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Solution-Cathode Glow Discharge Optical Emission Spectrometry (SCGD-OES) is a cost-effective
analytical technique due to its miniaturization potential and reduced consumption, useful for on-line and
in situ aqueous solution elemental analysis, and to its adequate limits of detection, which are, on
average, comparable with those of ICP-OES. The elemental response in SCGD-OES is frequently
enhanced making use of low molecular weight compound additives, such as formic acid (HCOOH);
however, this enhancement was shown to be affected by the presence of significant amounts of Na*
and Cl™ ions, which are extensively present in a wide variety of samples. In this context, this work delves
into the impact of HCOOH on analyte emission signals when analyzing solutions containing high
concentrations of other cations (Na*, K*, Mg?*, and Ca?*) and anions (SO4%~, CI~, NO3~, HCO3~ and
Br7), which make up an ample variety of sample matrices, on SCGD-OES. In particular, the atomic
emission intensity of certain analytes is observed to decline with increasing HCOOH additive
concentration under certain sample matrix conditions. This intensity depression mainly appears when the
sample matrix contains alkali cations, regardless of the anion type. Interestingly, elements with notable
chemical vapor generation (CVG) efficiencies, such as Hg, Ag, Pb and In, maintain the positive HCOOH
enhancement of emission intensity. HCOOH addition enhancement is also evaluated in a more complex
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Introduction

Atmospheric pressure glow discharge generated using a solu-
tion electrode is increasingly utilized for spectrochemistry
applications. The first application of this set-up in an analytical
chemistry context dates back to 1993, when a direct current
atmospheric pressure glow discharge in ambient air using an
aqueous cathode was exploited as an excitation source for
optical emission spectrometry (OES) by Cserfalvi and
coworkers, successfully detecting alkali and alkali earth metals
in water samples.* Since then, the device has evolved towards
simplified construction and reduced sample consumption. One
of these approaches, the solution-cathode glow discharge
(SCGD), was first described by Webb et al. in 2005,> and gathers
several attractive characteristics: low direct current power
consumption (less than 100 W), no discharge gas requirements
and analyte sampling directly achieved by plasma-liquid
interaction. In particular, the required instrumentation does
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frequency powering nor nebulization systems, indispensable
for other traditional elemental analysis techniques like induc-
tively coupled plasma (ICP) coupled to OES or to mass spec-
trometry (MS). Accordingly, the SCGD is endowed with great
potential for miniaturization and portabilization.® Additionally,
the SCGD provides competitive analytical performance with
limits of detection (LODs) at the middle to low ppb®~ levels and
even lower for some alkali metals.® Given the advantages of low
cost, small size and simple operation, the SCGD was applied in
various contexts and for different samples, such as seawater,’
waste water,*” saline solutions,' brine,** ores'®'? or stream
sediments.”*® Moreover, analysis of nanoparticles by SCGD was
recently reported,* as well as its application to analyze large
biomolecules by coupling the SCGD to mass spectrometric
detection.®

The plasma-liquid interface in a running SCGD shows
a complex behavior due to its rich chemical reactivity and the
presence of different physical phenomena that, altogether,
contribute to the transference of dissolved analyte ions in
solution towards the plasma phase to be excited. In particular,
this analyte solution-to-plasma transfer process comes from
three main potential mechanisms. (a) Cathodic sputtering:

This journal is © The Royal Society of Chemistry 2024
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being a glow discharge, the cathode solution in the SCGD is
continuously bombarded with positive ions accelerated by the
strong electric field in this region (of around 10® V. m™").*® As
a result of this bombardment, dissolved ions are released into
the bulk plasma phase in the form of solvated complexes. The
ions are liberated through desolvation within the first 100 pm
above the cathode surface, followed by atomization and exci-
tation."” (b) Droplet ejection from the plasma-liquid interface:
thanks to the physical properties at the liquid-plasma
boundary, droplets are formed, transferring the analytes from
the sample into the discharge zone. These droplets can be
formed through two different mechanisms: on one hand, the
strong electric field reduces the liquid surface tension and
forms Taylor cones capable of ejecting liquid droplets; on the
other hand, the high temperature gradient between liquid and
plasma phases can produce droplet ejection through a fast
vaporization process followed by condensation.**?° Several
reports visualized the droplets arising from the solution surface
by laser scattering and captured in short exposure images.'**"*
(c) Chemical vapor generation (CVG): the liquid-plasma inter-
face is a rich source of highly reactive species (e.g., solvated
electrons, H', OH', H,0, and UV radiation).>® These radicals
facilitate redox chemical reactions with ions in the incoming
solution, yielding volatile species capable of crossing the
solution-plasma boundary to be excited.****

The incorporation of low weight organic compounds, e.g.,
formic acid (HCOOH), acetic acid (CH3;COOH), methanol
(CH30H) and ethanol (CH;CH,OH), in the incoming solution is
frequently employed to improve SCGD-OES analytical perfor-
mance. For instance, previous studies showed that 0.5% MeOH
promoted In emission 33 times;** Hg emission was improved
15.5 times and 8.5 times by adding 4% CH3;OH and 2% CH;-
CH,OH, respectively;” 1% CH;COOH led to Ag and Pb emission
increases of 5.4 and 3.7 fold, respectively;"® a 23-fold Bi emission
enhancement was achieved due to the addition of 3%
HCOOH,* while Pb emission was improved by a factor of 10
using 5% HCOOH.?® The correlation of the emission signal
enhancements with changes in the electron density and
temperature of the SCGD was investigated by Yu et al,
concluding that the excitation conditions were not significantly
modified by the presence of HCOOH.”” Therefore, emission
signal enhancement was mainly related to a superior analyte
transfer efficiency. The presence of additives altered the solu-
tion physical properties, e.g., boiling point, viscosity and surface
tension, which might change the size of the droplets formed at
the plasma-liquid interface or/and the droplet ejection rate,
affecting the analyte solution-to-plasma transfer rate.”** In
addition, additives are likely to be decomposed at the interface.
Additive radicals, e.g., H, OH’, and COO™" were shown to
enhance the CVG process and increase sampling efficiency.>***

In relation to the use of HCOOH (one of the most common
additives), previous work from our research group showed that
the influence of HCOOH on elemental emission is significantly
affected in solutions containing high amounts of NaCl.*
Specifically, while the HCOOH additive improved the signals of
Fe, In, Sr and Li when NaCl was not included in the incoming
solution, this was not the case when introducing solutions with
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3.5 g L' of the salt (one-tenth the total concentration of
seawater), In being the exception among the tested elements.
Considering that Na" and Cl~ are extremely common ions
present in many kinds of matrices, understanding how these
and other representative ions may alter the influence of HCOOH
on the SCGD-OES performance is crucial since it could provide
a useful guideline on whether to use it as a sensitivity enhancer
in actual analytical methodologies. Therefore, this work aims at
systematically studying matrix effects due to the presence of
concomitant ions on the SCGD-OES analytical performance
when HCOOH is included in the incoming solution. Given that
the positive influence of HCOOH on analyte response can be
interfered by the presence of Na' and Cl~, experiments are
carried out to infer the contribution of other common cations
(K", Mg?* and Ca®") and anions (NO;~, HCO; , Br, and $O,>")
on this sensitivity enhancement to a set of selected analytes (Fe,
Sr, Li and In). Additionally, the particular effect of Na" and
Mg>*, present in solution together with CI~, NO; ™, Br~ or SO,
on elements (Zn, Cd, Hg, Ag and Pb) known to be efficient in
CVG, is studied with more detail. Finally, the analytical features
of SCGD-OES with and without HCOOH in solution are evalu-
ated in ultrapure water and artificial seawater.

Experimental setup

Fig. 1 illustrates the SCGD configuration applied in this work,
which was described in detail elsewhere.”** The discharge zone
is composed of a vertically oriented sharpened tungsten elec-
trode (Saf-Fro, 3.2 mm diameter) and a co-axially situated
borosilicate glass capillary tube (Hirschmann ringcaps, 20 uL)
used for sample introduction, which is surrounded by grounded
graphite. A direct current high voltage power supply (Kepco Inc.,
BHK 2000-01, New York, USA) sustains the discharge in current
limited mode (80 mA), providing positive potential to the
tungsten electrode and negative (grounded) potential to the
graphite. The tungsten electrode can be precisely situated in X,
Y and Z directions with the aid of micrometer screws (Newport,
M-460A series) and its distance from the edge of the capillary is
set at 3 mm for every experiment described here. Under these
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Fig. 1 Schematic diagram of the SCGD system.
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conditions, applied potentials to the discharge range between
650 and 750 V, depending on the composition of the incoming
solution. The electrical circuit is closed when the liquid
conductive sample overflows the capillary tip and reaches the
graphite. A peristaltic pump (Reglo ICC, Ismatec, Wertheim,
Germany) drives and controls the flow rate (3.0 mL min~") of
the sample solution into the discharge area. A section of the
tubing (Ismatec, inner diameter 2.06 mm) is filled with glass
beads (Merck, diameter 2 mm) to reduce the flow rate fluctua-
tion caused by the peristaltic pump. The discharge construction
coaxially stands in a 20 mL home-made 3D printed polyether
ether ketone base that serves as a residue reservoir including an
exit tube for residue disposal.

A pair of lenses (focal length of 300 mm, diameter 50.8 mm,
LB4710, Thorlabs, Germany) are located on a 3D platform
(Newport, M-460A series) between the spectrometer and the
discharge zone for focusing the radiation from the plasma onto
the entrance slit of the spectrograph, resulting in a 1:1
magnification. A diaphragm (diameter 50.8 mm, Thorlabs,
Germany) is placed between these two lenses to reduce spher-
ical aberration in spatially resolved measurements. Detection of
the optical emission is wavelength-dispersed using a Czerny-
Turner spectrograph (SpectraPro 2500i, Teledyne Princeton
Instruments, USA), equipped with two diffraction gratings of
3600 lines per mm and 2400 lines per mm, effective in the 200-
550 nm and 200-750 nm spectral ranges, respectively. The
emission spectrum is detected by an intensified charge coupled
device (PI-MAX 1024RB, Teledyne Princeton Instruments, USA).
The entrance slit is set at 50 um, leading to a wavelength reso-
lution of 0.02 nm (grating 3600 lines per mm) and 0.04 nm
(grating 2400 lines per mm), respectively. Winspec/32 (Teledyne
Princeton Instruments, USA) is used to control the parameters
of the spectrograph and the detector.

The selected elements and wavelengths employed in this
work are listed in Table 1. The emission intensity corresponds
to the integrated peak area once the baseline has been sub-
tracted. Unless otherwise stated, these intensity values are
calculated as the mean of five repetitions, and the corre-
sponding standard deviation as an estimate of the statistical
error. For each simulated matrix solution, the emission inten-
sity measured for a particular emission line at different HCOOH

Table 1 Analytes and their corresponding salt included in solutions
and tracked wavelengths

Work concentration Wavelength
Element Compound (mg L™ (nm)
Zn 1 ZnCL,* 1.00 213.8
Cd1 Cd(NO3), - 4H,0° 1.00 228.8
Fe I Fe(NO;);-9H,0” 10.0 252.3
Hg I Hg(NO,),? 10.0 253.7
Ag1 AgNO;* 0.100 338.3
Pb1 Pb(NO;),” 10.0 368.3
Inl In(NO;);-xH,0° 1.00 451.1
Srl Sr(NOs),* 10.0 460.7
Lil LiNO;* 1.00 670.8

“ Sigma-Aldrich. » VWR Chemicals. ¢ Alfa-Aesar. ¢ Merck. ¢ Labkem.
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concentrations is normalized to the corresponding emission
intensity obtained for 0% HCOOH concentration solution. The
normalized intensity deviation results from the following

equation:
o6+ 6

where a corresponds to the emission intensity at varying
HCOOH concentrations, b is the emission intensity at 0%
HCOOH concentration and ¢ refers to “deviation of”.

LODs are estimated from the 3¢/S criterion, where S (sensi-
tivity) is calculated from the net analyte emission intensity of
the measurement of a single solution of the analyte divided by
the corresponding added concentration of the target element
and o is obtained from the standard deviation of twenty
consecutive measurements of a blank sample.

Reagents and solutions

All chemicals involved throughout this work are of analytical
grade or purer. Concentrated HNO; (65%, Labkem) is added to
ultrapure water (18.2 MQ c¢m) obtained from a water purifica-
tion system (Merck Millipore, Germany) to reach a concentra-
tion of 1 vol% as a basis for further solution preparation. The
solutions introduced into the SCGD are prepared by diluting
concentrated stock solutions of analyte elements with each
simulated matrix solution. Specifically, the concentration of
stock solution for each element is 1000 pg mL™", obtained by
dissolving a corresponding amount of each compound listed in
Table 1 individually in 1% HNOj; solution. On the other hand,
the salts listed in Table 2 are used to prepare simulated matrix
solutions. These salts are also dissolved in 1% HNO; separately
to obtain solutions containing 59.8 mM (consistent with the
concentration of our previous work, 3.5 g per L NaCl**) of
a cation (Na®, Mg”" or Ca®"). K" was an exception since
a concentration of 59.8 mM led to unsustainable plasma
conditions. Therefore, a K" concentration of 49.8 mM (equal to
3.5 g per L KCl) is applied in the corresponding experiments.
The analyte stock concentrated solutions, together with formic
acid (HCOOH, 98% weight, VWR Chemicals), are added to each
of these simulated matrix solutions to obtain the final mixture
work solutions that are introduced into the SCGD for the
experiments. HCOOH is included in the solutions at concen-
trations of 0-7% vol/vol.

Artificial seawater was purchased from VWR Chemicals
(VWRC79789LH). Several solutions are prepared using 1:10

Table 2 Compounds used to prepare simulated matrix solutions

NaCl° MgCl,-6H,0" CaCl,-2H,0" Kc1?
NaNO,* Mg(NO,), 6H,0” CaNO;-4H,0"

Na,S0,” MgS0,*

NaBr? Mg(Br),’

NaBr-6H,0°¢

NaHCO;*

“VWR chemicals. ” Merck. ° Sigma-Aldrich. ¢ Alfa Aesar. ¢ Thermo
Scientific.
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diluted artificial seawater and acidified with HNO; to reach 1%
vol HNO; and with HCOOH at different concentrations (0-7%
vol). These solutions are spiked with the selected analytes
(using the abovementioned concentrated analyte solutions)
before introducing them into the SCGD. The seawater dilution
degree is chosen to generate a stable glow discharge that allows
sustained analyses.

Results and discussion

Cation influence on analyte signal enhancement by HCOOH
addition

The analytical performance of SCGD-OES was recently investi-
gated with solutions containing different concentrations of
NaCl and HCOOH, demonstrating that the influence of this
additive under high NaCl content conditions can be negative.*
To extend this study to other matrices, the co-presence of
HCOOH and different cations and anions is considered. Fig. 2
shows the normalized atomic emission intensity of four analy-
tes (Fe, In, Sr and Li) when introducing different simulated
matrix solutions made up with different chloride salts, adding
different HCOOH concentrations, in the SCGD.

The results show different trends for In, compared to Fe, Sr
and Li. The In emission signal is not hampered by HCOOH
addition, except at low HCOOH concentrations when alkali
metals are present in solution, though the emission reduction is
not significant. However, the influence of HCOOH addition on
Fe, Sr and Li emission signals depends on whether the cation is
an alkali or an alkali-earth metal. On one hand, in the presence
of high amounts of an alkali metal, Na" or K, the addition of
HCOOH depresses the emission intensity of the three
mentioned analytes. This observation matches the result from
Cai et al., showing that the positive HCOOH influence was
hampered by Na’ presence, though CVG-prone elements
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suffered less.*® On the other hand, analyte response is still
promoted by the addition of HCOOH even if there is a high
concentration of alkali earth metals (Mg”" and Ca®") in the
incoming solution. However, Mg>" and Ca*" decrease the
HCOOH enhancement for Fe while Ca** promotes HCOOH
enhancement for Sr and Li.

Anion influence on analyte signal enhancement by HCOOH
addition

A similar study is carried out to evaluate the effect of common
anions such as SO,>7, NO,~ and Br™. In particular, analyte
emission signals are measured introducing solutions with
HCOOH and one of these salts: MgCl,, Mg(Br),, Mg(NO3), and
MgSO,. Only alkali earth metals are initially considered since
they maintain the HCOOH-produced enhancement. Fig. 3a
shows the normalized analyte emission intensity versus HCOOH
concentration in the presence of a high concentration of Mg>*
and different anions. Although Li analyte signals are slightly
decreased at 1% vol HCOOH, overall, analyte emission signals
are still enhanced if more HCOOH is included in solution, each
element to different degrees, also depending on the specific
anions present in solutions. Similar results are obtained intro-
ducing solutions with Ca*", including CaCl, and Ca(NO;), salts.
The HCOOH enhancement changes (see Fig. 3a) depending on
the anions present in solution, suggesting that they are also
involved in the HCOOH enhancement.

To further study the effect of anions (Cl, $0,>7, NO; ™, Br~
and HCO; ™) on HCOOH-produced signal enhancement, analyte
emission was monitored introducing solutions including
different Na-based salts (Table 2). The results are shown in
Fig. 3b. In this case, a more complex behavior is observed.
Again, In seems to keep the enhancement, no matter which
anion is present. For the rest of the elements, the emission
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Fig.2 Normalized elemental emission evolutions vs. HCOOH concentration in the presence of different metal chlorides (cation concentrations:

59.8 mM for Na*, Mg?* and Ca?*, and 49.8 mM for K*).
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Fig. 3 HCOOH influence on analyte emission in the presence of (a) 59.8 mM Mg?* combined with various anions; (b) 59.8 mM Na*™ combined

with various anions.

enhancement caused by adding HCOOH disappears if HCO; ™,
NO; ™, or SO,>” is present although to different degrees. Br~
deteriorates the HCOOH enhancement on Fe though not on Sr
and Li. In general, it seems that each anion generates slightly
different changes in the HCOOH enhancement, though the
nature of the cation content is more critical, since the presence
of alkali ions eliminates the enhancement in many cases.

CVG-prone analyte signal enhancement by HCOOH addition

The SCGD can induce chemical vapor generation (CVG) due to
the redox reactions at the liquid-plasma interface, which
represents an important mechanism contributing to the analyte

812 | J Anal. At. Spectrom., 2024, 39, 808-819

solution-to-plasma transfer. For instance, Fig. 3 shows that the
emission intensity from In, a CVG-prone element, is systemat-
ically enhanced by HCOOH addition in the presence of different
ions. In order to verify whether emission signals from CVG-
prone elements are enhanced by the addition of HCOOH even
if other concomitant ions are present, the study is extended to
other elements such as Zn, Cd, Hg, Ag and Pb, which are
notable CVG elements.

In particular, solutions containing 1.00 mg per L Zn, 1.00 mg
per L Cd, 10.0 mg per L Hg, 0.100 mg per L Ag and 10.0 mg per L
Pb, respectively, are introduced into the SCGD to register the
analyte emission intensity in different simulated matrix solutions.
Fig. 4a shows the normalized analyte emission signals at

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ja00372h

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

Open Access Article. Published on 25 January 2024. Downloaded on 5/9/2026 8:32:41 PM.

(cc)

View Article Online

Paper JAAS

T T T T T T T T T T T T T T T T T T T T T T T T

1| Hg1253.7 nm L | Ag1338.3 nm L | Pb1368.3 nm L8

~ — -7
T — -6
— - 5

I . -4

~ — 3

— - -2

— 1

~
o
~

N W A LN O
L | | | | L

Normalized intensity

201 Zn1213.8 nm 2.0
1.8 F1.8
1.6 F1.6
1.4 1.4
1.2 F1.2
1.0 F1.0
0.8 F0.8

6155456?0'12'34'56'7'

Concentration of HCOOH (%)

(b) ' [Hg12537mm 1[Ag13383 nm 1[Pb1368.3 nm 14
121 ]
104
s gt
b 6 1 ] ]
g ——
| P L i
g ! NN
= 2 ] ]
o puy
D 0
N 20][zn1213.8nm { [ Cd1228.8 nm L2.0
—(
g 181 ] 118
S ] i L
5 16 16
Z 14 T 1.4
121 ] 1.2
1.0 ] 1.0
0.8 ] L0.8
0.6 . —Los

0123456 701234567
Concentration of HCOOH (%)

Fig. 4 Variation of Zn, Cd, Hg, Ag and Pb emission signals at increasing HCOOH concentration in presence of (a) salts composed of Cl™ and
various cations and (b) salts composed of Na* and various anions.

increasing concentration of HCOOH measured considering solu- a sustained rise at increasing HCOOH with the three solutions
tions prepared without and with salt (NaCl and MgCl,). It is employed. Notably, 1% HCOOH provides the maximum
observed that Hg I, Ag I and Pb I emission signals achieve improvement of the Hg emission signal, maintained at higher
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concentrations of the additive, when no salt is present in the
solution, which agrees with previously reported results.”* It
should be remarked that solutions containing Cl™ result in the
formation of AgCl precipitates, but simply shaking the solution
prior to its introduction in the sample line, a suspension is formed
leading to a sustainable Ag emission signal in the SCGD-OES
system. In contrast to these analytes' behavior, emission inten-
sity from Zn decreases and emission intensity from Cd levels off,
when HCOOH concentration increases in the solution containing
Na*, while both are still enhanced in solutions containing Mg,
Nevertheless, all the HCOOH enhancement levels for CVG-prone
elements, compared to the case without salt, encounter reduc-
tion when the incoming solution contains concomitant ions,
though the discharge containing Mg”" is less affected.

Another experiment is conducted to evaluate how anions
affect the HCOOH performance on CVG-prone elements. In
particular, the analyte emission response is recorded including
NaCl, NaBr, NaNO; and Na,SO, in solution separately, at
increasing HCOOH concentrations. Normalized analyte emis-
sion intensities versus HCOOH concentration are presented in
Fig. 4b. Similarly, HCOOH improves the emission of Hg, Ag and
Pb to different degrees and influences Zn and Cd differently,
depending on the anion present in solution. Specifically,
HCOOH promotes the emission signal of Zn and Cd when high
amounts of SO,>~ or NO,;~ are present in the solution. However,
the presence of CI~ and HCOOH depresses the emission of Zn
and does not enhance Cd emission.

Spatial distribution of analyte emission signals in the
presence of HCOOH and alkali and alkali-earth ions

Elemental spatial emission profiles at selected wavelengths of
Fe I, In I, Sr I and Li I at several HCOOH concentrations in
solutions containing NaCl or MgCl, are compared with the case
without salt. In this study, plasma emission is acquired without
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any CCD pixel binning, allowing correlation of the height of
each CCD row to a height in the axis of the SCGD plasma. The
profiles depict the whole plasma, as well as the region 0.5 mm
above the tungsten and 0.5 mm below the solution surface.
Fig. 5 and 6 show the spatial profiles obtained with NaCl and
MgCl, solutions, respectively, together with those obtained
without adding any salt in solution, prepared with and without
HCOOH.

Fe, Sr and Li share similarities in their emission pattern when
the solution contains no salt, showing strong emission within 2~
3 mm from the anode and another emission zone in the area of 0-
2 mm from the anode. In only presents an emission maximum
close to the cathode (2-3 mm from the anode). With the addition
of Na', every element emission near the cathode solution surface
falls drastically. In this situation, the main contributing region to
the total optical emission lies in the 0-2 mm, except for In. Inter-
estingly, the emission in this region actually increases for Sr, Li and
In. Moreover, emission around 0 mm shifts beyond the anode for
every element, although each one present different behavior. The
Fe intensity drops, the Sr intensity barely changes, and the In and
Li intensities increase. From the description presented here, it is
clear that the addition of Na" modifies the emission pattern
notably. The strong emission depression in the 2-3 mm region
produced by the addition of Na" salt can be ascribed to a localized
drop in the excitation temperature.*

The addition of Mg®" in solution produces more subtle
changes, without notable changes in the emission spatial
pattern. The 0-2 mm region emission intensity increases,
without the shift observed in the Na' case. The 2-3 mm region
suffers element dependent changes: Fe and In emission
increases, while Sr and Li emission drops.

When no concomitant ion is present in solution, the addi-
tion of HCOOH promotes the emission along the whole plasma
column, though to different degrees depending on the specific

3x10° - F3x10° " S
Fel252.3 nm\ LiI670.8 nm —=— No salt, 0% vol. HCOOH
—e— No salt, 7% vol. HCOOH
—a—Na*, 0% vol. HCOOH
2x10° PN A A L2x10° | ——Na*, 7% vol. HCOOH
/I H\H&/
e ' ;
w {/
e g1
S 1x10% /}M\ H1x10°
= K
3« /'/{ LY v.
T et GRL
- - ¥ ¥ v T T
= ——
5 8x10°4 |In1451.1 nm 1 [Sr1460.7 nm F8x10°
N
=
L] 5 s
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Fig. 5 HCOOH influence on Fe, In, Sr and Li emission intensity spatial distribution with and without Na* in solution.
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Fig. 6 HCOOH influence on Fe, In, Sr and Li emission intensity spatial distribution with and without Mg?* in solution.

analyte (see Fig. 5 and 6), and without noticeable changes in the
emission spatial distribution. If Mg>* is present in the solution,
together with HCOOH, minor changes are found: the overall
emission increases without changing its spatial distribution.
When comparing the elemental emission pattern in the pres-
ence of Na', with and without HCOOH, different changes along
the plasma column can be observed. Specifically, the emission
region closer to the cathode (2-3 mm) increases their intensity
when HCOOH is present in solution while the emission maxima
situated closer to the anode, in contrast, reduce their intensity,
except for In, that barely changes its emission in this region. For
Fe, Sr and Li, this generalized emission drop in the 0-2 mm
range, which is the main contributor to the overall emission,
explains the loss in sensitivity, which is not compensated for by
the emission rise in the 2-3 mm region.

The spatial emission profiles of CVG-prone analytes along
the SCGD plasma axis are plotted in Fig. S1.f Similarly, the
elemental spatial emission patterns are not affected by the
addition of Mg”>* alone. When solutions contain Na*, the 0-
1 mm emission intensity is shifted to the anode, and the
emission at 0.2-3 mm drops. The sole addition of HCOOH does
not significantly change the spatial emission profiles, except for
an increase in the general intensity. Na' presence in the
incoming solution does not hamper HCOOH enhancement
along the whole plasma spatial intensity of Hg, Ag and Pb,
although the region close to electrodes benefit more. Zn and Cd
emission between 0 and 1 mm has different behavior: Zn
emission drops and Cd emission barely changes; the rest
behave similarly: 1-2 mm drops and 2-3 mm increases.

Mechanistic insights into the HCOOH-concomitant ion
crossed effect

Because the SCGD is a non-uniform plasma, with different
plasma conditions (electron densities or temperatures) at

This journal is © The Royal Society of Chemistry 2024

different positions, the composition of the incoming solution
can determine the excitation conditions (e.g:, electron density
and temperatures of varied species) of each discharge region.
These modifications should lead then to changes in the optical
emission distribution. Indeed, the addition of high Na”
amounts in solution produces localized variations in electron
density and excitation temperatures.” In this sense, similar
changes in the spatial emission distribution are observed here
for all the studied elements when Na' is presented in the
solution. Though to a lesser degree, Mg”* presence in solution
produces similar localized emission depression for Sr and Li. In
this sense, Mg>" may result in alike changes in the plasma
parameters, e.g., worse excitation conditions. In addition, the
analyte transfer rates might be affected by the presence of these
ions as well and can also contribute to the matrix effects leading
to sensitivity losses.

In contrast, the SCGD excitation conditions seem to be barely
affected by HCOOH (without the strong presence of dissolved
ions). Additionally, even if there is a strong presence of
concomitant ions, the emission spatial distribution patterns are
barely modified with the addition of HCOOH. This suggests that
only the concentration of the analyte inside the plasma is
changed, and the excitation conditions are maintained. In this
sense, the effect of HCOOH on the SCGD performance seems to
be more related to an enhanced analyte transfer rate that, in the
presence of high alkali metal ions, quenches. Some other results
aim at this situation. For instance, Webb et al. did not observe
any difference between the plasma structures before and after
adding 3% HCOOH in the discharge;* and Yu et al. observed that
the excitation temperature and electron density showed relatively
constant values with increasing HCOOH concentrations.*”

The analyte transfer process is related to three mechanisms:
cathodic sputtering, droplet ejection and CVG. The first two
mechanisms are quite likely less element dependent than CVG,
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Fig.7 Probable radical formation pathways at the interface where the
plasma is in contact with solution containing HCOOH.

which is clearly element dependent through the specific volatile
species that are formed by the interaction between the reducing
radicals and elements. In this sense, the reduction capacity of
the plasma-liquid interface is critical for the analyte transfer
through this means, which can be promoted by the presence of
HCOOH and its decomposed products. In detail, UV radiation
and reactive species at the interface where the plasma is in
contact with the solution containing this additive can produce
reducing radicals through pathways illustrated in Fig. 7.1%%73637
These radicals, together with HCOO™, can convert analytes into
their volatile species, e.g., neutral atoms, hydrides, and organic-
metal compounds, which drive analytes into the plasma to be
atomized and excited.
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Since the surface tension of the liquid continues to
decrease due to HCOOH addition,*® analyte transfer through
droplet formation or cathodic sputtering would be improved,
even in the presence of NaCl, together with the analyte
response. Nevertheless, the results shown here disagree. The
presence of high alkali ion concentrations likely deteriorates
the sampling efficiency by hampering these CVG processes, for
example by preventing the reduction of analytes with low
reduction potentials. The reduction potentials for the dis-
solved elemental ions to be converted into neutral atoms are
collected in Table S1.1 ** According to them, CVG processes for
Li or Sr are quite difficult to achieve and are probably trans-
ferred into the plasma by different alternative means. Zn and
Cd have higher reduction potentials. Thus, their CVG process
can be promoted and its sensitivity is enhanced by adding
HCOOH, whenever the ion content is not high. Hg, Ag and Pb
have even higher reduction potentials, and their CVG can be
promoted by HCOOH addition, even in the presence of
considerable amounts of alkali ions in solution. In addition,
some reports have proven that the specific volatile species that
is formed is highly element dependent, e.g., Hg is usually
formed as neutral atoms, while Zn, Cd or Pb volatile species
are also in the form of hydrides, which can be marked by the
available H.>****! Therefore, it is likely that the reactive species
are varied hampering the production of analyte volatile species
due to the presence of alkali metal ions, either through
reduction or a different pathway. In contrast, the presence of
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Fig. 8 Normalized emission intensity of several analytes versus concentration of HCOOH added in 1: 10 diluted artificial sea water: (a) Fe, Srand

Li; (b) Zn and Cd; (c) In, Ag, Pb and Hg.
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alkaline-earth metals does not have a strong impact here. An
exception here should be pointed out for Fe, which, being in
the Fe** form, should be more prone to CVG than, for example,
Pb, according to their reduction potentials. Nevertheless,
partial reduction to its Fe>" form, with quite high reduction
potential, might be happening. Once in the Fe* form, the
reduction potential is lower (—0.45 V). This two-step process
might be concerned and Fe signal promotion via HCOOH
addition can be concerned, and probably other mechanisms
than CVG might be relevant here.

As for the rest of the solution-to-plasma transfer mecha-
nisms (sputtering or droplet ejection), they can also be
promoted with the addition of HCOOH. But when added in high
ion content solutions, its enhancement disappears for elements
less prone to CVG (Fe, Sr or Li), indicating that the efficiency of
these mechanisms might be negatively affected, which should
also be partially responsible for the less enhancement factors in
CVG-prone elements. Of course, further experiments more
dedicated to these mechanisms are required to confirm these
hypotheses, since the excitation conditions are also affected by
the presence of concomitant ions.*®
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Artificial seawater analysis

SCGD-OES enhancement with HCOOH is tested in terms of the
resulting analytical features using a more complex matrix such
as artificial seawater solutions (1:10 diluted to attain stable
discharge conditions) spiked with certain analyte concentra-
tions (Zn at 1.00 mg L™, Cd at 1.00 mg L ™", Fe at 10.0 mg L™,
Hg at 10.0 mg L™, Pb at 10.0 mg L™, In at 1.00 mg L™ ", Sr at
10.0 mg L' and Li at 1.00 mg L " and Ag at 0.100 mg L™ "). Fig. 8
shows the normalized emission intensities of different analytes
when these solutions are introduced into the SCGD-OES set-up.
Their emission intensity behaviors at increasing HCOOH
concentration can be classified into three groups: Fe, Sr and Li
intensities present a generalized drop; Zn and Cd intensities
level off; and In, Ag, Pb and Hg emission intensities increase
(though In and Ag intensity increase is minor). Overall, the
variation in the elemental emission caused by HCOOH in arti-
ficial seawater resembles the results obtained in solutions
containing 59.8 mM Na' (and Cl~), probably due to the high
content of these ions in seawater (45 mM of both Na* and CI~ in
1:10 dilution seawater and make up 69% of the overall ion
content of seawater).

Table 3 Elemental sensitivities and LODs using SCGD-OES in ultrapure water and different HCOOH concentrations

1% vol HNO; and MiliQ water

0% vol HCOOH

3% vol HCOOH

7% vol HCOOH

Analyte conc.  Sensitivity LOD Sensitivity LOD Sensitivity LOD
Element (ug mL™ ") (x10* counts (mL pg™")) (ng mL™") (x10* counts (mL pug™")) (ngmL™") (x10* counts (mL pug™")) (ng mL™")
Zn 1 0.500 110 + 4 0.08 145 + 4 0.026 194 + 3 0.013
Cd1 0.500 81+4 0.034 135 £ 0.7 0.01 206 £ 4 0.008
Fel 5.00 3.82 £0.12 0.75 6.44 + 0.11 0.26 9.56 + 0.15 0.23
Hgl 5.00 7.0 £0.3 0.26 48.0 + 0.5 0.05 49.3 £ 0.8 0.03
Agl 0.100 104 + 7 0.008 737 £ 20 0.002 953 + 30 0.0007
Pb1 5.00 20.7 £ 0.4 0.32 137.4 £ 0.6 0.042 179.7 £ 0.8 0.018
Inl 0.500 905 £ 20 0.005 1332 £7 0.005 1710 £ 9 0.004
Srl 5.00 48.3 £ 0.4 0.05 63.6 = 0.4 0.033 84.7 £ 1.2 0.053
Lil 0.500 230 £ 7 0.005 321+5 0.004 359+ 38 0.003
Table 4 Elemental sensitivities and LODs using SCGD-OES in 1: 10 diluted seawater and different HCOOH concentrations
1% vol HNO; and 1 : 10 seawater

0% vol HCOOH 3% vol HCOOH 7% vol HCOOH

Analyte conc.  Sensitivity LOD Sensitivity LOD Sensitivity LOD
Element (ug mL™ ") (x10* counts (mL pg ™)) (ngmL™") (x10* counts (mL pug™")) (ngmL™") (x10* counts (mL pug™")) (ng mL™")
Zn 1 1.00 32.6 +1.4 0.14 33.4+0.9 0.13 26.8 + 1.6 0.037
Cd1I 1.00 42.9 £ 1.0 0.046 372+12 0.031 283 £ 1.1 0.038
Fel 10.0 1.4 +£ 0.3 1.2 1.18 £ 0.12 0.89 0.69 + 0.03 2.2
Hgl 10.0 3.75 £ 0.13 0.54 14.3 £ 0.6 0.073 12.1 £ 0.5 0.11
Ag 1 0.200 48.1 £ 1.0 0.016 55.6 = 3 0.013 59 +4 0.034
Pb1 10.0 8.1 £ 0.5 0.9 271 +1.2 0.21 41.8 £ 0.8 0.13
Inl 1.00 257 + 20 0.056 234+ 7 0.036 377 £ 9 0.11
Srl 10.0 50.8 = 0.9 0.11 26.9 £ 0.9 0.19 14.5 + 0.9 1.9
Lil 1.00 274 + 7 0.003 244 + 7 0.008 255 + 8 0.009

This journal is © The Royal Society of Chemistry 2024
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In addition, LODs for the tracked elements are estimated in
acidified ultrapure water and 1:10 diluted artificial seawater,
respectively, including three different concentrations of
HCOOH (0, 3 and 7% vol). The results are listed in Tables 3 and
4, respectively. Uncertainties were obtained from the standard
deviation of five measurements. In acidified ultrapure water,
HCOOH improves the sensitivity and reduces the noise,
improving the LODs within 2-10 times. The situation changes
in diluted artificial seawater as not all the LODs are improved.
In particular, the LODs of analytes with high CVG efficiency are
still improved with the addition of HCOOH, though to a lesser
degree than in ultrapure water. Also interestingly, the Li LOD
improves in diluted seawater, despite the slightly lower
sensitivity.

Conclusions

Though the addition of HCOOH is widely considered as an
efficient way to improve elemental emission signals in SCGD-
OES and similar techniques, its effect on SCGD analytical
performance strongly depends on the sample matrix and the
targeted analyte. HCOOH depresses some analyte emission
signals if the solution has a high alkali metal ion content. Some
exceptions appear for elements with high reduction potentials
(e.g., Hg, Ag, Pb and In), where solution-to-plasma transfer is
dominated by CVG. Differently, alkaline-earth metal ion content
does not remove the HCOOH enhancement. Additionally,
matrix-effect induced by anion content, though present, is less
relevant than the nature of the cation in the HCOOH
enhancement.

Elemental spatial resolved patterns are varied when alkali
metals are present in the solution, experiencing emission
depression close to the cathode, resulting in the area close to the
anode to be the main emission contributor. Similarly, the pres-
ence of Mg”" ions in solution is observed to depress Sr and Li
emission close to the cathode, though to a lesser degree. The
reported lower excitation conditions in this region, in the pres-
ence of Na', should be responsible for this result, and something
similar might be happening in the presence of Mg>*. On the other
hand, spatial emission patterns are barely altered by the presence
of HCOOH alone, except for an overall increase in the emission
intensity. This situation remains unchanged when introducing
the solution containing Mg”". In this sense, the elemental emis-
sion enhancements are ascribed to the improved analyte transfer
at the plasma-solution interface. However, when Na' is present
in solution, together with HCOOH, the anode elemental emission
signal drops for the elements not prone to CVG, while an overall
spatial emission increase along the plasma axis is observed for
CVG-prone elements. This anode emission signal deterioration in
the co-presence of Na“ and HCOOH probably arises from less
efficient analyte transfer at the solution-plasma interface, where
notable CVG elements suffer less. In this sense, further dedicated
experiments studying the analyte abundance in the plasma
column are needed. Finally, in analytical terms, adding HCOOH
for artificial seawater analysis resembles that in solutions con-
taining a large amount of alkali metals, due, probably, to the high
proportion of Na' in seawater. In general, HCOOH addition
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seems to be convenient if little alkali ion content is present, and/
or if elements prone to CVG are targeted. Otherwise, the
enhancement it provides can be concerned and lead to poorer
sensitivities.
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