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ABSTRACT: Long-term online monitoring of metals in surface water is essenti¢. to protect water resources. Herein, a novel,

integrated analytical system encompassing an automatic sample preparation sysi ‘1 and solution cathode glow discharge-optical

emission spectroscopy (SCGD-OES) for continuous and real-time detectic - of metals 1 rivers is presented. A piston pump integrated

with a switching valve in the SCGD-OES system enables on-site preparation . f wa er samples and controlled injection of a standard

solution with a gradient concentration or environmental samples dir-cu, ‘nto the SCGD unit. Corresponding hardware and software

platforms were developed to support automated operation. Unde . 'boratoi 7 conditions, the achieved limits of detection (LODs) for

typical metal ions, e.g., Na, K, Ca, and Mg, are comparable ..

thosc ~f Conventional SCGD setups. The evaluation of the SCGD

system using certified reference materials (CRMs) for water sampl. 5 demonstrated satisfactory performance for elemental

quantitative analysis, with relative errors of
4.1%, 1.9%, 4.0% and 4.5% for the four
elements Na, K, Ca and Mg respectively.
Furthermore, a seven-day field deployment of

the SCGD system at a riverine si ~ confirmq 1 - 2
its accuracy and stability, with a re'ativ. error
of less than 5.7% relative to referecce ICy -
OES measurements. These results valicate the
ability of the SCGD system to provide reliable
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INTRODUCTION

The monitoring of free metal species in surface water is critical for
assessing water quality, safeguarding public health, and managing
environmental resources.! Elevated concentrations of certain
metals, such as Pb, Cd, and Ga, pose a significant risk to human
health, requiring active monitoring of their levels in potable water.
3 Conversely, quantifying Na, K, Ca, and Mg in environmental
water bodies is valuable for geological prospecting and
hydrological studies.* Traditional quantitative analyses of aqueous
metal species rely on well-established spectrometric techniques,
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including inductively coupled plasma-mass spectrometry (ICP-
MS), inductively coupled plasma-optical emission spectroscopy
(ICP-OES), flame atomic absorption spectrometry (F-AAS),
atomic fluorescence spectroscopy (AFS), and X-ray fluorescence
spectroscopy (XRF).>¢ However, in spite of high sensitivity and
selectivity and superior performance, devices based on these
spectroscopic technologies currently are not suitable for real-time,
on-site, multi-element monitoring. For example, Although
significant breakthroughs have been made in recent years in
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miniaturising ICP-MS/OES equipment, maintaining a stable
capacitively coupled plasma still requires the use of high-pressure
argon cylinders and high-power power supplies, which means that
the cost of on-site deployment remains high’, while F-AAS,
although widely used, is susceptible to numerous chemical and
spectral interferences.> Consequently, a significant gap exists
between the possibilities offered by conventional spectroscopic
laboratory analyses and the growing demand for on-site, real-time,
multi-element detection in surface water.

Solution  cathode glow  discharge-Optical  emission
spectroscopy (SCGD-OES) has recently emerged as a compelling
alternative for liquid sample analysis. SCGD-OES utilizes a
solution as a flowing cathode, sustaining a stable microplasma
against a metal anode to atomize and excite analyte atoms.®
SCGD-OES, initially termed electrolyte-cathode discharge
(ELCAD)’, has been innovated since its inception, including the
geometrical optimization of the discharge cell'’, the introduction
of low-molecular-weight organic compounds!! > and surfactants
into solution'> ', and the application of advanced data processing
techniques such as neural networks', to enhance its analytical
performance. The  simplicity, operational  robustness,
straightforward solution-based sampling, low cost, and minimal
sample consumption required for SCGD-OES made this
technique an excellent means for analyzing diverse sample, e.g.,
surface water'®!3, food!> 29, solid materials* 2!, and biological
fluids?> 23, and particularly attractive for field deployment
Following these advantages, Zu et al. developed a portable SCGD
instrument for thallium detection in water’®, Peng et ‘I
demonstrated a battery-operated, high-throughput portable SCGD
device?, while Hu et al. integrated a multifuncti n sample
injection system to enhance the operational flexabiuty of SCGD.?
The introduction of these machin~s has gretly expanded the
applications of SCGD.

In recent years, portable and miniaturiced spectrometers based
on microplasma technology have demonstiated immense potential
for application in on-site monitoring and point-of-care testing due
to their compact size and low power consumption. For example,
by combining low-cost micro-ultrasonic nebulisation with
atmospheric pressure air-assisted discharge (APAD) technology,
researchers have successfully developed a carrier-gas-free
portable system and applied it to the rapid analysis of serum
samples’’. This clearly —demonstrates that instrument
miniaturisation is a key trend in the practical application of

microplasma technology.

However, the direct application of SCGD technology to long-
term online or portable in-situ monitoring of natural water bodies
still faces significant engineering and methodological challenges.
Firstly, the microplasma volume in SCGD is extremely small,
making it highly susceptible to interference from fluid pulsations
and solvent quenching effects. To maintain plasma discharge
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stability and enhance analytical sensitivity, conventional systems
typically require the introduction of complex peripheral sampling
or dewatering devices, such as membrane desolvation systems to
pre-strip water molecules®™. Whilst this design improves
performance, it significantly increases instrument fragility and the
complexity of flow path control, making it difficult to adapt to
harsh field conditions involving continuous sampling. Secondly,
current SCGD systems remain highly reliant on offline manual
pretreatment during field applications (such as the manual addition
of strong acids to adjust solution conductivity). Consequently,
despite its many advantages, a critical limitation of SCGD systems,
i.e., a lack of integrated, automated sample preparation, persists,
and the reliance on manual pre-treatment procedures hinders
completely autonomous, long-term online monitoring.

Herein, an Automated Sample Preparation SCGD-OES (ASP-
SCGD-OES) systen was developed as a fully integrated
analytical platform ti. t automates the entire workflow, from
standard curve gene ation. and sample pre-treatment to spectral
acquisition and quan. tative :uialysis, for detecting multiple metal
elements in surtac - waw. The core innovation of ASP-SCGD-
OES is a p ogiamn able fluidic subsystem that performs all
nece sary on-siwe-preparation and injection steps. The rationale
behind e syttem’s design was explained, with a comprehensive
conlytical vatidation, demonstrating the excellent suitability of
ASP-3CGD-OES for the autonomous monitoring of metals in
natural waters via laboratory and extended field testing.

EXPERIMENTAL

Overall System Architecture. The ASP-SCGD-OES system was
conceived as a fully integrated analytical system for autonomous,
sustained field deployment. The hardware and software
components are designed around three functionally distinct yet
interconnected subsystems, as illustrated in Fig. 1: (1) the sample
injection and preparation subsystem automates handling,
preparation, and introduction of standard solutions and real
samples; (2) the discharge and detection subsystem generates
plasma and acquires atomic emission spectra; finally, (3) the
control and analysis subsystem orchestrates all system operations
and performs real-time data processing.

The entire monitoring procedure is managed by the control and
analysis subsystem. A centralized Industry PC (IPC) serves as the
system controller that communicates with a microcontroller board
via a standardized protocol (e.g., RS485) to govern lower-level
hardware components within the sample injection and preparation
subsystem and the discharge and detection subsystem.
Concurrently, the IPC runs custom-developed software for real-
time spectral acquisition, processing, and quantitative analysis. Fig. 2
depicts the functional hierarchy and data flow between these
subsystems.
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Fig. 1 (a) Schematic diagram of the overall system’s design. (b) A photograph of the internal system.
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Fig. 2 (a) Schematic diagram of the overall system’s design. (b) A pho. xsaph o “the irternal system.

Table 1 Main equipment and parameters

Module Paramett rs
High-voltage 24V input, 1500V Gaiput
power
Spectrometer Wavelength:185-1000 nn, slit size: 10 pm

Communicetion via RS485
Flow: 0~ 15 ml/L
Maximum Capacity: 5 ml, Accuracy: 0.002
ml, Number of channels:12
Number of channels: 6, Number of states: 2

Control board
Peristaltic pump

Piston pump

Switching valve

Hardware Design. Hardware components of the ASP-SCGD-
OES system are organized by adopting an integrated sample
handling principle, a critical feature that distinguishes it from
conventional laboratory-bound SCGD setups.

As the core design of the system, sample injection and
preparation subsystem consists of a programmable piston pump
coupled to a multi-port switching valve, enabling fully automated
on-site preparation and injection. The fluidic network is connected
to reservoirs containing water samples for on-site analysis, a nitric
acid buffer solution (pH 0.7, for sample acidification), nitric acid
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(pH 1, for maintain the discharge), deionized water, standard
solutions of target metal ions with gradient concentrations, a waste
tank, a temporary storage tank, and a 4 mL quantitative sample
loop.

The SCGD discharge unit, a component critical for atomization
and excitation, was constructed based on our previously optimized
design.'®?° The liquid sample is delivered via a capillary tube (0.4
mm inner diameter, 0.8 mm outer diameter), acting as a solution
cathode. A tungsten rod anode is positioned approximately 2.5 mm
above the capillary tip. After applying a high DC voltage, a stable
plasma is ignited at the solution-gas interface. The light emitted
from the plasma is collected by a focusing lens and transmitted
through an optical fiber to a spectrometer for dispersion and
detection.

The key hardware components and their technical
specifications are listed in Table 1. The entire system is housed in
a compact enclosure (450 mm % 350 mm % 650 mm) with a total
weight of 20 kg and an operational power consumption of less than
150 W, making it suitable for field deployment. The total cost of
the system was kept to $7,000.

XXX Atom. Spectrosc. 2026, 47(3), XXX—-XXX.



To Waste liquid tank

Standard%
solution }

. To peristaltic
T s >! @ pump

Sample loop

-,

To Waste liquid tank

To liqui ~ :
storaqc d( p KO
tank B \\\ < ............. z

Sample solution,
nitric acid with
pH=0.7 and
deionised water

Sample loop
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Fig. 4 The operational flow chart of the developed software.

Automated sample preparation workflow. The entire sample
preparation and injection process for the instrument comprises
four distinct states, and fluidic paths for the key states are given in
detail in Fig. 3.

(1) System Priming State: The system initiates with a pre-test
state, in which the switching valve directs the pH = 1 nitric acid to
the discharge unit using a peristaltic pump to stabilize plasma.

(2) Standard-Sample Testing State: The piston pump aspirates

predefined volumes of standard solutions at specified

concentration gradients, Fig. 3(a), filling in the sample loop
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(yellow solid line). The switching valve then redirects the flow to
flush the standard sclution from the loop to the discharge unit for
subsequent calibration . nd analysis (red dotted line).

(3) On-site Samp > Prepaation State: After the calibration,
environmentei san. sles arc prepared, Fig. 3(b). As illustrated in the
piston pump | srirates a metered volume of on-site water, mixes it
with 2 precise a.ount of the acid buffer in the storage tank to
ensure ¢ Yosistznt pH, and then transfers the homogenized mixture
a2 the satuple loop (yellow solid line).

(4) On-site Sample Testing State: Finally, the prepared sample
is ¢'vected in the loop to the discharge unit for spectral analysis
(red dotted line), completing the automated measurement cycle.

Software System Design. A dedicated software application was
developed using C# on the NET Framework to integrate control,
sequencing, and analytical functions. The developed software
communicates with the spectrometer via a USB interface and with
the microcontroller board via RS485, creating a unified control
platform.

The operational workflow of the software is depicted in Fig. 4.
Upon launching, users can configure all measurement parameters,
including discharge voltage, pump flow rates, and the
spectrometer integration times for each targeted element, or load
predefined parameter sets. Once initiated, the software
automatically executes the following sequence:

(1) Initialization: The system is set to the pre-test state, the DC
power supply is enabled, and the plasma is ignited and stabilized.

(2) Calibration: The software commands the hardware through
the standard-sample testing sequence. It acquires spectra from
each gradient standard solution, automatically identifies the
characteristic emission lines for targeted metal elements, and
constructs individual calibration curves.
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(3) Sample Analysis: The software triggers the on-site sample
preparation and testing sequence. It acquires raw spectra, applies
calibration curves for targeted metal species, and calculates the
corresponding concentrations of the analyzed metals.

(4) Data Logging: All raw spectra, calculated concentrations,
and system metadata are automatically saved.

(5) System Maintenance: After the measurement and saving the
data, the system flushes the entire fluidic path with deionized water
to prevent cross-contamination and enters a low-power standby
mode until the next scheduled measurement cycle.

RESULTS AND DISCUSSION

Optimization of Key Experimental Parameters. The analytical
performance of the ASP-SCGD-OES metal monitoring system is
significantly influenced by the chemical and operational
conditions of the discharge process. To establish a compromise
between the intensity of the spectral signal and plasma stability,
since both are critical for reliable, long-term online monitoring, the
effects of solution pH and discharge voltage were systematically
investigated using standard Mg solutions.

The solution pH is a primary factor governing plasma
characteristics and excitation efficiency. The respective emissici
intensity of 10 mg/L Mg, 10 mg/L Na, 10 mg/L K and 30 mg/I Ca
solution is measured across a range of nitric acid conce=tratio. =
(pH 0.8 to 2, n=5), Fig. 5, indicating a pronounced dej endence of
the emission intensity on acidity. At pH 2, the intensity 1. velatively
low, but it steadily increases as the pH d:creases. which is
consistent with previously reportc - observa. ons of enhanced
excitation efficiency in more acidic media.” Towever, a drop in the
signal intensity appears under strongly acidic _onditions. At pH
0.8, frequent plasma quenching occurs, lecding to a sharp decline
in the signal intensity and unstable operation. An intermediate pH
value of 0.9 is not reliable for continuous monitoring, as it
occasionally suffers from discharge interruption over extended
periods. This observed trend is broadly consistent with previous
studies’, apart from the decrease in excitation intensity caused by
plasma quenching. Consequently, a solution pH of 1.0 was
selected for all subsequent experiments, as it provides a robust
combination of the high signal intensity and sustained plasma
stability.

The discharge voltage determines the energy input into the
plasma, directly affecting analyte excitation. The relationship
between the applied voltage (already accounting for the voltage
drop across the ballast resistor) and the respective excitation
intensities for 10 mg/L Mg, 10 mg/L Na, 10 mg/L K and 30 mg/L
Ca solution at pH 1, Fig. 6(a), shows that the signal intensity
increases with the applied discharge voltage due to the greater
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Fig. 5 Spectral line intensities obtained from nitric acid solutions containing
10 mg/L each of Na, K, and Mg, and 30 mg/L of Ca at different pH values.
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energy available for atomization and excitation. The variation in
excitation intensity caused by the discharge voltage is broadly
consistent with previous studies®. However, this gain in sensitivity
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Fig. 7 The spectrum (integration time: 500 ms, except for Na and K, for which the integration time was 20 ms) of the riverine water sample showing

characteristic Na, K, Ca, and Mg emissions.

Table 2 Comparison of the LODs of Na, K, Ca, and Mg for ASP-SCGD-
OES, SCGD-OES, and ICP-OES systems

LOD (ng/L)
Element  —  SP.SCGD-OES __ SCGD-OES __ ICP-OES
Na 012 0.14 71%
K 11 41 0.33%
Ca 280 110 1.9%
Mg 26 55 1513

leads to the scattering in the signal intensity, accompanyin, a
concomitant increase in the relative standard deviatior! (RsD) (as
shown in Figure 6(b), n = 5), and indicating gre ter sigaal
fluctuation and degraded plasma stability at <ieated w.cnarge
voltages. To prioritize analytical robustness fc * autono nous field
operation, a discharge voltage of cop.~ximatc=2J00 V was
chosen as the standard operating concition, « Fering a favorable
balance between adequate sensitivity ana operational stability.

Based on the above investigations, combined with the optimal
solution flow rate and anode-cathode distance established in our
previous work!% 26, the following parameters were applied without
further modification for all performance evaluations: solution pH
of 1.0, solution flow rate of 2 mL/min, and anode-cathode distance
of 2.5 mm. The spectrometer integration times were tailored for
each element to maximize the signal-to-noise ratio within the
dynamic range of the detector (Na: 10 ms; Mg and K: 20 ms; Ca:
500 ms). A representative spectrum of a riverine water sample
acquired under these optimized experimental conditions is
presented in Fig. 7, clearly showing the characteristic emission
lines of Na, K, Ca, and Mg. This observation confirms that the
target cations can be simultaneously excited by the microplasma,
producing distinct and well-resolved emission peaks without
severe spectral overlap.
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Limit of Detection ( '.OD). .'ne LOD is a critical figure of merit
for any analyticar . 'steri.. 70 evaluate whether the extended fluidic
path of the integraed ASP-SCGD-OES monitoring system
adversely affeci intimsic sensitivity, the LODs of Na, K, Ca, and
Mg’ w.re determined under optimized operating conditions
(discharge woltage: 1000 V). The LOD for each element was
calcu ated based on Eq. (1):

LOD:3XO'/S )

Where O is the standard deviation measured in a blank
solution (nitric acid solution with a pH of 1), and S isthe slope
of the corresponding calibration curve.

The resulting LODs are summarized in Table 2, alongside
literature values for conventional laboratory SCGD-OES systems
and typically used ICP-OES. The LODs achieved by our online
monitoring system are 0.12, 1.1, 280, and 26 ug/L for Na, K, Ca,
and Mg, respectively. While these values are comparable to, and
in the case of Mg, superior to reported SCGD setups?!-3, they are
higher than the best values obtained using specialized laboratory-
scale SCGD configurations® 3' and ICP-OES.?3* These
achievements can be primarily attributed to the use of a compact,
low-resolution spectrometer in our current monitoring system,
which is a necessary compromise between portability and field
deployment. Nevertheless, employing a spectrometer with higher
spectral resolution and optical throughput is expected to
significantly suppress the background noise and improve the
signal-to-noise ratio, thereby lowering the LODs of certain
elements and potentially bringing the performance closer to that of
ICP-OES.
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Fig. 8 ASP-SCGD-OES-derived calibration curves for'c. K, Na, 224 Mg, for the concentration range corresponding to the content of these metals in riverine

water samples for LOD calculations.

Quantitative Performance. For practical online monitoring of
surface water, the quantitative accuracy ai typical environmental
concentrations (often in the ppm range) is more critical than
ultralow LODs. Therefore, the quantitative measurement ability of
the developed monitoring system was assessed using certified
reference materials (CRMs, GBW(E)082051).

Firstly, the dynamic ranges for the ion concentrations of Na, K,
Ca and Mg in typical river water were established. It should be
noted that these tests were conducted in a laboratory setting, and
calibration curves for each element were established using eight
single-element standard solutions with varying concentrations.
The dynamic ranges for each of the elements Na, K, Ca and Mg
were 1-30 mg/L, 0.1-20 mg/L, 10-60 mg/L and 1-50 mg/L
respectively(n=10). The emission intensities of Mg, K, and Ca
exhibit a strong linear relationship with their concentrations across
the tested ranges, Fig. 8. For Na, however, significant self-
absorption occurs at higher concentrations, leading to a non-linear
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response. This behavior is effectively modeled using the Scheibe-
Lomakin function:

I Na = a‘.CNab (2)

Where | Na 1 the intensity of the spectral peaks of Na, and
CNa is the concentration of Na ions. @ and D are constants
determined from fitting. The Scheibe-Lomakin function provides
a reliable fit over the entire concentration range (blue dotted line
in Fig. 8). At lower Na concentrations (< 35 mg/L), a linear fit is
applicable; the integrated control software automatically selects
the appropriate fitting model based on the obtained R? value,
ensuring optimal quantitative accuracy.

Subsequently, the CRM sample (Na: 30 mg/L, Mg: 20 mg/L, K:
3 mg/L, Ca: 60 mg/L) was analyzed consecutively eight times
(n=8), Fig. 9, demonstrating good accuracy and repeatability of the
results. The mean relative errors (MRESs) between the measured
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Fig. 9 Measurement results and errors of standard certini ! mate, ' =vater samples.

Table 3 Relative errors between the conceatra.'~n (mg/, “Stermined using the developed ASP-SCGD-OES system and traditional ICP-OES analysis.

Sample 1 Sample 2 Sample 3
Element ASP-SCGD- ICP- 2elative ASP- SCGD- ICP- Relative ASP- SCGD- 1CP- Relative
OES OES er.or (%) OES OES error (%) OES OES error (%)
K 5.83 5.52 5.74 5.72 5.69 0.55 5.60 5.74 -2.44
Na 26.65 27.63 -3.53 29.29 28.33 341 34.67 35.53 -2.41
Ca 53.07 52.99 0.15 53.39 53.74 -0.63 66.51 67.23 -1.06
Mg 11.15 11.93 -6.47 12.42 12.01 3.46 14.80 15.57 -4.93
and certified values are 4.1%, 4.5%, 1.9%, and 4.1% for Na, Mg, performing hourly measurements, including automated

K, and Ca, respectively. These errors fall within acceptable limits
for environmental analysis, confirming that the ASP-SCGD-OES
monitoring system, calibrated with a simple four-point curve,
exhibits an excellent quantitative performance for major cations in
riverine water.

Online analytical performance. The ultimate validation of the
system's performance was conducted as a continuous, 7-day field
deployment study at the Jinjia River in Chongqing (106.67°E,
29.63°N). The monitoring system operated autonomously,
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recalibration cycles with standard solutions before each sample
analysis. Throughout these 7 days, only routine replenishment of
reagents was performed, requiring no maintenance or manual
intervention on the core system.

The concentration trends for all four targeted elements over the
testing period are shown in Fig. 10, demonstrating the system's
stability and ability to track dynamic changes in water quality.
Three water samples were collected at different times and
subjected to reference analysis by ICP-OES for a rigorous
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Fig. 10 Continuous monitoring of the concentration of major metals in the Jinjia River in Chongqing (106.67°E, 29.63°N).

Table 4. Comparison of the proposed ASP-SCGD-OES system with recently reported analytical technologies fo. on-site/online monitoring of metal ions in water

. Target . Sample Pretreatment & " Ma. Bottlenecks for Field

Analytical Technology lons Main Consumables Online Capability Deployment Ref.

Portable Microplasma Trace Compressed Argon Online flow injection &: Stricuy tunited by the capacity of heavy
- - 35
OES metals & Reagents digestion gas cylinders
Microfluidic Heavy Specific electrolytes Microfluidi= autematea Scvere electrode fouling in raw water; 36
Electrochemical (ASV) metals P handl . q requires frequent electrode regeneration
Continuous Flow Heavy None Continuous flow ell Th?;:m(pllg E:?#&g;??ag:ﬁ;z :ZI?‘: tl;/ely 37
Portable XRF metals puri., ing 9 '
concerns

Conventional SCGD- Na, K, Ca, . . Scictly m nual . . .
OES Mg, efc. None (Ambient air) widifice 51 (pH=1.0) Absolutely requires manual intervention; 38
Proposed ASP-SCGD- Na, K, Ca, Nitric acid buffer Fally a itomated buffering 5?2;?:;23?2 %eigt-ig:?v?tlgoﬁb;nﬁ This
OES Mg (pH=0.7 & mixing P Y work

carrier gas

accuracy test. The results from the ASP-SCG )-OES inonitoring
system, Table 3, show excellent agrev nent wi..>*lie reference
method, and the relative errors for all the €le.. »rts and across all
samples fall within 5.7%, with a minimum error of just 0.2% for

Ca.

This successful field trial confirms several key advantages of
the developed monitoring system: 1) Robustness: It operates
effectively under variable field conditions, requiring minimal
human involvement. 2) Accuracy: Its measurement results are
consistent with a standard laboratory technique (ICP-OES). This
confirms that the ASP-SCGD-OES monitoring systems maintains
its measurement integrity throughout a typical maintenance cycle,
making it a viable solution for the long-term distant water quality
monitoring. It is worth noting that, as the concentrations of these
four target ions in actual river water (< 100 ppm) are not
particularly high, the interactions between them are very weak;
consequently, in practical monitoring, these interactions are not
taken into account, a finding that is consistent with previous
research!’.

https://www.at-spectrosc.com/as/article/pdf/20260003

Comparison with recent on-site analytical technologies. To
comprehensively evaluate the engineering and practical merits of
the proposed system, we benchmarked it against recently reported
advanced technologies dedicated to the on-site and online
monitoring of metal ions in water, as summarized in Table 4.
Recent developments in portable microplasma sources exhibit
excellent sensitivity but still impose a severe logistical burden for
continuous field deployment due to their reliance on compressed
argon cylinders. Alternative gas-free approaches also face inherent
bottlenecks in complex natural water matrices: automated
microfluidic electrochemical sensors (e.g., ASV) are highly
susceptible  to
regeneration’,

electrode fouling and demand frequent

while  continuous-flow  portable
fluorescence (pXRF) systems struggle with extremely poor

sensitivity for light major cations like Na and Mg?’. Furthermore,

X-ray

conventional SCGD-OES systems, though gas-free, remain
strictly tethered to laboratory environments because they
completely lack automated matrix standardization capabilities®®.

In stark contrast, the proposed ASP-SCGD-OES system
successfully circumvents these critical limitations. By thoroughly
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automating the sample pretreatment (pH=0.7 buffering) and
eliminating the need for carrier gases, our system enables fully
automated, continuous online monitoring of common metal ions
in river water. This enables an unprecedented 168 hours of
continuous, unattended operation, marking a step forward for the
robust field deployment of microplasma spectrometry.

CONCLUSION

In this study, a fully automated sample preparation solution
cathode glow discharge optical emission spectrometry (ASP-
SCGD-OES) system was successfully developed, fundamentally
breaking the bottleneck of manual offline pretreatment that has
long restricted the field deployment of microplasma sources. By
integrating peristaltic pump-driven continuous flow sample
introduction with piston pump-mediated discrete injection, the
ASP module automatically standardizes the raw environmental
water with nitric acid (pH = 0.7) and performs system calibration.
Furthermore, by eliminating the reliance on carrier gases, lowering
the energy consumption required for field deployment, and
minimizing the need for continuous manual intervention, this
automated architecture drastically reduces the overall operational
and maintenance costs, offering a highly economical platform for
long-term environmental monitoring.

The analytical performance of the integrated system vias
rigorously validated. The system achieves detection limits of ( 12,
1.1, 280 and 26pg/L for Na, K, Ca and Mg respectively.a'~ngsi.»
excellent linearity in typical concentration ranges in st rface waoter
(R? > 0.99). Its quantitative reliability was confident. - veriiied
through both Certified Reference Material ¢nalysis .and cross-
validation against laboratory ICP-..™'S. Mos. significantly, the
system demonstrated operational auiono: 2 during a 168-hour
continuous, unattended field deployment for .ne monitoring of
major cations (Na, K, Ca, and Mg) in rivei water.

Furthermore, the programmable and modular nature of the ASP
fluidic network provides a highly scalable foundation for future
analytical By flexibly incorporating online
preconcentration techniques (e.g., micro-solid-phase extraction)

expansions.

or chemical vapor generation (CVG) protocols into the current
automated workflow, the analytical capability of this portable
platform can be readily extended from major cations to the
continuous, on-site monitoring of toxic heavy metals. Thus, by
bridging the gap between laboratory-grade spectral analysis and
robust, carrier-gas-free automation, this work paves the way for
comprehensive, next-generation environmental —monitoring
networks. Nevertheless, Nevertheless, it must be acknowledged
that a comprehensive assessment of significant matrix effects is
beyond the scope of this preliminary study, as the samples
analysed in this paper were river water, for which matrix effects

are not significant, as demonstrated by cross-validation with ICP-

https://www.at-spectrosc.com/as/article/pdf/20260003

OES. The systematic investigation and resolution of these
complex interferences will be highly prioritized in our future work
to further expand the instrument's application boundaries.
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