably
less affected by the presence of high concomitant ion concentration.
Furthermore, the element dependency of the signal reduction observed
in Fig. 7 (signal depression is stronger for Cu than Cd or Zn) can be
explain considering CVG. CVG has a strong element dependency, since
its efficiency is affected by the reduction potential of the corresponding
cation and the specific volatile species that is formed (e.g., Cd and Zn can
form gas phase hydrides). Also, Cd and Zn are more prone to CVG than
Cu. In this sense, if the reduction capacity of the plasma-liquid interface
is diminished, Cu is expected to be more affected than Cd or Zn. On the
contrary, cathode sputtering and droplet ejection are less element
dependent, since are purely physical mechanisms. If they were dimin-
ished due to the presence of NaCl, every element response should be
decreased similarly.

In terms of the analyte solution-to-plasma transfer rate, it seems that
it should not be affected by the electron density change, as its rise is
localized in a region where the transfer does not take place.

4. Conclusions

Though the SCGD-OES technique has shown a robust performance in
the presence of Na" and Cl~ in many publications, above certain con-
centration levels the signal of many elements tends to decrease. From
the results shown here, the signal suppression can be generated by a
mixture of the deterioration of the analyte solution-to-plasma transfer
rate and the excitation conditions inside the plasma.

The cathode voltage drops slightly at high NaCl concentration and,
therefore, the electric field in regions close to the solution cathode
surface presents minor changes that seem insufficient to affect cathodic
sputtering or electrospray-based droplet ejection (the latter seems not
affected either by the change in the surface tension due to the presence
of the salt). Rotational temperature presents a slight increase in regions
close to the end of the positive column, right above the cathode region at
high NaCl concentration, while showing a slight decrease close to the
cathode surface. Electron density measurements do not show significant
changes but when the NaCl concentration goes over 0.7 g/L. At this
point, the electron density is increased at the end of the positive column,
just above the cathode region, supplied by the ionization of Na atoms.
Nevertheless, electron energies in this region quite likely decrease, from
the results of the excitation temperature, which is slightly reduced.

From these results, it seems that cathodic sputtering and electrospray
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droplet ejection mechanisms for analyte solution-to-plasma transport
process are not hampered due to the NaCl content in solution, so the
deterioration of excitation conditions could explain the loss in sensi-
tivity. Nevertheless, the differences between the three elements included
in this study (Zn, Cd and Cu) are difficult to explain from the changes in
the excitation conditions. In this sense, the solution-to-plasma analyte
transfer mechanism seems to be element dependent. Droplet ejection or
cathodic sputtering mechanisms should not show differences in the
element response. Another mechanism, CVG, related with the formation
of volatile compounds through the reduction of dissolved ions, fits well
with the element dependency. In any case, further experiments are
required to provide more information about this mechanism and its
element dependency, along with studies on droplet formation with
different incoming solutions.
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