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Abstract: Conventionally used spectrometric techniques of inductively coupled
plasma optical emission spectrometry (ICP-OES) and inductively coupled
plasma optical emission spectrometry (ICP-MS) usually involve time-con-
suming sample preparation procedure of a sample dissolution which requires
the usage of aggressive and toxic chemicals. The need for suitable and sus-
tainable analytical methods for direct multi-elemental analysis of plant samples
has been increased in recent years. Spectrometric techniques for direct sample
analysis, instrumental neutron activation analysis (INAA) and X-ray fluores-
cence (XRF) have been applied in environmental studies and various fields of
screening tests. Nevertheless, these techniques are not commonly used for plant
sample analysis and their performances need to be evaluated. This research
aimed to assess how reliable non-destructive techniques are in the determin-
ation of elements in plants compared to conventionally used spectrometric
techniques. A total of 49 plant samples of four conifer species (Pinus nigra,
Abies alba, Taxus baccata and Larix decidua) were measured using two con-
ventionally applied (ICP-MS, ICP-OES) and two non-destructive techniques
(wavelength dispersive XRF (WD-XRF), INAA). The comparison was per-
formed by investigation of relative ratios of concentrations and by correlation
analysis. Moreover, precision of the techniques was examined and compared.
The quality control included analysis of NIST pine needles certified reference
material (1575a) using all examined techniques. Our results suggest that addit-
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ional analytical and quality control steps are necessary for reaching the highest
accuracy of multi-elemental analysis.

Keywords: multi-element determination; WD-XRF; standardless analysis; INAA;
ICP-OES; ICP-MS.

INTRODUCTION

The chemical composition of plant matrices has been conventionally deter-
mined by spectrometric techniques such as atomic absorption spectrometry
(AAS), inductively coupled plasma optical emission spectrometry (ICP-OES),
and inductively coupled plasma mass spectrometry (ICP-MS).1=# The usage of
these techniques usually involves demanding sample preparation procedures for
sample dissolution. For total destruction of the sample matrix, wet mineralization
(digestion) with strong acids has been commonly used.>-® Digestion of the
sample can be performed in closed or open systems using a wide choice of
reagents and their mixtures. The complete digestion in open systems (at atmo-
spheric pressure) usually requires a long time for some plant materials (up to 10 h
or even more), and also there is a problem of the loss of volatile compounds.
Digestion in a closed system implies the usage of microwave ovens which
shortens the time required for dissolution, reducing the volume of corrosive and
environmentally non-friendly reagents, and avoiding analyte losses and con-
tamination.” However, the required time, equipment, the use of aggressive and
toxic chemicals during the sample preparation procedure are the main drawbacks
of those conventionally used techniques.8-11

In recent years, the need for suitable, sustainable, or more diverse analytical
methods for direct and multielemental analysis of plant samples has been inc-
reased. Such need arises from the necessity to comply with the principles of
green chemistry, but also in order to overcome the shortcomings of multiple con-
ventionally used techniques, related to the analysis of certain elements (e.g.,
quantification of Na and K using ICP-OES, and Ni using ICP-MS).

The instrumental neutron activation analysis (INAA) is one of the techniques
that do not require previous mineralization of samples.!2 This technique requires
thermal neutrons produced within a nuclear reactor for the activation of sample
elements to form radioactive isotopes. High costs of equipment and maintenance,
the long time needed for analysis (several days), and the limited availability of a
nuclear reactor are the greatest shortcomings of the INAA technique. INAA has
been previously applied in environmental studies (soils, sediments, biological
samples), nevertheless, it is not a commonly used technique especially for the
vegetal samples, and therefore it is worth to further explore its potential and
limitations for plant analysis.!3-16

X-ray fluorescence (XRF) is another nondestructive technique that has also
been used for plant material analysis.!7-21 XRF spectrometry provides the pos-
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sibility of performing direct multielement analysis of solid samples with a wide
dynamic range and low cost per measurement.22-2% Using the XRF technique, it
is possible to perform qualitative, semiquantitative, and quantitative determina-
tions within a short time of analysis (high throughput). The limitations for more
frequent usage of XRF spectrometry in environmental studies are higher detec-
tion limits for some environmentally important elements (e.g., Pb and Cd).2-30
The general characteristic of analytical techniques discussed in this study are des-
cribed in research of Frontasyeva and Orli¢ et al.31-32

Conifers have been proven to be passive biomonitors of atmospheric pol-
lution because of their characteristics (thick epicuticular waxy layer) and their
distribution all over the world, in urban and industrial environments, in natural
forests, as well as in maintained habitats.33-36

Although several well-known analytical techniques which require wet dig-
estion are successfully applied to multielemental analysis of plant samples, it is
still necessary to explore the potential of the other analytical options for numer-
ous reasons. Either because some elements cannot be accurately analyzed by one
or more conventionally used analytical techniques or because total sample dig-
estion can not be easily accomplished (e.g., matrices with high Si content). Non-
-destructive techniques not only preserve samples for further analysis, but may
also save a significant amount of resources and time. Investigated non-destruc-
tive techniques (WD-XRF and INAA) are still not routinely used for the analysis
of plant samples, therefore it is important to compare their strengths and limitat-
ions to conventionally used analytical techniques (ICP-OES and ICP-MS), as
well as the potential to replace or complement them. Another goal was to com-
pare the standardless semiquantitative XRF method to other investigated tech-
niques since it is expected that it has lower accuracy, but it also has the highest
potential for fast screening studies, because it neither requires digestion of the
sample nor any calibration standards.

EXPERIMENTAL

A total of 49 plant samples of four conifer tree species, black pine (Pinus nigra), white
fir (Abies alba), European yew (Taxus baccata), and larch (Larix decidua), were measured
using four instrumental techniques (WD-XRF, ICP-MS, ICP-OES and INAA). Conifer
needles were collected during spring (April and May) on four locations: Belgrade, Pancevo,
Banatski Brestovac, and Sar Mountains. The studied locations represent urban and rural areas.
The collected needles were up to one year old.

Needles samples were placed into plastic bags and delivered to the laboratory. In the
laboratory, samples were air-dried for several days. Conifer needles were then grounded and
drying was continued in the oven at 60 °C until a constant mass was reached.

Within WD-XRF analysis, the grounded and dried plant samples were pressed into 32
mm diameter pellets using Retsch PP25 hydraulic press with 15 tons pressure applied for 5
min. The prepared pellets contained around 4 g of plant samples and 20 wt. % of binder
(Hoechst wax C micropowder, Merck, C.A.S. number: 110-30-5).
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For INAA analysis, approximately 0.3 g of grounded conifer samples was pelletized in
10 mm diameter pellets. For short-term irradiation purposes, plant pellets were heat-sealed in
polyethylene foil bags, whereas for long-term irradiation the samples were packed in alu-
minium cups. Further, polyethylene foils bags and aluminium cups were transferred by
pneumo-transport system to the reactor for irradiation.

For ICP-OES and ICP-MS analysis, conifer powder samples (approximately 200 mg)
were subjected to microwave digestion with 5 mL of 65 vol. % HNO; (Merck) and 2 mL of
30 vol. % H,0, (Merck).32 A microwave oven Berghof (Speedwave, Berghof, Germany) was
used for the sample digestion. After a cooling period, the samples were quantitatively trans-
ferred into a volumetric flask of 25 mL and diluted with ultra-pure water (Millipore Simplicity
185 system).

Instrumental techniques

Wavelength dispersive X-ray fluorescence spectrometry (WD-XRF). An ARL™ PER-
FORM’X sequential X-Ray fluorescence spectrometer (Thermo Fisher Scientific, Switzerland)
equipped with a 4.2 kW Rh X-ray tube with a 50 um Be window was apllied. A primary beam
spot size of 29 mm in diameter was used. The spectrometer was equipped with seven different
crystals (AX16, AX03, AX09, Gell1, LiF200, LiF220 and PET), four collimators (0.15, 0.4, 1.0
and 2.6), and a tandem of detectors (flow proportional counter and scintillation counter). The
analysis was performed in a high vacuum atmosphere (< 1 Pa). For qualitative analysis, spectral
recording, and data processing, a software program Thermo Scientific™ OXSAS was used.’’
Two different types of quantitative analysis were used during the experimental work in this
study, empirical calibration and standardless method. Empirical calibration was performed using
artificial spiked cellulose standards (in further text WD-XRF). The procedure of cellulose stan-
dard preparation and calibration was described in the previous paper.32 Table S-I (Supplemen-
tary material to this paper) shows the analytical lines and parameters for the analyzed elements.
UniQuant (ThermoFisher Scientific, Integrated version), a standardless semi-quantitative to
quantitative method for XRF analysis was used.8

Instrumental neutron activation analysis (INAA). INAA was performed using the
pneumo-transport facility REGATA at the IBR-2 reactor (Frank Laboratory of Neutron Phys-
ics, Joint Institute for Nuclear Research FLNP, JINR, Dubna, Russia). The IBR-2 pulsed nuc-
lear reactor has an average power of 2 MW and installed a pneumatic system.3? Short-lived
elements (Mg, Al, Cl, Ca, Ti, V, Mn and I) were irradiated for 3 min and measured for 15
min. Another aliquote of plant sample was irradiated for 3 days in the Cd-screened channel
under the neutron flux of 1.8x10!1 cm2 s°! to determine long-lived isotopes. The first group of
long-lived isotopes (LLI 1; Na, K, As, Br, Mo, La, Sm, W, Au and U) were measured for 30
min after 4 days of decay, while the second group of long-lived isotopes (LLI 2; Sc, Cr, Fe,
Co, Ni, Zn, Se, Rb, Sr, Zr, Sb, Cs, Ba, Ce, Nd, Eu, Tb, Yb, Hf, Ta and Th) were measured for
90 min after 20 days of decay. HPGe detector with a resolution of 2.5-3 keV for the 1332 keV
line of the ®°Co was used for gamma spectra measurement. To display, analyze and store the
gamma spectra Genie 2000 software was used.

Inductively coupled plasma mass spectrometry (ICP-MS). For plant samples analysis
ICP-MS (iCAP Q, Thermo Scientific X series 2) was used. The entire system of ICP-MS is
controlled with Qtegra Instrument Control Software. The analysis was carried out at the fol-
lowing operating parameters for the instrument: 1.548 kW radio frequency power, 13.9 L-min’!
plasma gas flow, 1.09 L-min"! auxiliary gas flow, 0.80 L-min"! carrier gas flow, and 3.50 s
acquisition time.
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Inductively coupled plasma optical emission spectrometry (ICP-OES). Analysis of dig-
ested plant samples was carried out by an ICP-OES instrument (iCAP 6500 Duo; Thermo Sci-
entific, Loughborough, UK). For data processing, the specialized iTEVA software was used.
The quantification of 19 elements (Na, Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Ag, Cd,
In, T1, Bi and Pb) was carried out in axial mode and at the following operating parameters for
the instrument: 1.150 kW radio frequency power, 12.0 L-min’! plasma gas flow, 0.50 L-min’!
auxiliary gas flow, 0.50 L-min! carrier gas flow.

Quality control

For the purpose of quality control, NIST pine needles certified reference material
(1575a) was analyzed using all examined techniques. Table S-II of the Supplementary mat-
erial shows the certified values and the measured ICP-MS, ICP-OES, INAA, UQ and WD-
-XRF concentrations in mg kg! for investigated and detected elements. The measured con-
centrations were in good accordance with the certified for all investigated techniques.

RESULTS AND DISCUSSION

Elements in the analyzed real sample set are present in a wide concentration
range, as can be seen in Table S-III (Supplementary material), which sums up
descriptive statistics of all investigated elements measured using different ana-
lytical techniques. Thereby, the results are shown as relative concentration ratios.
The relative ratio values were calculated by dividing the element concentration
measured, using the investigated analytical techniques with the concentration det-
ermined by ICP-MS and multiplied by 100. ICP-MS is the most commonly used
technique within plant analysis, which possesses a very wide linear range, low
detection limits, good accuracy, and precision. For that reason, the ICP-MS was
used as the basis for comparisons of other investigated techniques in this res-
earch. Fig. 1 shows the median of the relative ratios of concentrations obtained
using different analytical techniques compared with ICP-MS results for the same
sample. Minimum, maximum, median, average, and standard deviations of relat-
ive ratios are presented in Table S-IV (Supplementary material).

The comparison of investigated techniques presented in Fig. 1 shows that
concentrations of most of the analyzed elements are in good accordance, except
for Na. UQ method is most often not in agreement with other techniques, which
was expected, since this is a semi-quantitative method. Ratios of some elements
were not presented for the WD-XRF technique because they were below the det-
ection limit. The results also show that Na is a very difficult element for quan-
tification, regardless of the type of the used technique.

The results obtained using ICP-OES were underestimated compared to ICP-
-MS for all analyzed samples, except for Na. On the contrary, the concentrations
obtained using UQ method were overestimated compared to ICP-MS for all the
analyzed elements, except for Mg. UQ as a standardless method for direct analysis
shows a positive systematic error. Ratios of WD-XRF and ICP-MS did not show
any trend of systematic errors (they are neither dominantly positive nor negative).
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Fig. 1. Median values of the relative ratios of concentrations obtained using different
techniques compared with ICP-MS concentration. The error bar represents + standard
deviation the relative ratio values.

Relative ratios of INAA concentrations were always in the range of 70-130 %
compared to ICP-MS concentrations, except for Na (332 %), Fe (173 %) and Ba
(136 %), which indicated that this non-destructive technique produced results that
were most similar to ICP-MS results.

The relative ratios of concentration of P and S, measured using only ICP-MS
and UQ, are presented in Fig. 2. UQ method produces results that were in good
accordance with ICP-MS for these two elements.
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Elements Fig. 2. Median of the relative ratio of concentrations
ICP-MS =UQ of P and S obtained using ICP-MS and UQ.

Comparison of the techniques based on paired t-test

Paired #-test was applied in order to objectively estimate whether the dif-
ference among applied techniques is statistically significant. Table I shows the
analyzed elements which were divided into three groups, according to the results
of the paired #-test. The first group in the table gathered the elements whose
concentrations did not show a statistical difference when investigated analytical
techniques were compared, while in the other two groups (“Difference*” and

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



NON-DESTRUCTIVE vs. CONVENTIONALLY USED SPECTROMETRIC TECHNIQUES 75

“Difference**”) difference was statistically significant at 0.05 and 0.01 levels,
respectively.

TABLE I. Grouping of elements according to results of paired ¢-test applied to the compared
analytical techniques. Boundaries between groups of elements are based on P values of the
paired #-test (P = 0.05 and P = 0.01); * — significant at the 0.05 level; ** — significant at the
0.01 level

Compared techniques Without difference Difference* Difference**

ICP-MS and INAA Mg, Ca, Mn, Rb, Sr Ba Na, Al, K, Fe, Ni
ICP-MS and UQ Mg, P Mn Na, AL, K, Ca, S, Fe, Zn, Rb, Sr
ICP-MS and WD-XRF Na, Ca Mn Mg, AL K, Fe, Zn
ICP-OES and INAA Na, Mn, Ni, Zn Mg, Ba Al K, Ca, Fe, Sr
ICP-OES and UQ - Na, Mg, Al, K, Ca, Mn, Fe, Zn
ICP-OES and WD-XRF Na, Mn - Mg, AL, K, Ca, Fe, Zn
INAA and UQ Mg Mn, Fe Na, Al, K, Ca, Zn, Rb, Sr
INAA and WD-XRF Na, Al K, Ca, Mn Zn Mg, Fe

UQ and WD-XRF - - Na, Mg, Al, K, Ca, Mn, Fe, Zn

From Table I it is possible to notice that ICP-MS did not show a statistically
significant difference within the analysis of Mg, Ca, Mn, Rb and Sr compared
with INAA; Mg and P compared with UQ; Na and Ca compared with WD-XRF.
There was a statistically significant difference between ICP-MS and non-destruc-
tive techniques for all rest elements. ICP-OES did not show a statistically sig-
nificant difference within the analysis of Na, Mn, Ni and Zn when compared with
INAA; Na and Mn compared with WD-XRF. There is a statistically significant
difference between ICP-OES and UQ for all analyzed elements. In comparison
with XRF techniques, INAA did not show a significant difference within the
analysis of Mg compared with UQ, and Na, Al, K, Ca and Mn compared with
WD-XRF. There was a statistically significant difference between UQ and XRF
methods for all analyzed elements.

According to the results of paired #-test, Fe showed a statistically significant
difference within all compared techniques. UQ method differed from other tech-
niques for the largest number of elements. Na, Mn, and Ca most frequently
showed parity among compared techniques. Nevertheless, one must be careful
during the interpretation of the #-test results, since some elements such as Na
might show the absence of statistically significant differences not because the
investigated techniques produce similar results, but because they all have low
precision and large random error related to the analysis of this element.

Comparison of the techniques based on correlation

In the previous section, it was observed that investigated techniques may
produce results with a statistically significant difference for a number of ele-
ments. The next logical question is to establish whether these measurements,
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obtained from compared techniques, are correlated or not. Because if the results
are well correlated then the difference between compared techniques is a con-
sequence of systematic error related to one or both of compared techniques,
which means that it can be more thoroughly described and corrected.

The correlations of concentrations of analyzed elements measured by inves-
tigated techniques were compared by nonparametric Spearman's correlation coef-
ficients (p) which are presented in Table II.

TABLE II. Spearman’s correlation coefficient (p) for elements of all compared techniques; *
— significant at the 0.05 level; ** — significant at the 0.01 level; *** — significant at the 0.001
level

ICP-MS ICP-MS ICP-MS ICP-OES ICP-OES ICP-OES INAA INAA UQand
Element and and UQ and WD-  and and and WD- and UQ and WD- WD-
INAA -XRF INAA UQ -XRF -XRF -XRF
Na 0.836*** (0.354* 0.182 0.424* 0.041 0.168 0.455** 0.159 0.081
Mg 0.714%*%* 0.334* (0.641%**(0.622*** 0.437** 0.681*** 0.263 0.526*** (.194
Al 0.884*%* (), 753*** (), 823*** () §18*** (), 786***().833*** (), 720***(,801***(.932%**
K 0.938***(),707***(,813***(.681***(.611***(,774%** (), 729%***() 855%**() §37***
Ca 0.873***(.690*** (0.845%** ().880*** (0.855***().970***(.764***(.900*** (.87 7***
P —  0.723%** - - - - - - -
S - 0.412%* - - - - - - -
Mn 0.766*%*(.607*** (0,71 1¥** (), 734***( 73] ***() 835%** () 669***(,786***(,822%**
Fe 0.417%%%(.535%**%(,770%**(.472***(0.500*%**(0.586*** (0.269* (0.434%**(.646***
Ni 0.779%** - - 0.470%* - - - - -
Zn 0.647*** 0267 0.097 0.621*** 0.361* 0.164 0.334* -0.017 0.631***
Rb 0.767%**().814*** - - —  0.814%** -
Sr 0.936%**() 753 *** - 0.979*** (,688%* - 0.802%** - -
Ba 0.930*** 0.5 — 0.864** — — — — —

The statistically significant correlation at the 0.001 level was found for all
elements within ICP-MS and INAA comparison. The correlation between the
ICP-MS and XRF techniques (UQ and WD-XRF) was statistically significant at
the 0.001 level for the most of the investigated elements, except for Na and Mg
(P<0.05)and S (P <0.01) with UQ method (Table II). There was no statistically
significant correlation for Zn within ICP-MS and WD-XRF, and for Zn and Ba
within ICP-MS and UQ comparisons.

The comparison of ICP-OES with non-destructive techniques showed simi-
lar results as when they were compared to ICP-MS. The statistically significant
correlation at the 0.001 level was observed for most of the investigated elements.
The correlation between ICP-OES and INAA was statistically significant at the
0.01 lIevel for Ba, at the 0.05 level for Na and Ni. The correlation between ICP-
-OES and UQ was statistically significant only at the 0.01 level for Mg and Sr,
only at the 0.05 level for Zn, and it was without statistical significance for Na.

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



NON-DESTRUCTIVE vs. CONVENTIONALLY USED SPECTROMETRIC TECHNIQUES 77

The comparison with WD-XRF method did not show a statistically significant
correlation for Na and Zn.

The statistically significant correlation between the INAA and UQ was
found for Al, K, Ca, Mn, Rb and Sr (P < 0.001); Na (P < 0.01); Fe and Zn
(P <0.05), while for Mg there was no statistically significant correlation. For
INAA and WD-XRF comparison the statistically significant correlation at 0.001
level was found for all observed elements, except Na and Zn, for which there was
no statistically significant correlation.

Comparison of the results of two XRF methods showed statistically signific-
ant correlation at the 0.001 level for all observed elements, with exception of Na
and Mg (no statistically significant correlation).

Results in Table II demonstrated that measurements of the investigated techni-
ques were well correlated, but not for all elements and all instrumental techniques.
Sometimes instrumental techniques have difficulties producing accurate results due
to technical reasons: e.g., some ICP-MS instruments have sampler and skimmer
cones created from Ni, which hinders quantification of this element by ICP-MS,
while XRF instruments may have problems to accurately quantify Zn if the sample
holder contains this element efc. On the other side were elements that are im-
manently difficult for quantification for one or even more techniques. The best
example was Na which is inconvenient for ICP-OES because it had a small number
of lines that were often burdened with spectral interferences, while XRF techniques
suffer from very low sensitivity when they analyze spectral lines of Na. Fe was
another element in our research without very good agreement among applied tech-
niques results which could be attributed to lower concentrations compared to other
macro elements (Al, Mg, Ca, K), but this cannot be the only reason for the dis-
cordance among applied techniques since other elements with low concentrations
were very well correlated (e.g., Sr, Br, Ni).

The fact that measurements from compared techniques were well correlated
(Table II) and that some techniques had lower (ICP-OES vs. ICP-MS) or higher
(UQ vs. ICP-MS) correlation coefficients for all investigated elements implied
that the systematic error significantly affects observed discrepancies among
investigated instrumental techniques. Nevertheless, a systematic error can be
corrected if it is properly characterized.

Comparison of techniques’ precisions

Every plant sample was analyzed multiple times with each of the investigated
techniques, therefore it was possible to calculate the relative standard deviation
(RSD) for every measurement, which was used for comparisons of techniques’ pre-
cisions. The Medians of relative standard deviations of repeated measurements of
all investigated techniques are presented in Fig. 3. Minimum, maximum, average,
and medians of RSD are presented in Table S-V (Supplementary material). Mea-
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surements of all investigated analytical techniques were performed with low RSD
values. Except for Ni, RSD of ICP-MS was lower than 5 % for all analyzed ele-
ments. RSD of non-destructive techniques (INAA, UQ and WD-XRF) was some-
times lower than RSD of ICP-MS and RSD medians are for the most elements
lower than 10 %.

30 4
25

20 A

RSD, %
B

] J
04
Na Mg Al K Ca P S Mn Fe Ni Zn Rb Sr Ba

Elements
ICP-MS ®ICP-OES ®INAA =UQ =WD-XRF

Fig. 3. Medians of relative standard deviations of repeated measurements of elements content,
obtained using all investigated techniques.

CONCLUSION

Comparisons in this study confirmed that the non-destructive spectroscopic
techniques (INAA, WD-XRF, UQ) can be successfully applied to the analysis of
plant samples which is valuable because sample preparation for these techniques
can be fast and in good accordance with the principles of green chemistry. Even
the semi-quantitative UQ method can produce either similar or at least well-cor-
related results, when it is compared to other techniques based on calibration stan-
dards. Although all investigated techniques have had comprehensive QC prog-
rams which included analysis of certified reference materials (CRM), their results
have in some cases demonstrated discrepancies. Studies like ours, which analyze
a large number of elements in samples from the environment (with potentially
difficult matrices), rely on multi-element standards for calibration. The multi-ele-
ment standards may have some interfering elements in much higher concen-
trations than in the analyzed samples and vice versa. On the other side, CRMs
may not be enough similar to all analyzed samples within one research (either by
the composition or by concentration) which limits their ability to control the
accuracy of the technique. Our results suggest that if the highest possible accur-
acy is a priority for the analysis, the additional analytical and QC steps must be
taken, such as the use of internal standards or standard addition.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/11186, or from the corres-
ponding author on request.
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H3BOJ
[NOPEBEE HEJECTPYKTUBHUX U KOHBEHLIMOHAJIHO KOPUITREHHUX
CITEKTOMETPHJCKHX TEXHHKA 3A OOPEBHUBAILE EJIEMEHATA Y BUJBHOM
MATEPHWJAJTY (UITIMLIE YETUHAPA)

JOBAHA OPJIUR', MUPA AHWUUR YPOLIEBUR’, KOHCTAHTHH BEPTEJI’, UHI'A 3MHUKOBCKAJA?,
CAHA CTOJAIUHOBUR', UBAH IPXKETUR' 1 KOHCTAHTHH WIMJEBUE'
1YHusep3uu76m vy Beoipagy — Xemujcku paxynimeii, Cinygentticku wpi 12—16, 11000 Beoipag, ZHHcmumyw
3a pusuky y Beoipagy, Yuusepsuinei y Beoipagy, ITpeipesuua 118, 11080 Beoipag, *Frank Laboratory of
Neutron Physics, Joint Institute for Nuclear Research, Joliot-Curie 6, 141980 Dubna, Russian Federation
u *Yuusep3suinein y Beoipagy, HucIuiyii 3a xemujy, iiexnonoiujy u meianypiujy (MXTM),
Fbetowesa 12, 11000 Beoipag

KonsennuoHanHo kopumhene cnexrpomerpHjcke TexHuke (ICP-OES, ICP-MS) obuuHo
nofpasyMeBajy IOyroTpajHy Mpouenypy IpUIpeMe y3opka Koja 3axTeBa KopHlrheme arpe-
CHBHHMX U TOKCHYHUX XeMHUKa/IHja 3a MUHEpaIU3aLHyjy. Y NoCIeqmbUX HEKOIUKO rOMHA pacTe
norpeda 3a NMOTOAHUM U ONPKMBUM aHaJIMTHUYKMM MeTOJaMa 3a JUPEKTHY MyJITH-eleMeH-
TapHy aHa/lu3y OM/bHUX y3opaka. CIEKTDOMETPHjCKe TEXHUKE 3a OUpEKTHy aHanusy (INAA,
XRF) ce Beh npumemyjy y €KOJIOLKHUM UCTPAKUBABUMa U Y Pa3IUUUTUM N0JbUMa CKPUHUHT
WCIUTHBamka. Mnak, oBe TeEXHUKe HUCY yobHuuajeHo kopuilheHe 3a aHanK3y OWbaka U BUX0BE
nepdopmaHce Mopajy duth mpouewmeHe. Llusb oBOr HCTpakMBama je OMO Ja ce MpOIeHH
KOJIMKO Cy He[eCTPyKTHBHE TeXHMKe Ioy3naHe kop oxpehuBama enemeHarta y OusbHOM mate-
pHjany, y O0HOCY Ha PYyTMHCKH KopuilheHe CIeKTpOMeTpHjcke TeXHHUKe. YKyNnHO 49 y3opaka
yeTUpH BpcTe yeTWHapa (Pinus nigra, Abies alba, Taxus baccata w Larix decidua) cy aHamu-
3upaHe nomohy nse pytuncku kopuurhene (ICP-MS u ICP-OES) u nBe HeecTpyKTUBHE TeX-
Huke (WD-XRF u INAA). Texnuke cy ynopeheHe HCIUTHBAaBEM PETAaTUBHUX OfHOCA KOHLEH-
Tpauyja u noMmohy xopenanuoHe aHanuse. [lopen Tora, McnuTaHa je U ynopeheHna mpenusHocT
TexHHKa. [IporpaM KOHTpOJe KBanuTeTa je 0DyxBaTao aHalM3y CcepTH(dHKOBAaHOT pedepeH-
THOT MaTepHjana, urnuna dopa (NIST 1575a) nomohy cBux kopuirheHux Texuuka. Pesynraru
Halller UCTpaKUBama CYTepHlly fja Cy HEONXOJHH NONATHU aHAJIMTUYKK M KOpaLu KOHTPOJIE
KBaJIUTETA KAKO OU Ce MOCTUI/Ia MaKCHMaIHa TaYHOCT MYJITH-EJIEMEHTapHE aHaIU3e.

(ITpumsbeHo 21. centemdpa, peBunupaHo 17. HoBemdpa, npuxsaheHo 24. HoBembpa 2021)
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