
425JUNE 2018 • VOL. 43 Nº 6 0378-1844/14/07/468-08 $ 3.00/0

SUMMARY

The objective of the present work was to develop, implement 
and validate an analytical methodology, based on the energy 
dispersive X-ray fluorescence spectrometry (EDXRF), technique 
for the direct, fast and simultaneous determination of arsenic 
(As), antimony (Sb), selenium (Se) and mercury (Hg) in samples 
of wild plants present in the region of Arica and Parinacota, 
located at the heart of the Atacama Desert. The method was 
optimized and validated in order to achieve the lowest detection 
limits. The validation plan of the proposed methodology con-
sidered the parameters of linearity, sensitivity, detection limits, 

accuracy, precision and matrix effect. Detection limits of 2.3, 
3.6, 19.8 and 1.6mg·kg-1 (dry basis) were determined for As, Se, 
Sb and Hg, respectively. Concentrations of these elements were 
measured in plants of different species growing in the region. 
It is concluded that, relative to conventional methods for de-
termining these elements in plant tissues, the proposed method-
ology is a suitable analytical alternative that does not require 
steps such as sample dissolution or analyte transformation in 
hydride/volatile metal vapors for separation and/or extraction 
from the matrix prior to instrumental analysis.
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nisms, accumulating through the food 
chain (bioaccumulation and biomagnifi-
cation; Khana et  al., 2010; Cornejo and 
Acarapi, 2011; Bundschuh et  al., 2012; 
Hu et  al., 2014). Plants in particular are 
able to increase their contents of chemi-
cal elements due to the incorporation 
from the environment, in which case the 
presence of certain metal/metalloid ele-
ments will depend on both natural fac- 

tors (bedrock/horizon D composition 
and/or local geothermal activity) and an-
thropogenic factors (e.g. agriculture and 
mining). Among the metals/metalloids 
currently being studied with greater in-
terest are arsenic (As), antimony (Sb), se-
lenium (Se) and mercury (Hg).

Arsenic is widely distrib-
uted in the environment, which is why 
different international regulations (INN, 

he presence, accumulation 
and dynamics of metallic 
chemical elements and me- 

talloids in the environment are currently 
a subject of great relevance and an object 
of abundant research. This interest is due 
to the fact that some of these elements 
may be potentially dangerous, given their 
toxicity and ability to transfer from the 
surrounding environment to living orga- 
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2005; WHO, 2011) consider the safe lev-
els of human exposure to this element, 
recognizing its toxicity to humans 
(Hughes, 2011). In the case of plants, As 
is generally biotransformed into less toxic 
organic species; however, there are cases 
where accumulation of high levels of in-
organic As have been identified, such as 
in rice (D’Amato et al., 2004; Sanz et al., 
2005; Matos-Reyes et al., 2007).

Antimony is an element 
about which little is known, yet it is con-
sidered as a primary environmental pol-
lutant by the USA Environmental 
Protection Agency and the European 
Union, thus acquiring increasing interest 
as a global pollutant. The biological func-
tion of this element is unknown, but it 
may be toxic at high concentrations.

Selenium is a trace ele-
ment of great interest because it is essen-
tial for humans and animals at low con-
centrations, while it is also an antioxidant 
present in essential enzymes (Dumont 
et al., 2006).

Mercury is distributed 
through different media in the environ-
ment, being transformed into different 
chemical species, among which the organ-
ic forms are notable as they have the 
highest levels of toxicity (Clarkson, 1998; 
Feng et al., 2008; Zhang et al., 2010).

Currently, the determina-
tion of heavy metals in plant samples is 
based on different standardized and non- 
standardized test methods using atomic 
absorption spectrophotometry (AAS), in-
ductively coupled plasma optical emission 
spectrometry (ICP-OES or inductively 
coupled plasma mass spectrometry (ICP-
MS) (Vassileva and Hoenig, 2001; Welna 
and Szymczycha-Madeja, 2014; Galvão 
et  al., 2016; Habte et  al., 2016). All of 
these methods have in common a prior 
wet or dry digestion step that is used to 
convert the solid sample state to an aque-
ous solution (ISO, 2004, 2014). The solu-
tion obtained is then combined with suit-
able reagents that allow analyte transfor-
mation, its separation from the aqueous 
medium, transport towards the atomiza-
tion system and interaction with the light 
in the spectrophotometric system, where 
it is finally registered in, most common- 
ly, a computational support system (ISO, 
1984, 2004).

In the case of As, Sb 
and Se determination, the standard tech-
nique considers the previous formation of 
the corresponding volatile hydride (HG) 
and its subsequent analysis by atomic ab-
sorption spectrophotometry (AAS). This 
technique promotes the formation of vola-
tile species of AsH3, SbH3 and SeH2, us-
ing borohydride as a reductant (Ranesh 
and Riyazuddin, 2005). An important as- 

pect to consider is that within determina-
tion frameworks of these elements by 
AAS, they all behave as mutual chemical 
interferers (Petrick and Krivan, 1987).

In a similar way, the de-
termination of Hg has been carried out 
using an atomic cold vapor generation, 
coupled with techniques such as atomic 
absorption spectrophotometry (CV-AAS) 
(APHA, 2005; De Jesus et al., 2013).

The methods referred 
above for the quantitative determination 
of the elements under study are character-
ized by having a sequential character that 
significantly increases the analysis time, 
increases the complexity of the test, gen-
erates the possibility of cross contamina-
tion during the preparation of patterns 
and samples, generates risks for the oper-
ator because of the handling of dangerous 
substances (mineral and organic acids), 
and generates and emits chemical residues 
to the environment in the form of vapors, 
particles or liquids. Similarly, these meth-
ods require the destruction of the sample 
prior to its analysis, which is a disadvan-
tage when limited amounts of a sample 
are available, as is the case in the explo-
ration of recently discovered plant species 
that have not been widely studied or are 
protected by local regulations (Marguí 
et al., 2009; De la Calle et al., 2013).

The energy dispersive X- 
ray fluorescence spectrometry (EDXRF) 
technique is a non-destructive analysis 
technique that has been greatly devel-
oped in recent years. It has been applied 
successfully as an analytical tool in di-
verse areas, such as the study of new 
materials, archaeology, environmental 
monitoring and control, biological tis-
sues, aerospace technology, and even the 
study of the chemical compositions of 
other planets (Carvalho et  al., 2007; 
Fortes et  al., 2009). The EDXRF tech-
nique meets the desired characteristics 
for the analysis of plant specimens, in-
cluding the possibility of performing 
analysis directly on solid samples; the 
multi-element capacity; the possibility of 
performing qualitative, semiquantitative 
and quantitative determinations; a wi- 
de dynamic (linear) range; high perfor-
mance (number of analyzed samples/
time) and low cost per determination.

The objective of the 
present work was to develop, optimize 
and validate an analytical methodology, 
based on the EDXRF technique, for the 
simultaneous determination of elemental 
As, Sb, Se and Hg in plant samples. 
Similarly, the results related to the valida-
tion of the method are presented, as it is 
considered a fundamental aspect for the 
reliability of the results obtained from the 
direct analysis of plants via EDXRF.

Materials and Methods

Chemicals and reagents

All the reagents used 
were analytical grade. The following re-
agents were used: arsenic III oxide 
(As2O3; Sigma-Aldrich), selenium black 
powder (Se; Merck), antimony III oxide 
(Sb2O3; Merck), mercury II oxide (HgO; 
Merck) and cellulose microcrystalline 
powder ((C6H10O5)n; Merck).

Solid calibration standard solutions

For the elaboration of the 
calibration standards, cellulose was used to 
simulate the matrix of the plants that were 
analyzed with the EDXRF methodology. 
Suitable amounts of each of the compound 
mentioned above were added to a 10g por-
tion of this matrix as a source of As, Se, 
Sb and Hg; each was finely ground 
(<75μm), carefully mixed and re-powdered 
in an agate mortar. The resulting solid 
mixture corresponded to the standard solu-
tion of 10000mg·kg-1 of each element. 
From this standard, composed of the four 
elements of interest, and by successive 
stages of dilution with cellulose, the cali-
bration standards were prepared, each with 
a mass of 10g and concentrations in the 
range of 5 to 300mg·kg-1.

Secondary reference materials

To evaluate the analyti-
cal performance of the proposed method-
ology, two secondary reference materials 
were used during the optimization stage: 
COND1 and COND2, both correspond-
ing to samples of chilca (Tessaria absin-
thioides), whose content of As, Se, Sb 
and Hg is known, as determined by 
atomic absorption spectrometry (AAS-
HG), after acid digestion (Fengxiang 
et al., 2006). Decomposition of the COND1 
and COND2 samples for analysis by 
AAS was performed by processing 0.1g 
of solid sample in a 110ml vessel, add-
ing 5ml of concentrated nitric acid (p.a. 
grade, Merck) and leaving it to rest 
overnight. The vessel was then closed 
and digestion performed by heating at 
150ºC in a microwave oven (MRS 
Xpress System, CEM, USA) for 2h.

The AAS technique cor-
responds to an analytical technique that 
is a central part of many standardized 
test methods used to determine As, Sb, 
Se and Hg in different matrices (USEPA, 
1992, 1994; ISO, 1984, 2004, 2014; 
APHA, 2005, INIA, 2007). The tech-
nique is widely available in laboratories 
around the world and is thus appropriate 
for comparison.
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Sampling sites, samples and samples 
pretreatment

In order to study the ap-
plicability of the proposed methodology, 18 
plant samples corresponding to the species 
Tessaria absinthioides, Typha angustifolia 
and Cyperaceae scirpus sp. (10 of each) 
were collected (Table  I). These three spe-
cies of wild plants were selected because 
they are widely distributed in different eco-
systems in the Arica and Parinacota region, 
northern Chile, an area located in the cen-
ter of the Atacama Desert. This area has a 
high level of geothermal activity associated 
with the vulcanism of the Andes mountain 
range. These natural phenomena have giv-
en rise to soils with high levels of chemi-
cals, leading to high contents of these ele-
ments in surface water and groundwater. 
The chemicals are primarily fixed by 
plants, and finally transferred and bioaccu-
mulated throughout the entire food chain 
(Cornejo and Acarapi, 2011; Bundschuh 
et al., 2012; López et al., 2012).

The samples were collect-
ed from six sites located in the interior of 
the Arica and Parinacota region (Table  I) at 
different altitudes and associated to different 
ecosystems and with varying levels of 
chemical elements in the environment. The 
‘AZ’ sector (Azapa Valley) was considered 
as a ‘control’ site due to data showing that 
it has the lowest environmental levels of po-
tentially dangerous chemical elements at the 
regional level (Cornejo and Acarapi, 2011).

Plant samples (leaves) 
were collected in 1kg portions, transported 
to the laboratory and dried at 60 ±3ºC in 
a forced air oven until constant weight. 
After cooling to room temperature, the 
entire sample was pulverised in a rotor bea- 
ter mill/SK1 (Retsch, Germany), with a fi-
nal particle size of less than 75μm. The 
powdered plant samples were stored in 

polyethylene jars until analyzed in the 
EDXRF system.

Total elements determination by EDXRF. 
Preparation of samples

Both for the elaboration 
of the calibration curves and for the deter-
mination of the total content of the ele-
ments As, Se, Sb and Hg in plant sam-
ples, we proceeded as follows: 4g of each 
material was weighed within a cylindrical 
aluminium container (30mm diameter × 
8mm height, Spec-Cap® Model 3623, 
SPEX SamplePrep) and then pressed in a 
hydraulic press (Bench-Press®, Model 
3628, SPEX SamplePrep) at a pressure of 
15ton, to obtain a pressed pellet. The pel-
lets were then analyzed in an energy dis-
persive X ray fluorescence spectrometer 
(EDX 900-HS; Shimadzu, Japan), 
equipped with a Rh target X ray tube (5-
50kV, 1-1000µA, air cooling with fan, ir-
radiation diameters of 1, 3, 5 and 10mm) 
as an X ray source and a Si(Li) detector 
(electron cooling method).

The operation parameters 
of the EDXRF spectrometer were opti-
mized in order to achieve the lowest de-
tection limits. For this, tests were per-
formed using different collimator openings 
(1 to 10mm), a real integration time of 
100 to 1000s and different analysis atmo-
spheres (air, helium and vacuum). The an-
alytical lines considered for the elements 
As, Se, Sb and Hg were AsKα, SeKα, 
SbKα and HgLα, respectively. To analyze 
the intensities (signals) the DXP-700E 
software v 1.00 Rel. 017 (Shimadzu, 
Japan) was used. All samples were ana-
lyzed in triplicate, with cellulose blanks 
also being analyzed (zero concentration 
standards) together with the samples.

The method detection 
level (MDL) was determined according to 

a standardized procedure (APHA, 2005), 
which considers its value to be four times 
the value of the instrument detection level 
(IDL), which in turn is the constituent 
concentration that produces a signal great-
er than three standard deviations of the 
mean noise level (using a specific analyti-
cal line for each element).

The repeatability of the 
EDXRF method was calculated by mea-
suring 10 different pellets of vegetable 
samples at two different concentration 
levels. The accuracy (expressed as % of 
standard recovery) was calculated as the 
difference between the concentration de-
termined by EDXRF (for As, Se, Sb and 
Hg) and the nominal concentration of the 
secondary reference materials (MRS) 
COND1 and COND2. The acceptance 
criterion was a minimum accuracy within 
the range of 85-115% of the standard 
recovery.

In order to evaluate the 
possible matrix effect (Vessman et  al., 
2001) due to differences between the 
composition of calibration standards and 
the analyzed plant samples, the standard 
additions technique (Miller and Miller, 
2005) was used, consisting of the addition 
of known and increasing quantities of the 
analyte to the sample, reading the corre-
sponding instrumental responses and sub-
sequently constructing the standard addi-
tions line. The analyte is then quantified 
by extrapolating the calibration line to the 
point on the abscissa axis where the an-
swer is zero.

Results and Discussion

Sample preparation and optimised 
EDXRF parameters

When the pellet is pre- 
ssed a binder is usually needed in order to 

TABLE I
DESCRIPTION OF SAMPLING SITES AND PLANT SAMPLES

Nº Sample code Plant sample type Scientific name Description site Location UTM Altitude (m)
1 AZ1 Chilca Tessaria absinthioides Azapa valley (km 50) 19K 410733 7944703 1135
2 AZ2 Totora Typha angustifolia Azapa valley (km 50) 19K 410733 7944703 1135
3 AZ3 Junquillo Cyperaceae Scirpus Azapa valley (km 50) 19K 410733 7944703 1135
4 LLUT1 Chilca Tessaria absinthioides Lluta valley (Santa Lucía) 19K 368914 7964248 162
5 LLUT2 Totora Typha angustifolia Lluta valley (Santa Lucía) 19K 368914 7964248 162
6 LLUT3 Junquillo Cyperaceae Scirpus Lluta valley (Santa Lucía) 19K 368914 7964248 162
7 CAM1 Chilca Tessaria absinthioides Camarones town, Camarones valley 19K 409496 7897856 711
8 CAM2 Totora Typha angustifolia Camarones town, Camarones valley 19K 409496 7897856 711
9 CAM3 Junquillo Cyperaceae Scirpus Camarones town, Camarones valley 19K 409496 7897856 711

10 TAL1 Chilca Tessaria absinthioides Taltape, Camarones valley 19K 413516 7898376 802
11 TAL2 Totora Typha angustifolia Taltape, Camarones valley 19K 413516 7898376 802
12 TAL3 Junquillo Cyperaceae Scirpus Taltape, Camarones valley 19K 413516 7898376 802
13 ESQ1 Chilca Tessaria absinthioides Esquiña town, Camarones valley 19K 444136 7906118 2180
14 ESQ2 Totora Typha angustifolia Esquiña town, Camarones valley 19K 444136 7906118 2180
15 ESQ3 Junquillo Cyperaceae Scirpus Esquiña town, Camarones valley 19K 444136 7906118 2180
16 ILLA1 Chilca Tessaria absinthioides Illapata Town, Camarones valley 19K 446266 7905264 2225
17 ILLA2 Totora Typha angustifolia Illapata Town, Camarones valley 19K 446266 7905264 2225
18 ILLA3 Junquillo Cyperaceae Scirpus Illapata Town, Camarones valley 19K 446266 7905264 2225
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hold the material of the samples or stan-
dards. Important characteristics of the bind-
ers are: absence of pollutants, stability under 
the operational conditions and low matrix 
(for instance C or B, which are not detected 
by EDXRF). The binders can be either liq-
uid or solid. Cellulose and starch are typical 
examples of these types of compounds 
(Reidinger et al., 2012; Takahashi, 2015).

In this study, pellets 
(Figure  1) of the standards were prepared 
in a cellulose matrix, with a final compo-
sition (pressed pellet) content >90%. This 
content is similar to that of the organic 
matter present in the vegetable sample 
(77.6-93.5mg·kg-1 dw, = 87.5mg·kg-1 and 
RSD= 7.0). It presents a good compaction 
capacity, which was the main reason not 
to require an additional binder.

The operating parameters 
of the EDXRF spectrometer were opti-
mized to achieve the lowest detection lim-
its and optimum sensitivity. The optimal 
instrument conditions were: voltage 50 
kV, current 300 μA, collimator 10 mm, 
real integration time 100 s, detector dead 
time < 1%, atmosphere vacuum (Pressure 
< 30Pa). The analytical lines considered 
for the four elements were AsKα, SeKα, 
SbKα and HgLα (Figure 2).

Validation Parameters

The validation of the 
proposed EDXRF methodology considered 
the evaluation of the following parame-
ters: method detection limit (MDL), lin-
earity, accuracy and repeatability. The re-
sults of the analytical performance evalua-
tion process of the optimized method are 
summarized in Table  II.

Detection limits and linearity

The instrumental detec-
tion limit (IDL), defined as the net 

Figure  1. Pressed pelltes of vegetable samples 
(a) and standards (b), prior to their analysis by 
EDXRF.

Figure 2. Energy dispersive X-ray fluorescence spectrum of the sample LLUT1 (chilca).

TABLE II
ANALYTICAL PERFORMANCE OF THE EDXRF METHOD

Regression parameters Arsenic Selenium Antimony Mercury
Linearity range (mg·kg-1) 3-300 4-300 20-300 2-300
Sensitivity (kg·mg-1) ×10-3 13.5 6.1 0.1 14.3
IDLa (mg·kg-1) dw 0.58 0.90 5.0 0.40
MDLa (mg·kg-1) dw 2.3 3.6 19.8 1.6
MDLb (mg·kg-1) ww 0.53 0.84 4.55 0.36
R2 c 0.9993 0.9960 0.9991 0.9972
r 0.9996 0.998 0.9995 0.9986

 Analytical line AsKα 
(10.543 keV)

SeKα 
(11.224 keV)

SbKα 
(26.359 keV)

HgLα 
(9.989 keV)

Accuracyd

AAS-HG 
(mgkg-1)

EDXRF 
(mgkg-1) 

Recovery 
(%)

Arsenic
COND1

a

COND2
a

58.4
155

61.1
161

95.6 
96.3

Selenium
COND1

a

COND2
a

51.1
87.2

53.6
90.9

95.3
95.9

Antimony
COND1

a

COND2
a

26.0
33.8

28,4
37.6

91.5
89.9

Mercury
COND1

a

COND2
a

8.3
17.5

8.6
18

96.5
97.2

Repeatabilitye

Arsenic Selenium Antimony Mercury
RSD (%) 0.9-14.7 0.8-17.1 3.4-14.5 2.0-6.2
Max-Min (mg·kg-1)a (693-10.9) (117-3.6) (271-20.0) (54.7-1.6)

a Results on dry weight basis (dw). b Results on wet weight basis (ww). c Acceptance criteria: 
R2>0.9950. d Acceptance criteria: Minimum 85-115%, as recovery of a standard of known concen-
tration. e Acceptance criteria: Minimum 80%, i.e. differences not exceeding 20%, as relative stan-
dard deviation in the implementation of the method, and between replicates during routine work.

minimum intensity (expressed in concen-
tration units) that can be determined in a 
given analytical context, was determined 

for the elements As, Se, Sb and Hg, in or-
der to verify if the instrument is sensitive 
enough to detect each of those elements. 
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The IDL is calculated using the equation 
(Marguí et al., 2005):

ILD = 4.65
Si

σ b

where Si: sensitivity and σb: fluctuation 
of the background noise. The method detec- 

tion limit (MDL) is determined as 4 times 
the calculated IDL value (APHA, 2005).

The MDL values deter-
mined in the present study (Table  II) indi-
cate that the EDXRF methodology devel-
oped allows the detection of the elements 
As, Se, Sb and Hg in plant tissues 
(mg·kg-1 levels). The values (dw) obtained 
for each element were in the following 

ascending order: Hg (1.6mg·kg-1) <As (2.3 
mg·kg-1) <Se (3.6mg·kg-1) <Sb (19.8mg· 
kg-1). Although the detection limits deter-
mined are high (especially for Sb and Se) 
compared to other instrumental techniques 
(Table  IV), the analytical methodology de-
veloped has proved useful as a low-cost 
and quick alternative for determining 
chemical elements in hyperaccumulative 

TABLE III
CHEMICAL COMPOSITION OF THE SAMPLES

Nº Sample 
code

Humidity 

% mm mmg-1
Arsenic 

(mg kg-1)
Selenium 

(mg kg-1)
Antimony 

(mg kg-1)
Mercury 

(mg kg-1)

Mean ±SD Mean ±SD Mean ±SD Mean ±SD Mean ±SD
1 AZ1 83.5 ±0.7 10.9 ±1.8 (1.6 ±0.3) 7.9 ±1.3 (0.3 ±0.05) <MDL 2.2 ±0.4 (0.1 ±0.01)
2 AZ2 74.0 ±1.0 18.8 ±4.9 (2.7 ±0.7) 4.2 ±0.69 (0.2 ±0.03) <MDL 1.9 ±0.5 (0.1 ±0.02)
3 AZ3 71.0 ±0.3 25.9 ±7.5 (2.8 ±0.8) 3.6 ±1.0 (0.2 ±0.02) 20.2 ±4.8 (3.0 ±0.7) <MDL
4 LLUT1 85.7 ±1.1 63.6 ±9.1 (7.7 ±1.1) 59.9 ±8.60 (1.2 ±0.17) 32.2 ±4.6 (4.2 ±0.6) 11.2 ±1.6 (0.2 ±0.03)
5 LLUT2 76.7 ±0.6 55.4 ±12.9 (6.0 ±1.4) 12.0 ±2.80 (0.8 ±0.19) 20.1 ±4.6 (2.6 ±0.6) 5.2 ±1.2 (0.2 ±0.05)
6 LLUT3 74.6 ±0.5 73.2 ±18.6 (7.1 ±1.8) 3.8 ±0.63 (0.2 ±0.03) 38.7 ±9.9 (4.6 ±1.2) 1.6 ±0.4 (0.1 ±0.02)
7 CAM1 84.1 ±0.8 190 ±30 (5 ±1) 96.3 ±15.3 (1.4 ±0.22) 48.1 ±7.6 (4.8 ±0.8) 32.1 ±5.1 (0.1 ±0.02)
8 CAM2 73.2 ±0.5 316 ±85 (8 ±2) 33.9 ±9.1 (1.1 ±0.29) 40.9 ±11.0 (3.8 ±1.0) 25.0 ±6.7 (0.1 ±0.03)
9 CAM3 70.0 ±0.7 393 ±118 (6 ±2) 3.7 ±0.9 (0.3 ±0.07) 137 ±41.0 (6.5 ±1.9) 2.9 ±0.9 (0.1 ±0.02)

10 TAL1 83.5 ±0.9 172 ±28 (6 ±1) 106 ±17.6 (1.7 ±0.28) 48.1.7±.9 (3.3 ±0.5) 29.6 ±4.9 (0.3 ±0.04)
11 TAL2 74.2 ±0.4 280 ±72 (3 ±1) 29.2 ±7.5 (0.8 ±0.21) 24.3 ±6.3 (2.3 ±0.6) 34.4 ±8.9 (0.4 ±0.1)
12 TAL3 71.0 ±0.6 365 ±106 (2 ±1) 18.7 ±5.4 (0.6 ±0.18) 226 ±65.5 (8.1 ±2.3) 4.8 ±1.4 (0.1 ±0.0)
13 ESQ1 85.4 ±1.2 15.1 ±2.2 (2.2 ±0.3) 8.9 ±1.3 (0.4 ±0.06) 20.1 ±4.7 (2.8 ±0.7) 2.8 ±0.4 (0.1 ±0.01)
14 ESQ2 75.5 ±0.6 31.0 ±7.6 (4.4 ±1.1) 4.1 ±0.9 (0.3 ±0.07) 20.0 ±4.8 (2.9 ±0.7) 1.6 ±0.4 (0.1 ±0.02)
15 ESQ3 72.6 ±1.0 48.9 ±13.4 (6.2 ±1.7) 3.7 ±0.05 (0.1 ±0.00) 21.3 ±4.6 (2.1 ±0.5) 1.7 ±0.4 (0.1 ±0.02)
16 ILLA1 82.2 ±1.0 226 ±40 (12 ±2) 117 ±20.9 (0.9 ±0.16) 59.2 ±10.5 (3.0 ±0.5) 44.1 ±7.8 (0.9 ±0.2)
17 ILLA2 76.9 ±0.7 554 ±99 (13 ±3) 98.8 ±22.9 (1.1 ±0.25) 31.3 ±7.2 (2.1 ±0.5) 54.7 ±12.7 (1.1 ±0.3)
18 ILLA3 73.2 ±0.8 693 ±186 (6 ±2) 7.0 ±1.9 (0.6 ±0.16) 271 ±72.8 (9.2 ±2.5) 6.3 ±1.7 (0.2 ±0.1)
Minimum - Maximum (mg kg-1)a 10.9 - 693 3.6 - 117 20.0 - 271 1.6 - 54.7
Minimum - Maximum (mg kg-1)b 1.8 - 186 1.0 - 20.9 4.8 - 72.8 0.4 - 12.7

For sample codes, see Table  I.
The means without parentheses are expressed on dry weight basis (dw). The means in parentheses are expressed on wet weight basis (ww). The re-
sults for each of the 18 samples correspond to an average and standard deviation (SD) obtained out of 10 determinations.

TABLE IV
ANALYTICAL PERFORMANCE OF THE DIFFERENT METHODS EMPLOYED TO DETERMINE 

ARSENIC, SELENIUM, ANTIMONY AND MERCURY IN ENVIRONMENTAL SAMPLES

Element Method Calibration range MDL 
(µg l-1)

MDL 
(µg kg-1)

RSDc 

(%)
Analysis 

timef 
(hours)

References

Arsenic
HG-AFS
HG-AAS
HG-ICP-AES

0-0.9µg l-1 (0-0.18µg kg-1)e

0-20µg kg-1

2-200µg l-1 (0.4-40µg kg-1)e

0.016
<5
-

0.0032a

1.25a

0.54

< 2 (50µg l-1)
<20 (10µg l-1)
0.6 (200ug l-1)

  7
  6
  3

Frank and Krachler (2006)
SISS (2017)
Ilander and Väisänen (2011)

Selenium

HG-AFS
HG-AAS
HG-ICP-AES
HG-ICP-MS

0-5µg kg-1

0-20µg kg-1

0-40µg kg-1

0-1µg kg-1

0.28
0.038
0.40
0.030

0.056a

0.0076a

0.08a

0.006a

3.1
12 (4.3µg l-1)

1.9
12.3

12
  6
  3
  3

Niedzielski and Siepak (2003)
APHA et al. (2017)
Martinez et al. (1997)
Niedzielski and Siepak (2003)

Antimony
AFS
HG-AAS
HG-ICP-AES

-
-

2-200µg l-1 (0.4-40µg kg-1)e

10b

0.02
6.85b

2
0.004a

1.37

-
-

2.3 (80µg l-1)

  7
  6
  3

Chen et al. (2003)
APHA et al. (2017)
Ilander and Väisänen (2011)

Mercury
CV-AFS
CV-AAS
HG-ICP-

-
0-5.0

20-2000 (4-400µg kg-1)e

0.133
1

10

0.0266a

0.2a

2a

2.5
14

7.4 (20µg l-1)

10
  6
  3

Shah et al. (2012)
APHA et al. (2017)
Fengxiang et al. (2006)

a Estimated from the MDL value considering a dry sample mass of 0.5g and 100ml of solution. b Estimated from the MDL value considering a dry 
sample mass of 0.5g and 100ml of solution. c Level determined at the concentration indicated in parentheses. d Estimated based on laboratory analy-
sis of 20 samples under routine work conditions. e Estimated from the calibration curve reported by the authors, considering a dry sample mass of 
0.5g and 100ml of solution. f Analysis time: routine work conditions.
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plants or plants that grow in areas with 
high levels of chemical elements in their 
environment.

Linearity was evaluated 
by multi-element calibration standards 
(containing As, Se, Sb and Hg), in tripli-
cate, with concentrations in the range of 5 
to 300mg·kg-1 for As, Se and Hg, and in 
the range of 20 to 300mg·kg-1 for Sb. In 
each case the standards were prepared us-
ing cellulose as a matrix. They were then 
validated with three rounds of tests carried 
out on three different days. The intensities 
measured by EDXRF for each of the cali-
bration standards were processed by plot-
ting (Figure  3) the intensity ratio Ia/Ib vs 
standard concentration, where Ia is the in-
tensity of the signal associated with the an-
alyte and Ib is that of the background.

Accuracy and repeatability

Normalized methods based 
on HG-AAS and cold vapor-AAS techniques 
were used to compare the results obtained by 
means of the developed EDXRF methodolo-
gy. With this purpose, AAS methodologies 
were previously verified. In this sense, when 
‘normalized methods’ are used, a minor vali- 

dation or verification should be carried out 
(ISP, 2010). This verification is used to check 
that the laboratory can adequately carry out 
the normalized method. In the case of a 
modified normalized method, this verification 
will only require checking that this verifica-
tion does not affect the assays (ISP, 2010).

In this study, the determi-
nation of As, Sb and Hg was carried out 
by means of standardized methods (ISO, 
1984, 2004, 2014), while a reported meth-
od was selected for Se (Baralkiewicz et al., 
2004). In all cases the methods were car-
ried as described, without any modifica-
tions. Consequently, the only verification 
process used was for the Certipur® refer-
ence materials for AAS. Certipur® materi-
als are ready-to-use solutions, certified and 
traceable to primary standard reference ma-
terials from the National Institute of 
Standards and Technology. The results 
showed good accuracy values in the range 
of 85-115% (SISS, 2007; ISP, 2010; 
APHA, 2017) for concentrations near the 
detection limits. Repeatability resulted in 
less than 20% relative standard deviation.

To evaluate the accuracy 
of the EDXRF method, the secondary re- 
ference materials COND1 and COND2 

were analysed, and the concentrations ob-
tained were compared with the values ob-
tained by AAS-HG (Table  II). For the 
evaluation of repeatability the data from 
Table  III was considered, extracting the in-
formation associated with the highest and 
lowest concentrations determined for each 
of the chemical elements under study.

Once the AAS methodol-
ogies had been verified, these were used in 
the determination of As, Se, Sb and Hg 
content in the materials COND1 and 
COND2 (chilca). In this way, the samples 
COND1 and COND2 could then be used as 
secondary reference materials (MRS) during 
the development of the EDXRF methodolo-
gy. This strategy was chosen because there 
is no available certified reference vegetable 
material with As, Se, Se, Sb and Hg con-
centrations above the detection limit.

Evaluation of matrix effect

The so-called ‘matrix ef-
fect’ consists of a decrease or increase of 
the analyte instrumental response due to 
the presence of other components in the 
sample. In order to evaluate the necessity 
of instrument signal (fluorescence intensity) 

Figure 3. Standard curves for the determination of total arsenic (a), selenium (b), antimony (c) and mercury (d) by the optimised EDXRF methodology.
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correction for the background in the pro-
posed EDXRF method, two calibration op-
tions were considered: i) concentration of 
the standards as a function of the intensity 
signal Ia, and ii) concentration of the stan-
dards as a function of intensity signal cor-
rected by background (Ia/Ibg). The efficien-
cy of both signals was compared by means 
of MDL, linearity and sensitivity.

Figure  4 shows the com-
parison between both options for total As 
determination. Significant differences are 
seen in the standard curves of both op-
tions. The corrected one was the best ana-
lytical option. With respect to the detec-
tion limits, when the intensity signals 
were directly used, the MDLIa obtained 
were 28.4 (As), 44.8 (Se), 205 (Sb) and 
22.4 (Hg) mg·kg-1, more than 10 times 
higher than the values obtained with the 
corrected signal (Table  II).

Additionally, when using 
the intensity signal without correction by 
background, there was a decrease in the 
linearity (R2

As= 0.926, R2
Se= 0.926, R2

Sb= 
0.926 and R2

Hg= 0.9261), below the accep-
tance criterion of R2=0.995 (SISS, 2007; 
APHA, 2017).

Finally, the sensitivity eva- 
luation resulted in values of 0.8×10-3 (As), 
0.6×10-3 (Se), 0.02×10-3 (Sb) and 0.5×10-3 
(Hg), which are 17, 10, 5 and 29 times 
lower, respectively, than the values ob-
tained using the corrected intensity.

The general improvement 
in the analytical performance parameters 
when using the corrected instrumental sig-
nals (Ia/Ibg) during the calibration process 
can be understood as an effect of compen-
sation and reduction of the random varia- 

bility associated with the stages of prepara-
tion of the standards and samples (small 
changes in the composition of standards 
and micro-heterogeneity of pellets) and 
during the measurement process (fluctua-
tions in electrical voltage, instrumental sig-
nal or changes in the environmental condi-
tions of the laboratory). The strategy of us-
ing the ratio (Ia/Ibg) makes it possible to 
better compensate for these effects (in 
comparison with the direct use of the fluo-
rescence intensity signals), improving the 
accuracy of each individual measurement 
when testing standards and samples.

In this sense, the option 
to consider the Ia/Ib ratio as a variable 
during calibration allows to efficiently 
compensate the small differences between 
the matrix of each sample and the stan-
dards. The above implies that for the 
same analyte concentration, the analysis 
of a real sample or a standard solution of 
the pure analyte provides approximately 
the same instrumental response, in addi-
tion to the absence of systematic errors.

Application of the method

The optimized EDXRF 
methodology was applied to a total of 18 
plant samples, in order to determine their 
total content in terms of the elements As, 
Se, Sb and Hg. These samples represent 
three different species of wild plants 
found in the Arica and Parinacota region, 
northern Chile (Atacama Desert), in areas 
with high levels of environmental arsenic. 
The obtained results of As, Se, Sb and Hg 
determination, via EDXRF, are summa-
rized in Table  III.

It should be emphasized 
that the optimized EDXRF methodology 
delivers results on a dry basis, a method-
ological strategy that allows even lower 
analyte concentrations to be used than 
when calculating the results on a wet ba-
sis (wet fresh plant tissue).

Regarding the applicabili-
ty of the method for the analysis of real 
samples, all of the samples analyzed had 
concentrations of As and Se over the MDL. 
In the case of Sb and Hg, only 3 samples 
had concentrations below the respective 
MDL values (2 for Sb and 1 for Hg), all of 
them corresponding to samples from the 
Azapa valley sector, an area characterized 
by low levels of heavy metals in the envi-
ronment and used as the control site.

From the information 
presented in Table  IV it can be seen that 
different MDL values are reported in the 
literature for the determination of As, Sb, 
Se and Hg. These differences are related 
to the analytical procedure, where AFS 
and ICP-MS present the lowest detection 
limits. Although the detection limits of the 
EDXRF methodology are higher, there are 
other advantages, such as: large lineal 
range (mg/kg to %), low interference with 
other chemical elements, short analysis 
times (<5min), low-cost (no reagents due 
to the absence of digestion stage), good 
accuracy and precision, no waste and sim-
ple sample preparation.

In this study EDXRF me- 
thodology was proposed to analyze vegeta-
ble samples from three areas in the Arica 
and Parinacota region, North of Chile. 
Concentrations of As, Sb, Se and Hg 
above the detection limit were determined. 
The highest As concentrations were found 
in the Illapata sector, which is an area with 
high levels of As in water and soil 
(Cornejo and Acarapi, 2011). In a previous 
study (Cornejo and Acarapi, 2011), the to-
tal As content in the soil was determined 
for different regions of Arica and 
Parinacota. The results were in the range 
of 69.5 to 245mg·kg-1 (dw). Considering 
this information and relating it to the 
EDXRF methodology developed in the 
present work, the concentration factors of 
Tessaria absinthioides, Typha angustifolia y 
Cyperaceae Scirpus were determined 
(Figure  5). Linearity between total As con-
tent in the plant and total As content in its 
corresponding soil was used in the calcula-
tion. In this way, the As accumulation fac-
tors (mg·kg-1

plant /mg·kg-1
soil) were: 2.30 for 

T. absinthioides (R2= 0.81, p=0.038), 1.02 
for T. angustifolia (R2= 0.90, p=0.015) and 
0.81 for C. Scirpus (R2= 0.88, p=0.017). 
Similar determinations could not be perfor- 
med for Sb, Se and Hg as no information 
is available regarding their presence in the 
soil in the study areas.

Figure  4. Comparison of two calibration options for total arsenic determination by EDXRF: i) 
concentration of the standards as a function of intensity signal (Ia) and ii) concentration of the 
standards as a function of intensity signal corrected by background (Ia/Ibg).
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Conclusion

The present work consid-
ered the development and optimization of 
an analytical methodology based on the 
EDXRF technique for the determination of 
the content of the chemical elements As, 
Se, Sb and Hg in plant tissue samples. 
This is a non-destructive sample analysis 
method with good analytical performance, 
reduced analysis time, fast sample and 
standard preparation processes, and low or 
no residual emissions to the environment.

It is hoped that in the 
future new applications for the EDXRF 
technique will be explored that can be 
presented as an analytical alternative to 
conventional test methods and provide a 
useful tool in studies oriented to the envi-
ronmental assessment or risk evaluation of 
exposure to hazardous and/or potentially 
hazardous chemical elements.
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DESARROLLO Y VALIDACIÓN DE UN MÉTODO PARA LA DETERMINACIÓN SIMULTÁNEA DE ARSÉNICO, 
ANTIMONIO, SELENIO Y MERCURIO EN PLANTAS MEDIANTE ESPECTROMETRÍA DE FLUORESCENCIA 
DE RAYOS X DE ENERGÍA DISPERSIVA
Lorena Cornejo-Ponce, Jorge Acarapi-Cartes y María Arenas-Herrera

to matriz. Se determinaron límites de detección de 2,3; 3,6; 
19,8 y 1,6mg kg-1 (base seca) para As, Se, Sb y Hg, respec-
tivamente y se midieron las concentraciones de esos elemen-
tos en diferentes especies de plantas que crecen en la zona. 
Se concluye que la metodología propuesta es una alternativa 
analítica adecuada a los métodos convencionales usados para 
la determinación de estos elementos en tejidos vegetales, no 
requiriéndose etapas tales como disolución de la muestra o 
transformación del analito en vapores de hidruro/metales vo-
látiles para su separación y/o extracción de la matriz, como 
paso previo a su análisis instrumental.

RESUMEN

El objetivo del presente trabajo fue desarrollar, implementar 
y validar una metodología analítica, basada en la técnica de 
espectrometría de fluorescencia de rayos X de energía disper-
siva (EDXRF) para la determinación directa, rápida y simul-
tánea de arsénico (As), antimonio (Sb), selenio (Se) y mercurio 
(Hg) en muestras de plantas silvestres presentes en la región 
de Arica y Parinacota, área ubicada en el centro del desierto 
de Atacama. El método fue optimizado y validado para alcan-
zar los límites de detección más bajos. El plan de validación 
de la metodología propuesta consideró los parámetros de li-
nealidad, sensibilidad, límites de detección, precisión y efec-

DESENVOLVIMENTO E VALIDAÇÃO DE UM MÉTODO PARA A DETERMINAÇÃO SIMULTÂNEA DE ARSÊNIO, 
ANTIMONIA, SELÊNIO E MERCÚRIO EM PLANTAS POR ESPECTROMETRIA DE FLUORESCÊNCIA DE RAIOS 
X DE ENERGIA DISPERSIVA
Lorena Cornejo-Ponce, Jorge Acarapi-Cartes e María Arenas-Herrera

detecção, precisão e efeito de matriz. Determinaram-se os limi-
tes de detecção de 2,3, 3,6, 19,8 e 1,6mg kg-1 (base seca) para 
As, Se, Sb e Hg, respectivamente, e suas concentrações em diver-
sas espécies vegetais de a região. Concluiu-se que a metodologia 
proposta é apresentada como uma alternativa analítica adequada 
aos métodos convencionais utilizados para a determinação destes 
elementos em tecidos vegetais, não requerendo passos tais como 
dissolução de amostras ou transformação de analito em vapores 
de metal hidreto / voláteis para a sua separação e / ou extração 
a partir da matriz, antes da etapa de análise instrumental.

RESUMO

O objetivo do presente trabalho foi desenvolver, implementar 
e validar uma metodologia analítica, baseada na técnica de es-
pectrometria de fluorescência de raios X por energia dispersi-
va (EDXRF) para a determinação direta, rápida e simultânea 
de arsênio (As), antimônio (Sb), Selênio (S) e mercúrio (Hg) em 
amostras de plantas silvestres presentes na região de Arica e Pa-
rinacota, uma área localizada no meio do deserto de Atacama. O 
método foi otimizado e validado para atingir os limites de detec-
ção mais baixo. O plano de validação da metodologia proposta 
considerou os parâmetros linearidade, sensibilidade, limites de 
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