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ABSTRACT

In this work, a method for quantification of heavy metals Inductively Coupled Plasma Sector Field Mass Spectrometry
(ICP-SFMS) in soil samples of El Bierzo district (Spain) has been optimized and validated. Optimization was carried
out for elements: Cr, Mn, Co, Ni, Cu, Zn, Se, As, Cd, Hg, Pb and U. Validation of the method was performed with Cer-
tified and Standard Reference Materials (CRMs and SRMs); SRM2709, CRM020-051 and CRM050-051. Results ob-
tained under optimized conditions can be summarized as follows: a) the Limits of Detection (LODs) were in the order
of sub fg- gfl for Cr, Mn, Cu, Co, As, Cd, Hg, Pb and U, and few fg- g’l for Ni, Zn and Se; b) precision measurement, in
terms of relative standard deviation (RSD), was being below 5%; c) the average recovery of CRM was between 81.3%
and 98%. In conclusion, the method offers several advantages: fast, good accuracy, very low values of Limits of Quan-
tification (LOQs) and high sensitivity on measurement of heavy metal.
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1. Introduction quantification of an increasing number of analytes at
lower concentration levels; 2) the interest in elemental
speciation due to issues of bioavailability and toxicity;
and 3) the need of minimizing contamination and sample
manipulation.

For many years, the analytical technique to quantify
metal ions in soil samples has been atomic spectroscopy,
or more specifically, Atomic Absorption Spectrometry
(AAS), Atomic Emission Spectrometry (ICP-AES) and
Inductively Coupled Plasma Mass Spectrometry (ICP-
QMS) [5].

ICP-QMS technique has been the key of the most suc-
cessful methods in Atomic Spectrometry (AS) [6-9], due
to its high sensitivity, good precision and accuracy,
multi-element detection and faster preparation of sample.
However, ICP-QMS still has some limitations, mainly by
interferences that can seriously affect its analytical per-
formance and these would lead to spectroscopic and non-

Heavy metals are of concern to human health and envi-
ronment due to their toxic effects. Heavy metals are pre-
sent in soils in high concentrations due to geological
anomalies or as a result of contamination, mainly caused
by human activities. Depending on environmental condi-
tions, these high concentrations of heavy metals can be
accumulated in agricultural soil or groundwater leachate,
causing contamination of the soil and water resources.
Furthermore, these metals can be taken directly by hu-
mans or animals following several pathways: inhalation
of re-suspended soil dust, incorporation onto the food
chain as a result of uptake by edible plants and animals
[1-3] and the ingestion of contaminated water. In all
cases, it constitutes a significant risk to the health of hu-
mans and animals [4]. Therefore, the progress on envi-
ronmental and biological matrices analysis of heavy met-

als is affected by three major factors: 1) the demand for
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spectroscopic interferences. Spectroscopic interferences
are caused by atomic or molecular ions with same nomi-
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nal mass of our particular isotope. They may disturb or
even obscure the true analytical signal, so that the ac-
curacy cannot be a reliable determination. Non-spectro-
scopic interferences are caused by polyatomic ions that
are formed from precursors having numerous sources,
such as the sample matrix, reagents used for preparation,
plasma gases or entrained atmospheric gases. To obtain a
good precision and accuracy signal in ICP-QMS, it is
necessary to analyze these factors, in order to reduce as
much as possible or even eliminate spectroscopic inter-
ferences [10]. Nonspectral interference refers to ma-
trix-induced change in signal intensity that is unrelated to
the presence or absence of spectral components. The de-
tail of this type of interferences is summarized in the
literature [11]. External calibration or standard addition
methods, coupled with internal calibration, have been
used normally to correct the non-spectroscopic interfere-
ences. Another alternative to avoid interferences is by
using a reaction/collision cell, resulting in a capability to
partially remove interferences, depending on the operat-
ing conditions [12-14]. The development of more pow-
erful ICP Mass Spectrometers has been mainly based on
the union of a magnetic sector analyzer to the plasma
source, plus a second electrostatic sector analyzer, which
allows focusing both the angle at which ions deflect as
their energy (double focusing). In this way, it is possible
to avoid interferences of atomic or molecular ions in
complex samples [15,16]. This is because its resolutions,
approximately ~300 for Low-Resolution Mode (LRM),
~3500 - 4000 for Medium-Resolution Mode (MRM) and
~7500 - 10.000 for High-Resolution Mode (HRM). For
this reason, ICP-SFMS 1is an excellent choice for the
analysis of heavy metals, due to its extremely high sensi-
tivity, the capability for interference-free analysis and the
significantly improved isotopic ratio precision when
compared with ICP-QMS [17].

El Bierzo District is located in the Province of Leon
(Spain) and has a carboniferous basin across 310 km’
that has been exploited since the middle of XIX century
[18]. The intense activity of coal mining has generated
571 sites with mine tailings, covering an area of 52.51
km? over the original soils. The tailings were dumped for
many years and have been exposed at natural alterations
that include several physical, chemical and biological
processes. This alteration generates many impacts on air,
water and soils, as the spontaneous combustion of coal or
like acid mine drainage, which releases heavy metals in
the environment. The mine tailings also cause a serious
visual impact on the landscape.

The objectives of the present study have been: 1) de-
velop, optimize and validate a method to determinate
heavy metals in soil samples by ICP-SFMS; 2) applied
this method for the analysis of heavy metals in soil sam-
ples of the El Bierzo coal mining district (Spain); and 3)
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evaluation of contamination impact by heavy metal in
place.

2. Experimental
2.1. Instrumentation

Determinations of heavy metals were carried out with an
Element XR Mass Spectrometer (Thermo Fisher Scien-
tific, Germany). Aqueous samples were introduced with
an auto sampler CETAC ASX-520 (CETAC Technolo-
gies, Inc. USA). The ICP torch was shielded with a
grounded platinum electrode (GuardElectrodeTM, Ther-
mo Scientific, Germany).

2.2. Materials and Reagents

Instrumental mass calibration of ICP-SFMS was per-
formed by using a certified multi-element solution XXIII
(Ba, B, Fe, Co, Ga, In, K, Li, Lu, Na, Rh, Sc, Y, TI, and
U) from Merck (Germany). Optimization of the method
was made with a standard solution of approximately 10
ug-Lﬁ1 of each metals of interest (Cr, Mn, Co, Ni, Cu, Zn,
Se, As, Cd, Hg, Pb and U) coming from a standard dis-
solution that contained nearly 1 mg-L™" (Merck, Ger-
many). A 1.0 £ 0.2 ug-L™" of In external standard solu-
tion (Merck, Germany) and a Lu internal standard disso-
lution (Merck, Germany) of 1.1 + 0.2 pg-L™" were used
during the measurements to monitor instrumental stabili-
ty. Standard and Certified Reference Materials (SRMs
and CRMs) were supplied for validation of method;
CRMO020-051 and CRMO050-051 (Resource Technology
Corporation, Sigma-Aldrich, United Kingdom), and
SRM2709 (National Institute of Standards & Technology,
USA). A microwave-assisted acid digestion was used for
mineralization of soil samples (ETHOS 1, Milestone
S.r.l., Italy). Filtration of sample after acidic digestion
was carried out through filter papers of 2.5 pm (Millipore
Ibérica, Spain). High purity water (>18 MQ-cm™') was
obtained from a Milli-Q Element A10 Century (Millipore
Ibérica, Spain). HNO; and HCI were purified by distilla-
tion in a Milestone Duopur (Milestone s.r.l., Italy) sub-
boiling system. Certified Ar gas (99.999%) was supplied
by Air Liquide Espafia. Measurements of elements were
carried out in a clean room laboratory (ISO 6 class) at
24°C £ 1°C.

2.3. Preparation of Samples

Sample points analyzed in this paper were collected in El
Bierzo district (Spain). The methodology followed dur-
ing soil sample recollection and characterization has been
described elsewhere [18,19]. In the framework of a larger
study, the soil points were sampled biannually for 2006-
2008 period and were physicochemical characterized in
its inter-annual and intra-annual variation [19]. Soil sam-
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ples were air dried and sieved to 2 mm and this fraction
was used for the heavy metal analysis [20]. Studies were
performed in nine points. Figure 1 shows the localization
of El Bierzo district and the locations where the soil
samples were collected.

A microwave-assisted acid digestion was used for
mineralization of soil samples, based on recommenda-
tions given in EPA method 3051A [21]. The method was
used for a fast extraction of heavy metals from soil sam-
ples. The soil samples were prepared by accurately
weighing of 0.1 g of sample into the Teflon microwave
digestion vessels. Acid conditions of digestion were: 9

mL of HNO; (10 mol-L™") and 3 mL of HCI (10 mol-L™").

Lu was added as internal standard. Following digestion
(Table 1), the dissolutions were cooled, and then the
samples were filtered, transferred to 25 mL volumetric
flasks and filled up with Mill-Q water. Before the ICP-
SFMS measurements, the samples were diluted 1:50 with
Milli-Q water and in tracer was added as external stan-
dard. Analysis of each sample was carried out in tripli-
cate.

3. Results and Discussion

3.1. Validation of Method Abbreviations and
Acronyms

Several parameters have been taken into account and
evaluated for the validation of the analytical methods for
quantitative determination of heavy metals in soils, such
as: optimization of measurement, dynamic range and
linearity, LODs and LOQs, repeatability, precision and
accuracy.

Instrumental settings were optimized for the quantifi-
cation of elements; Cr, Mn, Co, Ni, Cu, Zn, Se, As, Cd,
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Figure 1. The studies were performed in nine points, local-
ization of El Bierzo, Spain and locations where soil samples
were collected.
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Table 1. Settings used in microwave assisted digestion.

Stage Max Power Ramp (min) Temp (°C)
1 1000 10 200
2 1000 20 200
3 20 0

In, Lu, Hg, Pb and U. The optimization was performed in
three steps:

a) An instrumental mass calibration in LRM, MRM
and HRM using the same dissolution certified multi-
element solution XXIII was performed. Then, a tuning of
the ICP-SFMS parameters was carried out with the same
multi-element solution, to obtain the maximum intensi-
ties for '"°In and ***U isotopes in the LRM. The signal
intensity for these isotopes was about 1.3 x 10° cps and
1.8 x 10%, respectively. The oxides content in the plasma
was below 1%, b) Optimization of signal intensity for the
analytes of interest in MRM (52Cr, 5Mn, 59C0, 60Ni, 63Cu,
64Zn, 114Cd, HSIn, 176Lu, 200,202Hg’ 206,207,208Pb’ and 238U)
and HRM ("As, "®Se, '"°In and '"°Lu). This was achieved
by adjusting the respective mass windows, centering of
mass in peak maximum and using integration windows
of 10%, in order to avoid interferences. A stability test
was carried out for monitoring the signal and correct the
mass offset for these isotopes and c) stability test was
performed by monitoring the signal of '*In (1.0 + 0.2
pg-L ™y and "*Lu (1.1 £ 0.2 pg-L™") in standard solution
samples during 15 min, the operating conditions for
ICP-SFMS are summarized in Table 2.

To determination of LODs and LOQs, calibration
curves were used with the following concentrations
(ug-L") of each element: 0.25, 0.5, 1, 5, 10, 50, and 100.
The calibration curves exhibited good linearity for each
isotope (Table 3).

The calculation of LODs was performed by measuring
a set of blank samples (n = 15) from 5% (v/v) HNOs. A
standard solution containing about 10 pg-L™' of each
element was used to obtain the standard intensities signal.
Then, the LOD was calculated using the following for-
mula:

3xoBxS
— X

LOD = \Y%

where: LOD is the limit of detection (fg per sample), oB
corresponds to the standard deviation of the blanks signal
(cps), S is the concentration of the standard (fg:mL™"), I
is the signal intensity of the standard (cps), B is the av-
erage intensity of blank signal (cps) and V is final vol-
ume of the sample (V=10 mL).

The limit of quantification (LOQ) was calculated con-
sidering the region when the signal owing to the analyte
is ten times the standard deviation of the background
signal and, in general, it can be considered to be ap
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Table 2. Instrumental conditions optimized for the measurement of heavy metals in soil samples by HR-ICP-MS.

Solution uptake rate (mL-min ")
RF power (W)

Cool gas flow rate (L-min ")
Auxiliary gas flow rate (L-min ")
Nebulizer gas flow rate (L-min ")

Ion extraction lens potential (V)

Mass Resolution (m/Am)
Isotopes

Samples per peak
Settling time (ms)
Sample time (ms)
Points per width
Peak shift
Mass window (%)
Integration window (%)
Scan type
Detection mode
Total analysis time per sample (min)
Sample/skimmer cone
Spray chamber

Nebulizer

0.1
1325
16.0
0.75
1.851
—2000
MRM = 4010 and HRM = 10300

MRM= SZCI', SSMD, 5‘)C0’ GUNi’ 63Cu, 64Zl’1, lMCd, “511'1, ]7(’Lu, ZUOHg, 202Hg, 206Pb, 207Pb, 208Pb and 238U and

HRM = "As, ™Se, ""“In and '"*Lu
100
10
10
10
1.0
80
10

E-Scan

Triple (ion counting, analogue and Faraday)

4
Nickel

Twister with helix, 50 mL cyclonic, borosilicate glass

MicroMist U-series nebulizer 0.1 mL-min "

Table 3. Calibration curves, LOD and LOQ of each isotope
by HR-ICP-MS.

Isotopes R LOD (fg'g™") LOQ (fg'g™")
Cr 0.9997  0.0504+0.0051  0.5042 =0.0512
Mn 0.9999  0.2446+0.0106  2.4463 +0.1064
*Co 0.9997  0.9836+0.0155  9.8364 =0.1550
ONi 0.9988 1.0853 +0.0258  10.8531 +0.2583
#Cu 0.9994  0.7237+0.0763  7.2373 £0.7630
%Zn 0.9981  9.5631+0.2808 95.6310 = 2.8081
PAs* 0.9998 0.5320+£0.0165  5.3202 +0.1653
3¢ 0.9996  2.1587+0.1556 21.5872 + 1.5564
*cd 0.9999  0.4589+0.0045  4.5891 +0.0450
Hg 0.9999  0.0516+£0.0046  0.5162 = 0.0461
MHg 0.9999  0.2427+0.0186 2.4271 +0.1860
206ph 0.9994  0.6705+0.0390  6.7054 = 0.3904
27pb 0.9993 0.5623+0.1633  5.6230 + 1.6331
2%pb 0.9998 0.7843+0.1721  7.8431+1.7214
Py 0.9999  0.2167+0.0040  2.1672 + 0.0401

*The calibration curves of As and Se corresponds to the measurement by

HRM.

Copyright © 2013 SciRes.

proximately ten times the LOD (Table 3).

The determination of repeatability was carried out with
SRM2709 and the precision or RSD was calculated with
percentage recovery and using the standard deviation
divided by the mean of replicated samples. Table 4
shows the results of precision and repeatability test. Fi-
nally, accuracy of method was determined by comparing
the measured concentration of CRM020-051; CRM050-
051 and SRM2709 expressed as recovery yield. The av-
erage recovery of CRM was between 81.3% and 98%
(Table 5).

3.2. Analysis of Heavy Metals in Soil Samples
from El Bierzo District

The monitoring of heavy metals in soil samples has been
the principal aim of this study. This information allows
having a more precise knowledge of the real state of the
soils and so, to evaluate the contamination degree dues to
mine activities. These aspects have been considered in
the starting point of the potential restoration activities. In
this work eight zones that represent the spatial variability
within the upper basin of the river Rodrigatos were cho-
sen, which include reference areas not affected by mining
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activities (see Figure 1, B8 sample). The results obtained
in analysis of heavy metals were show in the Table 6.

The reference levels are established with B8 sample,
because this point is an area that is not affected by mine
activities and has the same parent material than the other
soil points sampled. The high Mn concentration in B4
sample is in accord with high concentrations of Mn ox-
ides found in this sample [19].

These Mn oxides have a great affinity to adsorb heavy
metals on its surface and this is in accord with the highest
concentrations of Co, Zn, Ni, Cu, Cr and Cd measured in
B4 sample. The great adsorption capacity of Mn oxides
has been studied in several works [22-24].

B6 sample distinguishes because is the second soil
sample with heavy metal values higher than reference
levels for Cu, Pb, As and Hg. B3 sample exceeds the Cu
reference value. In summary, the results obtained by
analysis of heavy metal in soil were not consistent for
evaluation of contamination in El Bierzo district.

4. Conclusions

It has been proved the power of HR-ICP-MS technique
for the analysis of heavy metals in complex matrices (soil
samples), due to its ability to avoid or eliminate spectro-
scopic interferences. This study was carried out to estab-
lish a validation method for quantitative multi-elemental
analysis of heavy metals (Cr, Mn, Co, Ni, Cu, Zn, Se, As,
Cd, Hg, Pb and U) in soil samples by using ICP-SFMS.
It has been applied with success in monitoring of toxic
metals at El Bierzo District.

The results showed that LODs ranged between sub
fg- g’1 for nine of the elements studied (Cr, Mn, Co, Cu,
As, Cd, Hg, Pb and U) and few fg-g ' for the other three
elements (Ni, Zn and Se). This ensures that the LOQs are
adequate for quantitative determinations in soil samples
with poor concentration of heavy metals. Additionally,
the method gave good precision values, below 5%, and
an average recovery between 81.3% and 98%. In conclu-

Table 4. Results of precision (RSD) and repeatability test in
SRM 2709 by HR-ICP-MS.

Analytes Average of repeatability (mg-kg ") RSD (%)
Cr 105.63 £3.18 3.0
Mn 475.50 + 19.20 4.0
Co 12.60 +0.32 2.5
Ni 73.37£2.00 2.7
Cu 30.75+ 1.41 4.4
Zn 100.45 +2.03 2.0
As 16.38 +£ 0.46 2.8
Se 1.44 +£0.06 3.9
Cd 0.36 £0.02 4.6
Hg 1.37+0.07 1.6
Pb 17.85+0.87 49
U 2.96+0.11 3.8

U content is unknown in SRM.

Table 5. Results of the quantification of elements in Certified Reference Materials (CRMs).

SRM2709 (mg-Kg™)

CRM020-051 (mg-Kg™)

CRMO050-051 (mg-Kg™)

Elements Re::;'lelzce Measured Recovery (%) Re:::ﬁlelce Measured Recovery (%) Rej:;:ezce Measured Re::;: )e ry
Cr 130+ 4 105.6 £3.2 81.3+£2.0 13.6+5,66 11.7+14 84.3+£4.2 246 +20.7 207.4+12.7 86.2+8.7
Mn 538 +17 475.5+19.2 88.4+29 945+92.8 885.1+18.0 87.0+5.9 757+78.5 6589+544 937+1.6
Co 13.4+0.7 12.6 £0.3 939+19 451+£265 4.0+0.1 859+5.1 65.1+£9.2 559+4.1 88.7+1.5
Ni 88+5 73.4+2.0 834+19 169+542 15.1+0.8 86.4+6.2 96.8+9.48 83.6+74 89.1+3.9
Cu 34.6+0.7 308+ 1.4 92.7+1.9 729+69.9 659.8+274  90.0+3.9 58.5+5.7 52.6+2.8 90.5+3.1
Zn 106 +3 100.4 £2.0 94.8+3.3 3011 +287 2850.7+83.1 91.8+29 44 +£5.65 404+16 947+£23
As 17.7+0.8 16.4+0.5 92.5+1.6 400+54.9 367.8+315 89.9+3.7 22.7+3.2 204+1.0 92.0+6.4
Se 1.57+0.08 1.44+0.06 91.7+£2.1 6.57£6.05 55£0.5 94.7+5.5 165+16.8 1563+21.2 832+5.7
Cd 0.38+0.01 0.36+0.02 98.0+2.9 15.4+£339 149+0.9 88.3+4.8 422+36 373+£25 97.0+5.0
Hg 1.4 £0.08 1.37+0.07 97.7+3.7 1.12+£032  1.1+0.02 89.1+4.1 299+£596 267+15 944+ 1.8
Pb 18.9+£0.5 17.8+0.9 944+1.3 S111+£692 4498.7+430 854+4.6 44.1+£5.69 37.7+£25 88.8+6.9
U* - 2.96+0.11 -—-- 2.7+0.2 - 2.7+£0.2

U content is unknown in the three CRM.

Copyright © 2013 SciRes. AJAC
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Table 6. Results of analysis of soil samples coming of El Bierzo, Spain.

H. HERNANDEZ-MENDOZA ET AL.

given in mg-Kg .

The average concentration level of each element is

Samples Mn Co Zn Ni Cu Cr Pb As Cd Hg
B8a® 10743 +57.5 197+13 300.0+145 436+13 23.1+12 505+2.1 304+21 153+0.2 0.36+0.04 0.25+0.02
B4 57354+85.6 455+10.5 375.1+103 3592+94 663+23 299+23 23+22 82+03 1.04+0.12 0.18+0.01
B5 3353+13.1  165+1.1 2754+57  347+1.1 293£1.0 326+15 284+19 167+12 036+0.05 0.37+0.02
B7 4577+153 114=02 266.6+68 232+06 17.8+£0.5 26.8+2.1 184£0.7 92+03 026+0.07 0.25+0.01
B3 392.1+£5.7 15.6+0.5 2503+7.6 262+07 366x0.6 31.7+19 236+13 7.8=05 0.17+0.01 0.21=0.01
B6 229.4+6.0 9.5+£0.1 222.7+45 285+04 374+10 31.1+35 393+09 239+06 020+0.02 0.61=+0.03
B9 408.0+£5.6 145+1.2 2109+55 268+15 204+£09 325+1.1 203+05 83+£02 026+0.02 0.11+0.01
BI10 434.7+9.3 11.3+04 199.0+35 209+1.1 160+05 31.0+1.4 156+1.0 10.8+0.5 0.19+0.01 0.10+0.01
Bl11 240.6 £3.2 59+£0.2 188.1+5.3 156+03 99+04 241+13 149+£04 108+0.7 0.12+0.01 0.15+0.01

"Reference value.

sion, the method presented several advantages against
other analytical techniques, such as the rapidity of analy-
sis, good accuracy and very low LOQs.
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