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The suitability of the method was evaluated for determining 15 elements (aluminum, stibium, arsenic, boron, cadmium, chromium,
cobalt, copper, iron, lead, manganese, molybdenum, selenium, argentum, sodium, zinc) using atomic emission inductive coupling
plasma was evaluated (ICP OES) and defined validation characteristics of the method, namely: detection limit, quantification limit,
accuracy, correctness, convergence, reproducibility, selectivity, linearity, and operating range. Modification of the method allowed to
exclude the stage of filtration of the sample to reduce the sample preparation time, model the nitric acid content in it, and introduce
the use of the internal indium standard, taking into account the proximity of atomic masses of individual elements. This allowed us to
level the instrumental drift, select the most favorable emission wavelengths for 10 of the 15 elements, and get a clearer signal and a
more accurate result. This method is simple, sensitive, practical, and universal, which is confirmed by LOD and LOQ data.
Approbation of this method to determine the content of individual elements in drinking water showed that it demonstrates good
selectivity, accuracy, and linearity in the concentration range of 1-1000 pg/l depending on the researched element. Using the
method of atomic emission inductively coupled plasma (ICP OES) to determine the content of 15 mineral elements in drinking water,
which came to the laboratory from the settlements of Ukraine, showed that in 2020—out of 105 samples in five were found to exceed
the MRL of iron in 1.5-2.4 times, in 2021 from the analyzed 58 samples—in one sample the iron content exceeded the MRL almost
two times. The got validation data meet the requirements of European directives.
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Introduction

In recent decades, anthropogenic human activity has increased hundreds of times the emissions of heavy metals into the
environment, which has led to the ecological decline. Agriculture, industry, engines, waste disposal all contribute to increasing the
concentration of toxic elements in the air, soil, food, and drinking water (Dion et al., 2018; Rahman et al., 2017; Voitsitskiy et al.,
2019). Heavy metals are toxic to biological objects, and even in ultra-low concentrations, cause chronic diseases in humans and
animals (Burke et al., 2016; Khan, 2011; Shahid et al., 2018; Sharma and Bhattacharya, 2017; Natsionalna Dopovid, 2017).
Essential elements in specific quantities are necessary and help maintain biological processes in the organism, but with increasing
concentration, they enter metabolic processes, disrupting their functions, and causing some chronic pathologies that accumulate in
body tissues (Stanko, 2012; Scheelbeek et al., 2017).

Therefore, the maximum permissible levels of mineral elements in drinking water are regulated (Council Directive 96/23/EC,
1996; DSTU 7525, 2014).

Determining metal ions in tap water and mineral waters with low and high levels of concentration for some elements remains
one of the essential tasks of controlling its quality and safety. To solve this task, several methods are used: Atomic
Absorption with Flame Atomization (AAS), Atomic Absorption with Electrothermal Atomization (AAS ET), Atomic Emission
Spectrometry (ICP EOS), Mass Spectrometry with Inductively Coupled Plasma (ICP MS). Each of these methods has its
advantages and disadvantages: different sensitivity, accuracy, and selectivity (Ipeaiyeda and Ayoade, 2017; Plotka-Wasylka et
al., 2018; Carvalho, 2015; Massadeh et al., 2020; Shulyak et al., 2021).

The atomic absorption method with flame atomization is not able to provide the appropriate sensitivity and the necessary
limits of detection for certain elements (Lead, Cadmium, Arsenic), so its use can lead to misinterpretation of the results of
analysis of drinking water samples (Ipeaiyeda and Ayoade, 2017).

The use of atomic absorption spectrometry with electrothermal atomization is appropriate for determining individual elements
in water, as it is a one-element analysis. This significantly slows down the measurement process while increasing


http://orcid.org/0000-0001-5099-5577
http://orcid.org/0000-0001-8501-1750
http://orcid.org/0000-0001-7472-4325
http://orcid.org/0000-0003-0578-8856
http://orcid.org/0000-0003-4503-4047
http://orcid.org/0000-0002-3089-4012
http://orcid.org/0000-0002-4401-8478
http://orcid.org/0000-0001-6745-307X
http://orcid.org/0000-0001-6376-6570
http://orcid.org/0000-0002-2033-9912
http://orcid.org/0000-0002-8256-580Х

Effectiveness of inductively coupled plasma optical emission spectrometry (ICP OES) in macro and microelements assessment in water

consumables, which increases the cost of the research. In addition, this method does not have sufficient sensitivity for some
elements (B, Se, Sb) (Ipeaiyeda and Ayoade, 2017; Plotka-Wasylka et al., 2018).

ICP MS-is characterized by high sensitivity, wide linear calibration ranges, and simultaneous multi-element quantification.
Mass spectrometry provides information about each atom, namely its mass, thereby providing high resolution. However, this
method requires expensive equipment and maintenance (Ptotka-Wasylka et al., 2018).

The method of optical emission spectrometry with inductively coupled plasma ICP EOS also involves the simultaneous multi-
element quantification of metals in a water sample, which significantly speeds up the process of routine analysis (Alexander
and Rohman, 2019; Manousi and Zachariadis, 2020).

One of the advantages of this method is the presence of characteristic atomic emission lines generated by the radio-
frequency inductively coupled plasma. The spectrum of radiation is decomposed on the diffraction grating of the
spectrometer, while detectors record the intensity of the lines. Signals from detectors are monitored and processed by a
computer system. An appropriate adjustment method compensates for the variable contribution of background, interference,
and interference. The optical spectrum with the possibility of axial and radial view allows to simultaneously determine many
elements in the range from 165 to 800 nm (Massadeh et al., 2020; I1ISO 11885:2007).

The literature describes in sufficient detail the methods of determining macro-microelements in water, but their list
sometimes does not correspond to the list of regulated elements by the normative documentation of the Council of Europe
93/86 (Rahman et al., 2017; Burke et al., 2016). Given this, the existing official method of determining DSTU I1SO 11885: 2005
required optimization with subsequent validation. The study objective was drinking water, the content of certain mineral elements,
the method for determining the elements.

Materials and Methods

The research was carried out in the laboratory of atomic absorption spectrophotometry of the research chemical-
toxicological department of the State Research Institute of Laboratory Diagnostics and Veterinary Sanitary Examination. To
determine the content of aluminum, stibium, arsenic, boron, cadmium, chromium, cobalt, copper, iron, lead, manganese,
molybdenum, selenium, argentum, sodium, zinc in water samples using Optical Emission Spectrometer (ICP-OES)
PlasmaQuant PQ(Germany). Ultrapure nitric acid (Merck, Germany), certified multi-element and one-element standard
solutions for atomic emission spectrometry (Merck, Germany) with certified ion content were used for preservation of
samples and preparation of background, calibration solutions (ISO 11885:2007, 2007; ISO 3696:1987; 1SO 5667-3:2003)

The solvent was ultrapure deionized water prepared by Atrium 631 UV (Sartorius, Germany). An internal indium standard
(Merck, Germany) was used to stabilize the signal and optimize the intensity of the spectral lines of the analytes. Drinking
water samples of 100 ml were taken for the research. The purpose of the work is to evaluate the suitability of the method for
determining the content of macro and microelements in drinking water using atomic-emission inductively coupled plasma
(ICP OES).

Results and Discussion

The validation process for determining the elemental composition of water was provided by examining 80 drinking water
samples, including mineral water, and determining 20 samples of certified reference material with certified metal ion content
(ERM-CAO11lc Hard Drinking Water UK-Metals, LGC, UK). Key operating parameters were determined: limit of
quantification, the limit of detection, convergence, reproducibility, accuracy, linearity, specificity, stability. The work results
were processed according to the accepted criteria (statistical processing of the obtained data was performed in the program
MS Excel, 2013).

The optimal conditions of ICP are set: nebulizer (argon) gas flow rate 0.6 I/min, plasma gas flow rate-12 |/min, delay time-70
s, sample feed rate-1.0 ml/min, power-1250 W. After improving the method, the most favorable emission wavelengths for
some elements were selected, which allowed obtaining a cleaner signal and a more accurate result, as shown in Table 2.

As a result of the work, the preparation of samples for analysis was also optimized-the filtration stage was excluded, which
does not give the expected result because the existing inclusions of drinking water do not affect the supply of the sample
through the sprayer to the cyclic chamber and the quality of the analysis.

To eliminate possible non-spectral interference (suppression of elemental signals due to the presence of acid in the solution
and the content of various salts) in this technique was simulated the content of nitric acid in the sample for analysis as
follows, that the concentration of the matrix of working calibration standards and the background solution corresponds to the
concentration of the test sample, which is 2% HNO3 (2 ml of concentrated HNO3; per 100 ml of water). According to the
standardized method, the sample is acidified with 0.5% HNO3 solution). In general, the sample preparation period has
decreased.

To eliminate spectral interference in this method, the internal indium standard was introduced, based on the proximity of the
atomic masses of some of the studied elements, which allowed to level the instrumental drift.

Working Range or interval-evaluated by checking the ability of the analytical method to ensure accuracy, correctness and
linearity in the research of samples containing the analyte at the boundary of the interval and within it. The area where the
results have acceptable uncertainty; the data are shown in Table 1. The lower limit of the operating range was determined by
the limit of quantification, and the upper-the point where the level of change of reaction per unit change of concentration is
insufficient, as shown in Fig. 1.
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Fig. 1. Linearity and operating range for arsenic (a), boron (b) and selenium (c).
The range of linearity may vary depending on the matrix type, and, accordingly, it may be necessary to test it for certain types of
samples.

Table 1. Working range of the research elements.

Element Name Working Range, ug/l Element Name Working Range, ug/l
Al 10-200 B 500-1000
As 1-20 Cd 2-100
Sb 1-20 Cu 100-2000
Cr 5-100 Pb 1-20
Co 5-100 Se 1-20
Mn 5-100 Zn 50-1000
Mo 5-100 Na 5000-25000
Fe 10-200

Linearity and working range allow a more accurate assess the results. Linearity-is the ability to show that the test results are
proportional to the analyte concentrations within a given range set for the method. The slope of the regression line and its
variation give a mathematical degree of linearity. Linearity was assessed by visually checking the graph of the measuring
calibration samples. The data of standard curves for the working range of the listed elements are linear, as shown in the
example of Fig. 1.

Accuracy, Trueness was determined using certified reference material, as it characterizes the closeness of the results to the
actual value and evaluated by the error of determination. Furthermore, it was accepted as a quantitative difference between
the average of a set of results or an individual result and the value taken as the actual (assighed) value for the measured
quantity (Table 2).

Table 2. Accuracy and operating parameters of the optical system (emission wavelength) for each element.

The The The results of the Accuracy of the Method When Using New
Wavelength Proposed Emission Waves
Element on Em_ldssmn Em||s,3|onh Certified Value The actual .
rovi e_s a Wavelength, ERM-CAO11c, Value of Accuracy, % Uncertainty,
Standardized nm ug/l
Method nm Hg/l Hg/l

Mn 257.610 259.372 49.10 48.50 98.70 1.60
As 193.690 188.979 10.25 10.02 97.95 0.41
Al 308.215 309.271 199.70 185.90 93.88 7.50
Sb 182.036 181.975 15.25 14.62 95.86 2.30
Cr 205.552 206.158 49.30 48.91 99.21 1.90
Co 228.616 238.890 5.25 5.15 98.09 0.21
Mo 202.030 202.030 5.32 5.11 96.05 0.31
B 208.950 249.773 993.00 991.02 99.80 48.00
Cd 214.438 214.438 5.31 5.15 96.98 0.23
Cu 324.754 224.702 1993.00 1989.10 99.80 62.00
Pb 220.353 220.353 10.01 9.56 99.80 0.17
Se 196.026 196.028 11.13 10.91 98.90 0.47
Zn 206.191 206.191 605.00 603.55 99.76 17.00
Fe 259.940 239.562 198.30 196.35 96.97 5.10
Na 589.592 589.592 24.47 23.87 97.54 0.53
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Fig. 2 shows, for example, the signals on these emission lines for arsenic, selenium, and boron.
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Fig. 2. Signal intensity on the selected emission line (arsenic (a), boron (b) and selenium (c)).
The minimum accuracy of the quantitative method according to Council Directive 96/23 EU on analytical methods and the
interpretation of results (Commission Decision 2002/657/EC, 2002) is shown in Table 3. As can be seen from the above data,
the method's accuracy fully complies with regulatory requirements.

Table 3. Regulated values of accuracy.

Analyte Concentration Regulated Value
<1 yg/kg - 50% to+20%
>1 ug/kg to 10 ug/kg - 30% to+10%
=10 pg/kg - 20% to+10%

Repeatability was determined by multiple (10-20) measurements of a suitable homogeneous sample of mineral water with a
known analyte content under the same conditions, resulting in evaluating the closeness of the results to each other. This is
an indicator of short-term fluctuations of research results, the criterion of which is the standard deviation of parallel values.

If the content of analytes in the water sample is in the range of 0.001-0.5 mg/kg, the acceptable value of RSD is not >20%.
In other cases, the value of RSD not >5 is considered acceptable.

Reproducibility was determined by repeated examination of samples under different conditions, as it is a characteristic of the
guality of measurement results, which reflects the closeness of the results of repeated observations in different conditions
(Table 4).

Insufficient stability of the test substance or matrix elements in the sample during storage or analysis can cause significant
deviations in the analysis results, so the stability of the calibration standard in solution and the matrix-water was determined.
The stability of the test substance was well characterized under different storage conditions. Therefore, for its determination,
the primary standard analyte solution was prepared and dissolved to get different concentrations (from the minimum
corresponding to the detection limit). Forty aliquots were taken from each concentration and examined for analyte content
immediately after preparation. Distributed equal amounts of samples in appropriate containers, labeled them, and stored
them at temperatures: 4°C, 20°C, and -20°C for a month. The reproducibility of the research results complied with European
Council Directive 2002/657.

Table 4. Intra-laboratory reproducibility and convergence of the researched elements.

. Intra-laboratory Intralaboratory
The Name of Mass Fraction, Reproducibility, R, % Reproducibility, R, % Convergene,
the Component ug/l . R, %
(normative) (actual)
Mn >0.01-0.1 20 11.1 5.2
Mn >0.10-1.0 15 8.20 2.3
Mn >1.0 10 5.80 2.1
Al >0.01-0.1 20 10.0 6.2
Al >0.10-1.0 15 7.55 2.2
Al >1.0 10 5.02 2.1
Sb >0.01-0.1 20 12.0 6.3
Sb >0.10-1.0 15 7.51 4.2
Sb >1.0 10 4.2 1.9
Cr >0.01-0.1 20 10.1 4.5
Cr >0.10-1.0 15 7.2 2.3
Cr >1.0 10 51 2.1
Co >0.01-0.1 20 12.2 5.1
Co >0.10-1.0 15 7.5 2.5
Co >1.0 10 4.6 1.9
Mo >0.01-0.1 20 14.3 5.5
Mo >0.10-1.0 15 12.0 4.2
Mo >1.0 10 5.9 4.1
B >0.01-0.1 20 9.5 4.9
B >0.10-1.0 15 7.1 2.5
B >1.0 10 4.2 2.3
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Cd >0.01-0.1 20 11.3 4.5
Cd >0.10-1.0 15 10.2 2.8
Cd >1.0 10 6.4 2.1
Cu >0.01-0.1 20 12.1 2.5
Cu >0.10-1.0 15 7.8 2.1
Cu >1.0 10 4.5 1.7
Pb >0.01-0.1 20 12.0 4.6
Pb >0.10-1.0 15 5.9 3.1
Pb >1.0 10 9.5 3.1
Se >0.01-0.1 20 114 51
Se >0.10-1.0 15 7.8 3.8
Se >1.0 10 4.5 2.4
Zn >0.01-0.1 20 12.2 3.6
Zn >0.10-1.0 15 10.1 2.1
Zn >1.0 10 5.5 2.3
Na >0.01-0.1 20 12.5 6.1
Na >0.10-1.0 15 8.4 4.5
Na >1.0 10 4.6 3.6
Fe >0.01-0.1 20 9.5 4.1
Fe >0.10-1.0 15 3.4 2.1
Fe >1.0 10 2.6 2.2
As >0.01-0.1 20 11.1 5.3
As >0.10-1.0 15 8.4 4.4
As >1.0 10 7.5 3.8

Stability in the matrix was determined using certified reference material.

This material was divided into four aliquots; one of the aliquots was examined immediately after cooking in fresh material; in
others, the concentration of the analyte was determined after 1, 2, and 4 weeks. As the research results showed, the
concentration of analytes in the samples did not change during the specified storage period, which confirms their stability.
The specificity or selectivity of the method was accepted by the extent to which it provides unambiguous detection and
determination of a particular analyte in the mixture without mutual influence from other components that can be expected in
the matrix (impurities, closely related chemical compounds, decomposition products, placebo ingredients). No severe
interactions have been reported.

The limit of detection or discovery of the analyte's analytical method (Limit of Detection, LOD) was determined by re-analysis
20 blank (zero) sample samples. The detection limit is statistically defined as some factor equal to the doubled (two-sigma
criterion) or tripled (three-sigma criterion) standard deviation. This number is numerically equal to twice the standard
deviation of 2S,.

To assess the limit of quantification of LOQ (Limit of Quantitation) (the lowest level of analyte content in the matrix sample)
was performed a 10-fold analysis of test samples with low analyte concentration (Table 5).

Table 5. The results of determining the Detection limit (LOD) and the limit of Quantification (LOQ).

Maximum
Maximum Permissible
Element, pgll LOD, Detection LOQ, Quantification Allowable Levels, Levels
’ Limit Limit According to DSTU According to
7525: 2014 Council Directive
98/83/EC

Mn 0.4 2.0 50 50

As 0.4 2.0 10 10

Al 1.0 5.0 200 200

Sb 0.2 1.0 5 5

Cr 0.4 2.0 50 50

Co 0.4 2.0 - -

Mo 0.4 2.0 - -

B 20.0 100.0 500 1000

Cd 0.4 2.0 1 5

Cu 0.6 3.0 1000 2000

Pb 0.2 1.0 10 10

Se 0.2 1.0 10 10

Zn 2.0 10.0 - -

Fe 0.4 2.0 200 200

Na 10.0 100.0 200 200

LOQ was calculated as the analyte concentration equal to the standard deviation (so') at low concentration levels multiplied
by the coefficient k. The IUPAC Recommendation assumes a default value of k=10, and if the standard deviation is
approximately constant at low analyte concentrations, this factor corresponds to a Relative Standard Deviation (RSD) of
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10%. Multipliers 5 or 6 are also sometimes used, then RSD values are 20% and 17%, respectively. According to Council
Regulation 2007/333/EC, the limit of quantification for atomic absorption spectrometric methods should not exceed 1/5, and
for lead, 2/5 of the maximum level specified in Council Regulation 2006/1881/EC. Maximum levels of heavy metals, macro-
and microelements in drinking water in Ukraine are regulated by DSTU 7525: 2014 and European Council Directive 98/83.
Therefore, an important criterion is the value of the limit of quantification of the method for correct interpretation and
reliability of the analysis results.

Using the method of atomic emission inductively coupled plasma (ICP OES) to determine the content of 15 mineral elements
in drinking water, which came to the laboratory from the settlements of Ukraine, showed that in 2020-out of 105 samples in
five were found to exceed the MRL of iron in 1.5-2.4 times, in 2021 from the analyzed 58 samples-in one sample the iron
content exceeded the MRL almost two times.

Conclusion

The results got during validation demonstrate that this method is fast, sensitive, accurate when used in routine researches of
drinking water, according to the normative values of Council Directive 98/83 EU, and has sufficient levels of LOD and LOQ
that meet the requirements of the European Directive 2002/657EC. The ICP OES method for determining the content of
individual macro-, microelements, and heavy metals in water is easy to use, with no concentration and sample preparation
and allows to determine the content of individual elements in a wide range of concentrations in water samples, which is
essential for the interpretation of data on the quality and safety of drinking water of centralized water supply, mineral and
artificially enriched with trace elements water. This allows to use of the ICP OES method for its intended purpose and gets
high-precision data.
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