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INTRODUCTION

The first methods for determining the content 
of heavy metals in soil were developed in the mid-
20th century, driven by the growing need to mon-
itor soil pollution. The primary methods included 
gravimetric analysis, one of the oldest chemical 
techniques, which involved precipitating heavy 
metals from a solution as insoluble compounds 
(e.g., sulfates or hydroxides). Soil samples were 
treated with acids to extract metals, which were 
then precipitated as compounds. The precipitate 
was dried and weighed to determine metal con-
centrations. Titrimetric analysis used reactions of 
metals with specific reagents in solution to deter-
mine their concentration; this method was relative-
ly accessible but had limited sensitivity and speci-
ficity. Flame photometry measured the intensity of 
light emitted by metal atoms in a flame and was 
used primarily for alkali and alkaline earth metals. 
Visible and ultraviolet spectroscopy was based on 
detecting light absorption or emission by metal 
ions in solution. Polarography, an electrochemical 

method, determined metal concentrations by meas-
uring the current generated during the electrolytic 
reduction of metal ions on a mercury electrode. 
Chemical extraction involved treating soil with ac-
ids (such as nitric or hydrochloric acid) to extract 
heavy metals, which were subsequently analyzed 
by other methods. These methods relied on clas-
sical analytical approaches that were refined over 
time. While they had their limitations, they laid the 
groundwork for modern analytical technologies 
such as atomic absorption spectroscopy, inductive-
ly coupled plasma spectrometry, and mass spec-
trometry. Contemporary methods provide rapid 
and accurate results, but historical approaches re-
main important for understanding the development 
of analytical chemistry [Environmental Technolo-
gy Verification Report, 1998].

One of the emerging technologies that cur-
rently provides the best option for the rapid deter-
mination of heavy metal content is energy-disper-
sive X-ray fluorescence (ED-XRF), particularly 
in the form of portable instruments for portable 
X-ray fluorescence (pXRF). Such devices are
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commonly used for determining metal content 
in metallic objects [Weindorf et al., 2014], the 
geochemical origin of minerals [Richardson et 
al., 1995], and soil analysis [Marguí et al., 2005; 
Dong et al., 2015]. Traditionally, ED-XRF has 
been employed as a fast and efficient method for 
analyzing trace and major elements in soil sam-
ples [Queralt et al., 2005; Munro et al., 2008]. 
Energy-dispersive X-ray fluorescence has also 
proven valuable in studies of the elemental com-
position of plants [Anjos et al., 2002; Tighe & 
Forster, 2014] and in identifying potentially haz-
ardous trace metals in plants [Handson & Shelley, 
1993; Paltridge et al., 2012].

Over the past 10 years, advancements in in-
strument components such as X-ray tubes, sili-
con detectors, and improvements in quantitative 
evaluation algorithms have established portable 
X-ray fluorescence spectrometers (pXRF) as a 
fast and cost-effective alternative to expensive 
and labor-intensive chemical analyses [Harvey 
et al., 2016]. The portable pXRF method is char-
acterized by its simplicity in sample preparation, 
primarily requiring sample homogenization, and 
by its rapid multi-element analysis across a wide 
range of concentrations. This makes the proce-
dure fast, affordable, and suitable for analyzing a 
large number of samples. The device can be used 
both in field and laboratory conditions, providing 
researchers with optimal results [Bernick et al., 
1995; Hryhoriv et al., 2024].

Many studies highlight the advantages of 
pXRF, particularly for applications in agricul-
ture and environmental research [Chimidza et al., 
2001; Bako et al., 2005; McLaren et al., 2012]. 
However, the reliability of the data can be ques-
tionable, especially without properly prepared 
samples. Comparing data obtained using the 
pXRF method with traditional laboratory tech-
niques such as atomic absorption spectroscopy, in-
ductively coupled plasma spectrometry, and mass 
spectrometry, X-ray fluorescence spectrometry 
can sometimes lead to inaccurate assessments.

For this reason, pXRF users are encouraged 
to develop their own calibrations tailored to their 
specific needs. Factory settings often result in sig-
nificant errors, and comparisons with reference 
methods have shown considerable deviations 
in results [Kenn et al., 2011; Hall et al., 2014; 
Piercey et al., 2014]. Experimental studies com-
paring data obtained via pXRF and laboratory 
methods have revealed discrepancies. Based on 
these findings, it is recommended to calibrate the 

device to align its performance more closely with 
laboratory analyses [Shackley 2012; Speakman 
& Shackley, 2013].

Measurement time also significantly affects 
the accuracy of pXRF results. The device allows 
for a wide range of measurement durations; for 
example, the analysis time ranged from 60 to 
300 seconds, which greatly influenced the cor-
rectness of the obtained data [Forster & Grave, 
2012; Frahm, 2013; Dong et al., 2015]. Studies by 
Shackley [2011] and Forster & Grave [2012] ex-
amined the effect of measurement duration on the 
accuracy of pXRF analysis in the study of mineral 
rocks. They found that the most accurate results 
were achieved with a measurement time of 300 s.

In general, the principles described by Forster 
& Grave [2012] are not fundamentally new. Dur-
ing analysis, the sample is irradiated with X-rays, 
which eject electrons from the inner shells of atoms. 
This causes electrons from outer shells to transition 
to the vacancies, accompanied by the emission of 
X-ray photons with energies characteristic of each 
element. The energy and intensity of this radiation 
are recorded by the detector, and based on the re-
sulting spectrum, the elements present in the sam-
ple and their quantities are determined [Hughes, 
1998; Shackley, 2010; Kolisnyk et al., 2024].

Theoretically, the instrument’s algorithms con-
vert fluorescence intensity into the concentration 
of substances in the sample. However, in practice, 
the relationship between fluorescence intensity and 
concentration is complicated by the sample matrix, 
preparation method, and measurement conditions 
[Stiko & Zawisza, 2012; Datsko et al., 2024].

Time, as one of the measurement conditions, 
is associated with the intensity of X-ray radiation, 
but it does not alter the relationship between in-
tensity and concentration. As a result, time has 
minimal impact on the accuracy of data obtained 
via XRF; instead, the instrument’s accuracy is de-
termined by its calibrations [Angeles-Chavez et 
al., 2012; Towett et al., 2015]. Studies have shown 
that increasing analysis time does indeed reduce 
error (improving statistical reliability), which is 
inherent at every concentration level. Prolonged 
measurement time increases the likelihood of ob-
taining consistent results across multiple measure-
ments of the same sample [Newlander et al., 2015; 
Rouillon et al., 2016; Voytovyk et al., 2024].

Overall, technological progress continues 
to enhance methods for measuring heavy met-
als in various environments. However, even the 
most advanced techniques, including instruments 
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based on these methods, require further refine-
ment and calibration for specific tasks. Measure-
ment time remains the simplest adjustable param-
eter to achieve reliable results.

MATERIAL AND METHODS

Equipment

The study was conducted using a portable X-ray 
fluorescence analyzer (pXRF), Thermo Scientific 
Niton XL2. The device was calibrated prior to anal-
ysis, and the readings on the standard sample corre-
sponded to the data provided by the manufacturer.

Samples and sample preparation

The study was carried out on two types of sub-
strates: soil and sand. Samples were meticulous-
ly prepared by drying in an oven at 100°C for 5 
hours, grinding, and sieving through a mesh with 
1 mm openings. A composite sample for analysis 
was collected following standard methodology.

Analysis duration

For each substrate and measurement range 
(high range and low range), a series of meas-
urements was performed with varying analysis 
durations: 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 
100, and 110 s. Each measurement duration was 
repeated three times. A detailed experimental 
scheme is provided in Table 1.

Procedure

The device was placed on a stable surface 
and calibrated. Prepared substrate samples (17 
g each) were placed in sample holders. For each 
sample, three measurements were performed for 
each analysis duration within the corresponding 
analysis range.

Statistical analysis

Descriptive statistics were made at Statistica 
10.0 (StatSoft Inc., Tulsa, USA).

RESULTS AND DISCUSSION

The graphs in Figure 1 illustrate the chang-
es in the concentrations of chemical elements 
determined by the studied device, depending on 
the analysis time in soil. The concentration of Ba 
(Fig. 1a) starts at approximately 500 ppm and 
shows a gradual decrease until 100 s. After that, 
certain fluctuations are observed, particularly a 
significant decline at 180 s. However, at 200 and 
220 s, the data stabilize. Zirconium, on the other 
hand, exhibits stable concentration throughout the 
experiment: starting at 20 s, the value remains at 
around 600 ppm with minimal deviation, except 
for a slight anomaly during the analysis at 120 
s. The concentration of Mn has distinct features: 
the device cannot determine its concentration for 
an analysis time of only 10 s, and the first data 
appear only after 20 s. Between 40 and 100 s, the 
Mn concentration values are unstable, but they 
stabilize beginning from 120 s of the experiment.

Meanwhile, the measurement error is highest 
during the shortest analysis times and gradually 
decreases as the duration of the study increases 
(Fig. 1b). For instance, according to Duncan’s 
criterion, the values obtained starting from 180 
seconds and beyond do not statistically differ 
from one another. A similar situation is observed 
for manganese: the measurement error data show 
no significant statistical difference starting from 
80 s of analysis. For zirconium, the device’s error 
begins to significantly decrease from an analysis 
duration of 100 s.

Regarding the data obtained for strontium, its 
values stabilize beginning from 20 s of the exper-
iment (Fig. 1c). A similar situation is observed for 

Table 1. Experimental procedure
Substrate Analysis range Analysis duration, s

Soil
High 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110

Low 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110

Total for soil 10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220

Sand
High 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110

Low 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110

Total for sand 10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220
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Figure 1. Average values and errors of chemical element concentrations in soil, where: (a) represents barium, 
zirconium, and manganese; (b) corresponds to the device errors for barium, zirconium, and manganese; 

(c) includes strontium, rubidium, and zinc; (d) refers to the device errors for strontium, rubidium, and zinc; 
(e) shows nickel, chromium, and vanadium; (f) represents the device errors for strontium, rubidium, and zinc; 

(g) indicates arsenic; and (h) corresponds to the device error for arsenic
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rubidium, where the data stabilize starting from 
20 s of the experiment. However, for zinc, it is 
worth noting that the data fluctuate, and stable 
values are obtained starting from an experiment 
duration of 140 s.

The error for these elements (Fig. 1d), particu-
larly for strontium, ceases to change significantly 
beginning from an experiment duration of 80 s, 
while for rubidium, this occurs at 140 s. For zinc, 
the error stops significantly decreasing starting 
from 40 s of analysis duration. Special attention 
should be paid to the elements depicted in Figures 
1e and 1g. It is worth noting that measurements 
for these elements can only be obtained after pro-
longed analysis. In particular, chromium content 
determination begins at an analysis duration of 60 
s, but the data obtained show significant inaccu-
racies. At an analysis duration of 80 s or more, 
the data become more stable. Nickel data were 
first obtained at an experiment duration of 120 s; 
however, as in the case of chromium, the values 
showed considerable variability. Stable measure-
ments were achieved at analysis durations of 200 
and 220 s. The first results for vanadium were ob-
tained at an analysis duration of 80 s, but stable 
data with minimal variation were recorded start-
ing from the 120 s experiment. Arsenic data were 
first obtained at an analysis duration of 120 s, but 
stable values for this element were observed only 
at analysis durations of 200 and 220 s.

Regarding the device errors for these ele-
ments (Figs. 1f and 1h), the smallest fluctuations 
in error for nickel, chromium, vanadium, and 
arsenic were recorded at an analysis duration of 
180 s or more. However, according to Duncan’s 
criterion, a significant reduction in error for nick-
el was noted starting at 60 s. For chromium, this 
reduction occurred at 40 s, and for vanadium, at 
120 s of the experiment.

Figure 2 presents data obtained from sand 
analysis. Since the concentrations of chemical el-
ements in sand are generally lower, the detection 
time and measurement errors are also affected.

In particular, the amount of barium in sand is 
around 300 ppm, and the most stable values were 
obtained at an analysis duration of 100 s or more. 
It is worth noting that at 10 s, this element was not 
detected at all (Fig. 2a). The zirconium content in 
sand is also significantly lower, but, as with soil, 
stable and nearly identical values were obtained 
at an analysis duration of 20 s or more.

In terms of measurement errors, the lowest 
standard deviations for barium and zirconium 

were achieved at analysis durations exceeding 
120 s (Fig. 2b). A distinctive feature observed 
during the sand analysis was the detection of an-
timony and tin, which were not found in the soil 
(Fig. 2c). Antimony was detected at 60 s of anal-
ysis, with stable values and minor fluctuations 
starting from 160 s. Tin was first identified at 20 
s, but the device failed to detect it at 40 and 60 s. 
From 80 s onward, tin was consistently detected, 
with the most stable measurements recorded from 
140 s. A similar situation occurred with vanadi-
um, which was first detected at 100 s. However, 
at 140 and 160 s, the element was not identified, 
reappearing at 180 s of analysis.

Regarding device errors, the smallest devia-
tions for antimony, tin, and vanadium were ob-
served after 100 s of analysis (Fig. 1d). For stron-
tium in sand, the first reliable concentration was 
obtained at 80 s, with minimal changes afterward 
(Fig. 1e). Rubidium was initially detected at 20 
s, with its concentration gradually increasing un-
til 140 s. The most accurate data were achieved 
at 200 and 220 s. Arsenic concentrations in sand 
were unstable: detected at 20 and 40 s, but not at 
60 s. However, from 80 s onward, arsenic con-
centrations were consistently measured, with the 
most stable values achieved starting at 140 s.

Device error margins for strontium, rubidium, 
and arsenic are shown in Figure 2f. For stron-
tium and rubidium, no statistically significant 
differences in deviations were observed from 40 
s onward. The standard error for arsenic varied 
significantly, but changes became statistically in-
significant from 80 s of analysis.

In general, such studies are highly relevant 
as results obtained with different devices and 
varying analysis durations can differ significant-
ly [Brand & Brand, 2014; Hangen et al., 2019]. 
Similar research on optimal analysis duration has 
been conducted, but findings remain contradic-
tory. Brazilian scientists, for instance, claim that 
pXRF analysis in field conditions can be conduct-
ed in just 2 s without compromising accuracy for 
detecting heavy metals in soil, providing rapid 
and reliable assessments [Tavares et al., 2023].

Li et al. [2022] investigated the efficiency of 
X-ray fluorescence spectroscopy for analyzing 
soil composition in laboratory and field condi-
tions, assessing the effects of sample preparation, 
moisture content, and analysis duration. Their 
results showed that these factors significantly af-
fect accuracy, with 60 s yielding the best results. 
Moisture impacted only finely ground samples. 
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The optimal conditions for field analysis involved 
measuring dry or slightly moist samples for 60 s.

Silva et al. [2021] emphasized that analysis 
duration should depend on the desired accuracy 
and the target elements. For example, their data 
indicate that 50 s is sufficient to determine iron 
content. The results of this experiment support 
such claims. Most elements showed stable values 
from 80 s, with device errors remaining minimal. 

However, certain elements, such as nickel and ar-
senic in soil, and vanadium in sand, required at 
least 100 s for accurate detection.

Stable values for most elements were 
achieved at 180–220 s in soil and 140 s in sand. 
For example, barium concentrations in soil sta-
bilized after 100 s, while zirconium stabilized at 
20 s. In sand, lower concentrations delayed the 
detection of some elements, such as antimony and 

Figure 2. Average values and errors of chemical element concentrations in sand, where: (a) represents barium 
and zirconium; (b) corresponds to the device error for barium and zirconium; (c) includes antimony, tin, and 

vanadium; (d) refers to the device error for antimony, tin, and vanadium; (e) represents strontium, rubidium, and 
arsenic; and (f) corresponds to the device error for strontium, rubidium, and arsenic
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tin, which became detectable only after 60 s. Er-
rors significantly decreased with longer analysis 
durations, confirming the importance of extended 
experiments for obtaining accurate data.

CONCLUSIONS

The obtained results demonstrate that the ac-
curacy of the analysis depends on the duration of 
the experiment, and the stability of most chemical 
element concentrations is achieved within specific 
timeframes. For soil, the optimal analysis duration 
is 180–220 s, while for sand, it is 140 s. For ex-
ample, barium concentration in soil stabilizes after 
100 s, zirconium shows stable values as early as 20 
s, manganese stabilizes at 120 s, and zinc at 140 s. 
For elements such as nickel and arsenic, stable data 
in soil are achieved only at analysis durations ex-
ceeding 200 s. In sand, the concentrations of chem-
ical elements are lower, requiring longer detection 
times. Antimony stabilizes after 160 s, and tin after 
140 s. Regarding measurement errors, the high-
est values are observed during the early stages of 
analysis. Errors for most elements in soil decrease 
to acceptable levels after 80 s, while in sand, this 
occurs after 100 s. However, for elements with low 
concentrations, such as vanadium, accuracy im-
proves after 120 s. Thus, to obtain the most accu-
rate results, it is recommended to aim for an anal-
ysis duration of 180–220 s for soil and 140 s for 
sand, especially when considering device errors.
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