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INTRODUCTION

Environmental studies require
accurate and precise information
on trace element distribution in the
ecosystems. In this respect, parti-
tion and transfer coefficients can 
be extremely useful to represent
the distribution and flow of
elements among the various envi-
ronmental compartments which are
often characterized by extremely
complex matrices.

In environmental studies, the
choice of the most suitable analyti-
cal methods and procedures by
which good quality data can be
obtained is of primary importance.

Generally, the use of validated
methods for which precision values
are well known and measurement
uncertainty has already been evalu-
ated in compliance with the latest
international guidelines is recom-
mended (1,2). Validation of these
methods requires accuracy tests
with certified samples (3,4) or,
when not available, comparison
between different independent 
analytical techniques on real 
samples (5,6). 

Today, the characterization of
environmental matrices is obtained
using complete dissolution of the
samples, followed by monoelement
(FAAS or GFAAS) or multielement
determination with spectroscopic

techniques (ICP-OES or ICP-MS).
Other techniques, such as X-ray 
fluorescence (XRF), can provide
direct analysis of the sample. The
current trend in analytical methods
favors closed-vessel solubilization
rather than the traditional open-
vessel systems, since the closed-
vessel method makes it possible to
obtain quantitative recoveries for
volatile elements of toxicological
interest and improves method
detection limits (MDL) by minimiz-
ing the required amount of reagents
(7–10). 

Multielement techniques are
gradually replacing monoelement
techniques because they provide 
a complete elemental profile of the
samples (11) and ensure a signifi-
cant reduction in analysis time.

In ophiolitic areas, environmen-
tal samples such as rocks,
sediments, soils, and plants are
characterized by high concentra-
tions of Ni and Cr. However, the
determination of these elements
can pose serious problems due to
the complexity of the matrices, par-
ticularly when siliceous materials
are present which cannot easily be
dissolved completely with  com-
mon strong mineral acids (12).

Ophiolitic environments are
characterized by the presence of
mafic or ultramafic rocks, partly or
completely serpentinized. These
rocks usually show high concentra-
tions of Ni and Cr (sometimes up to
a few thousands mg/kg), which
decrease progressively as the rock
acidity rises.

ABSTRACT

In Ponte Barberino, an ophi-
olitic environment in the Trebbia
River Valley near the town of
Piacenza, Northern Italy, rocks
and soils are characterized by
high concentrations of Cr and Ni.
The determination of macro,
micro, and rare earth elements in
rock, soil, sediment, and plant
samples was carried out by ICP-
OES, ICP-MS, and XRF after alka-
line fusion or microwave acid
mineralization.

For sediment samples,
microwave acid digestion (8 mL
aqua regia + 2 mL HF), followed
by ICP-OES, provided results
comparable to those obtained by
XRF.

In the case of plants,
microwave acid mineralization 
(7 mL HNO3 + 1 mL H2O2 + 0.2
mL HF) followed by ICP-OES
analysis was particularly suitable
for the determination of trace
elements in leaves of the most
common botanical species found
in the investigated area. In addi-
tion, soil/plant transfer factors
characterized the Alyssum spp.
species as a hyperaccumulator of
Ni.

Alkaline fusion was found to
be the best dissolution procedure
for rock samples; recoveries
ranged between 95 and 103% for
Cr and Ni, respectively. 

Also, XRF and ICP-OES analy-
sis proved to be very reliable and
provided comparable results. In
rock samples, ICP-MS allowed
the determination of trace and
rare earth elements not
detectable by the other
techniques.

*Corresponding author.
Tel:  ++39 0382/ 592311 
Fax: ++39 0382/ 592072
e-mail: mbettinelli@fsm.it



160

Since ophiolitic soils were
formed as deposits (colluvium or
alluvium) due to the alteration of
mafic rocks, Ni and Cr are
commonly found co-precipitated
with Fe and Mn oxides. Unlike Fe2+

and Mn2+ ions, which precipitate in
situ, Ni2+ and Cr3+ ions are relatively
more stable in water solutions and
therefore can migrate over longer
distances. In these soils, Ni2+ and
Cr3+ ions are often found in alumi-
nosilicate structures or as oxides
mixed with Fe3+; their solubility
being inversely proportional to soil
acidity (pH). The determination of
Ni and Cr concentration in soils and
plants from an ophiolitic site is cru-
cial for environmental monitoring,
since both elements can be consid-
ered natural tracers of geological
origin (13).

In the present work, analyses
were carried out in two different
labs in order to evaluate the applic-
ability of microwave dissolution
procedures, in conjunction with
multielement spectroscopic analy-
ses (ICP-OES/ICP-MS), for the ele-
mental analysis of rocks, sediments,
and plants collected in an ophiolitic
area. X-ray fluorescence was used
to compare the different analytical
methods, while alkaline fusion 
was employed as an alternative
technique to closed-vessel acid
digestion for the solubilization of
samples with very complex matri-
ces. 

EXPERIMENTAL

Area of Study

The analyzed area (Figure 1) is
located upstream of the Trebbia
River Valley. This area is part of an
extensive formation of serpentine
outcrops, covering several hundred
square kilometers, with high con-
centrations of Cr and Ni ranging
from 500 to 1220 µg g–1 and 900 
to 1500 µg g–1, respectively. 

Samples of rocks, sediments, and
some of the most common botani-

cal species (i.e., Alyssum spp.,
Helichrysum, and Euphorbia) were
collected in this area in 
September 2001. 

Instrumentation 

Two different microwave
digesters were used in each lab:
MLS 1200 Milestone (FKV, Sorisole,
Bergamo, Italy) and MDS-2000
(CEM, Matthews, NC, USA). The
instrumental operating conditions
reported in Table I are those
described in a previous paper (14). 

Two inductively coupled plasma
optical emission spectrometers
were used: A PerkinElmer Optima™
4300 DV simultaneous ICP-OES
(PerkinElmer Life and Analytical
Sciences, Shelton, CT, USA),
equipped with an AS-90 autosam-
pler, a cross-flow nebulizer, and a
Scott-type Ryton® spray chamber,
and a Jobin Yvon 24 sequential ICP-

OES (Jobin Yvon, France) with a
cross-flow nebulizer. 

A Perkin Elmer SCIEX ELAN®
5000 inductively coupled plasma
mass spectrometer was also used
(PerkinElmer SCIEX Instruments,
Concord, Ontario, Canada). This
was equipped with a PerkinElmer
GemTip™ nebulizer and a corro-
sion-resistant Scott-type spray cham-
ber. The operating conditions were
reported in previous papers (12,14)
and are summarized in Tables II–IV. 

XRF analyses were performed
using a Philips PW1400 spectrome-
ter with a Rh-target x-ray tube and
Philips x-14 software package
(Milan, Italy). The instrument has a
four-position internal sample turret
with a 72-position external sampler
(PW1500/15 autosampler) which
allows analysis of the ratio of the
standard and several unknowns in a
batch.

Fig. 1. Location of serpentinized ophiolitic outcrops in the Apennines of the
Piacenza and Parma provinces, Commune of Bobbio, Piacenza, Italy. 
The investigated area is marked with a circle. 
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TABLE I
Operating Conditions for Microwave Systems

Plant Leaves a

CEM 2000 / Milestone 1200

Step 1 2 3
Power (W) 250 400 500

Hold time (min) 2 2 15

a 250 mg of plant leaves treated with 7 mL HNO3, 1 mL H2O2, and
0.2 mL HF in each of six vessels.

Soils and Sediments a

CEM 2000 / Milestone 1200

Step 1 2 3 4 5b 6
Power (W) 250 400 600 0 300 0

Hold time (min) 8 4 6 2 3 2

a 250 mg of soil / sediment treated with 2 mL HF, 8 mL aqua regia,
and 2 mL H3BO3 in each of six vessels.
b The boric acid-satured solution was added before step #5.

TABLE II
ICP-OES Instrumental Operating Parameters 

PerkinElmer Jobin Yvon 
Optima 4300 DV Model 24
Simultaneous ICP Sequential ICP

Frequency 40 MHz free-running 40.68 MHz
Incident power 1300 W 900 W
Reflected power <5 W <5 W
Ar gas flow rate:

Outer gas 15 L min–1 13 L min–1

Auxiliary gas 0.5 L min–1 <1 L min–1

Aerosol gas 0.8 L min–1 0.9 L min–1

Nebulizer
Model GemTip™ cross-flow     Scott-type cross-flow 
Sample flow rate 1.0 mL min–1 1.5 mL min–1

Sample pump Peristaltic pump Gilson Minipuls™ 2
Computer Dell® Optiplex GX150 Siemens Nixdorf PCD-4RsxA
Printer HP LaserJet® 2200D Fujitsu DL1150

Autosampler Model AS90 –

TABLE III
Wavelengths Used for the PerkinElmer

Optima 4300 DV ICP-OES 

Element Wavelengths (nm)

Cd 214.438 – 228.802a

Co 230.786 – 228.616 a

Cr 205.552 – 206.149 – 267.716 a

Cu 324.754 – 327.396 – 234.754 a

Mn 257.610 a – 260.569

Ni 231.604 a – 221.647

Pb 220.353 a – 261.418

Zn 206.200 – 213.856 a

a Wavelength used for the analysis.
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Reagents and Standard
Solutions

The following Suprapur®
reagents (E. Merck, Darmstadt, 
Germany) were used: nitric acid
(65% m/v), hydrochloric acid (37%
m/v), hydrofluoric acid (40% m/v),
and reagent-grade boric acid. The
ICP mass spectrometer and optical
emission spectrometers were cali-
brated using certified multielement
solutions diluted with water that
contained the same amount of acids
as the samples. The high-purity
water used in this analysis was pro-
duced with a Milli-Q™ deionizing
system (Millipore, Bedford, MA,
USA).

Materials and Procedures

Sediments
A four-layer sediment sample 

(0–15 cm, 15–25 cm, 25–38 cm and 
38–50 cm) was air-dried and sieved
to obtain the fine earth [fractions
with a diameter (Ø) of < 2 mm]. 

An aliquot of each layer was then
ground to 0.2 mm in a planetary
mill with agate balls. About 0.250 g
of this fraction (Ø < 0.2 mm) was
subjected to microwave acid diges-
tion with HF/HNO3/HCl, following
the program reported in a previous
paper (12). The solutions obtained
from the sample mineralization
were diluted to 50 mL and analyzed
by ICP-OES and ICP-MS. An aliquot
of the 0.2-mm fraction was also ana-
lyzed by XRF. Eighteen elements
were determined in the sediment
sample. The solutions derived from
the HF/HNO3/HCl procedure were
analyzed by two laboratories using
two different instrumental configu-
rations. In order to evaluate the
uncertainties associated with the
instrumental readings and the
preparation phase, the solutions
prepared by LAB A were analyzed
by LAB B and vice versa.

The possibility of using two dif-
ferent wavelengths for every ana-
lyte in order to rapidly verify the
presence of spectral interferences

TABLE IV
Instrumental Parameters for ICP-MS Analysis 

RF power 1085 W
Plasma argon 14.6 L/min
Nebulizer flow 1.1 L/min
Auxiliary flow 0.83 L(min
Sample flow  rate 1 mL/min
Nebulizer Cross-flow
Data Peak-hop transient
Resolution Normal
Reading time 150 ms
Dwell time 50 ms
Sweeps / replicates 3
Number of replicates 5
Sample time 1’06"
Sample read delay 50 s
Autosampler wash delay 60 s
Calibration mode External calibration
Calibration standard 10, 20, 30, 50, 100 µg/L

Curve fit Linear through zero

Isotopes Mass
As 75
Ba 138
Be 9
Cd 114
Ce 140
Co 59
Cr 52
Cu 63
Cs 133
Ga 71
Gd 158
Hf 180
Ho 165
La 139
Mo 98

Interelemental corrections:

75As = 75As – 3.087  77Se + 2.619  82Se

51V  =  51V  – 3.09  53Cr + 0.353  52Cr 

Isotopes Mass
Mn 55
Nd 142
Ni 60
Pb 208
Rb 85
Sb 121
Sm 152
Sr 88
Ta 181
U 238
V 51
Y 89
Yb 174
Zn 66
Zr 90
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was evaluated using the
PerkinElmer Optima 4300 DV
(Table III). The concentration dif-
ference measured for all the ana-
lytes at the two wavelengths was
not larger than 4–5 %; therefore, at
these operating conditions, interfer-
ences were not a problem. Using
the wavelengths marked with an
“a” in Table III, the short-term pre-
cision for 1 mg/L of different ele-
ments (%RSD for five replicates)
was always less than 1.2%.

Plants and Soils
Trace elements were determined

in plant leaves of the botanical
species Alyssum spp.,
Helichrysum, and Euphorbia. 
The collected samples were dried
in a thermostatic oven at 40°C and
then ground, without washing, in 
a planetary mill with agate balls in
order to obtain 0.2-mm particles.
Approximately 0.250 g of the dried
0.2-mm fraction was submitted to
microwave acid digestion (using a
mixture of 7 mL HNO3 + 1 mL H2O2

+ 0.2 mL HF), following the pro-
gram reported in a previous paper
(14) and also shown in Table I. The
mineralized solutions were then
diluted to 50 mL and six elements
in the botanical samples were
determined by ICP-OES. The same

procedure was applied for
sediment samples, and six trace ele-
ments were determined in the soil
obtained from beneath these plants.

Rocks
A rock sample (serpentinized

ophiolite) was analyzed as follows:
(a) microwave acid digestion fol-
lowed by ICP-OES or ICP-MS analy-
sis; (b) alkaline fusion with lithium
tetraborate followed by ICP-OES
and ICP-MS analysis; (c) direct
analysis by XRF on a pellet sample.
Eleven elements were determined
by ICP-OES, 22 samples by ICP-MS,
and 17 samples by XRF. 

The accuracy of these analytical
methods (expressed as % Recovery)
was estimated by using the follow-
ing certified samples: CRM 320
River Sediment for sediments, NIST
1570a Spinach Leaves for plants,
NIM Dunite and NBS-688 Basalt for
rocks. These certified materials
were treated according to the man-
ufacturer’s instructions. Intralabora-
tory (repeatability or %r) and
interlaboratory (reproducibility or
%R) precisions were estimated
according to ISO standard 5725
(15). The statistical methods used
in this study are consistent with
those reported in the literature (16).

RESULTS AND DISCUSSION

Sediments

Table V shows the concentra-
tions of Cd, Co, Cr, Cu, Mn, Ni, Pb
and Zn observed in the CRM 320
River Sediment. Acceptable accu-
racy (recoveries between 89 and
106%) and precision values (%r <10
and %R <26) were obtained for all
of the elements determined, except
Cd (uncertified), which was 
present at a concentration of 
about 0.5 µg g–1.

Particularly good were the recov-
eries for Cr and Ni, elements abun-
dant in ophiolitic areas and difficult
to solubilize with common acid
mixtures, such as HNO3, HNO3/
HCl, and HNO3/HClO4. The ICP-
OES/ICP-MS and XRF techniques
provided comparable results as
shown in Table VI. This proves that
XRF is particularly suitable for a
general characterization of
elements since it is a quick, non-
destructive technique, while ICP-
OES and ICP-MS provide a wider
elemental profile, including for
trace elements and rare earths. XRF
instrument detection limits (IDL)
were several µg g–1, slightly higher
than the values found for ICP-OES. 

The major limits of the XRF 
technique are related to accuracy,
which depends on the types (matri-
ces and interelement ratios) of the
samples used to calibrate the instru-
ment. On the other hand, the limits
for ICP-OES are mostly due to prob-
lems arising during the dissolution
steps which do not always permit 
a complete dissolution of the 
samples. 

The information given in Table
VI shows that Al, Ba, and K concen-
trations increase as the depth of the
soil layers increases, while the Ca,
Mg, Ni, and Cr concentrations
decrease. The Cr/Ni ratio remains
constant in all layers (R Cr/Ni 1.45),
except the 0–15 cm depth (R Cr/Ni
1.15). This confirms the common
origin of both analytes from 

TABLE V
CRM 320 River Sediment

ICP-OES Determination of Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn (µg g–1)  
After Digestion With HF / aqua regia

Element Certified Values Found Values Recovery r R
(µg g–1) (µg g–1) (%) (%) (%)

Cd NP 0.533 ± 0.026 ND 21 45

Co 17.3 – 22.1a 20.5 ± 0.80 ND 7 26

Cr 138 ± 7.0 122 ± 6.0 88 9 12

Cu 44.1 ± 0.1 42.0 ± 2.1 95 8 9

Mn 619 – 786a 697 ± 44 ND 10 12

Ni 75.2 ± 1.4 72.4 ± 2.5 96 6 12

Pb 42.3 ± 1.6 40.6 ± 10.3 96 10 22

Zn 142 ± 3 138 ± 7 97 10 14

a Indicative values. NP = Not Present.  ND = Not Determined.
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ophiolitic rocks upstream of the
investigated area. The Al/Ti ratio is
constant at various depths (average
value: 18.2 ± 1.7), which means
that both analytes can be used as
normalization elements in order to
calculate enrichment factors for
trace elements in environmental
biomonitoring studies (17).

Plants and Soils

ICP-OES determination of Al, Cr,
Cu, Fe, Mn, Ni, and Zn in botanical
and soil samples was performed
after closed-vessel microwave acid
dissolution, a procedure similar to
the one used for the sediment sam-
ples. Analytical accuracy and preci-
sion can be enhanced by adding HF
to the solubilization mixture, as
shown in a previous paper (14).
This ensures the complete dissolu-
tion of materials particularly resis-

tant to acids, e.g., compounds con-
taining Cr and Ni.

The accuracy values found in
both labs for plant reference mater-
ial NIST 1570a Spinach Leaves
were between 89 and 100% (Table
VII), with good precision values for
Cr and Ni. 

Table VIII shows the concentra-
tion of some analytes in the botani-
cal species collected in the area
under investigation. High Ni values
were observed in the Alyssum spp.
samples (approx.1 %), while
Euphorbia shows a significant con-
centration of Mn (approx. 0.16%).
Additional analyses were carried
out in the soil obtained from
beneath these plants using the
same procedures described for sed-
iments in order to determine the
concentration of Ca, Cr, Cu, Fe,
Mg, Mn, Ni, and Zn. 

Table IX shows all the values
found, along with the soil/plant
transfer factors. This parameter
(TF), important and often used in
environmental studies, is the ratio
between the concentration of an
element in a plant and its total con-
centration in the soil. This provides
useful information on the cycling
of elements between two different
compartments. As a rule, the TF
values found in uncontaminated
agricultural and forestry soils are
less than one unit. The values given
in Table IX confirm this rule,
except for Mn in the Euphorbia
species and Ni in Alyssum spp.
While a preferential accumulation
of Mn is quite evident (TF 1.26),
the high Ni value (TF 8.3) in the
Alyssum spp. species suggests
hyperaccumulation, as already
reported in the literature (18,19).
The Ca/Mg ratio observed in 

TABLE VI
Determination of Major (%) and Minor (µg g–1) Elements in a Sediment Sample 

Collected in Ponte Barberino
(Analysis by XRF or ICP-OES/ICP-MS After Sample Dissolution With HF/aqua regia in a Microwave Oven)

Depth 0–15 cm 15–25 cm 25–38 cm 38–50 cm
Element XRF ICP-OES/ XRF ICP-OES/ XRF ICP-OES/ XRF ICP-OES/

ICP-MS ICP-MS ICP-MS ICP-MS

Al (%) a 5.59 5.70 8.29 8.20 9.33 9.55 10.1 10.5
Ca (%) a 9.18 9.04 2.55 2.36 1.81 1.59 1.59 1.50
Fe (%) a 9.27 9.40 7.70 8.02 8.26 8.49 9.21 9.55
K (%) a 1.65 1.39 2.17 2.01 2.35 2.44 2.51 2.75
Mg (%) a 2.09 1.89 1.52 1.50 1.46 1.40 1.38 1.33
Na (%) a 0.31 0.28 0.22 0.20 0.20 0.19 0.14 0.15
Si (%) a 23.8 24.20 25.7 23.88 26.5 26.87 25.9 26.59
Ti (%) a 0.29 0.30 0.49 0.55 0.53 0.52 0.54 0.51
Ba (µg g–1) a 231 250 299 320 319 330 420 411
Co (µg g–1) b 11.7 28.0 24.2 34.5 26.0 33.6 26.4 32.0
Cr (µg g–1) b ND 197 ND 169 ND 149 ND 125
Cu (µg g–1) b 31.0 51.0 43.3 44.9 44.5 43.8 42.9 38.0
Mn(µg g–1) a 797 845 936 902 995 972 1024 942
Ni (µg g–1) b 123 171 131 116 98 103 90.9 86
Pb (µg g–1) b 16.4 9.12 30.3 25.2 28.9 16.0 42.8 13.4
Sr (µg g–1) a 417 437 242 224 229 220 251 181
V (µg g–1) b 62.6 74.0 90.8 ND 97.0 ND 11.0 ND

Zn (µg g–1) a 90.1 101 113 123 115 149 129 123

a Determined by ICP-OES. b Determined by ICP-MS. ND = Not Determined.
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TABLE VII 
NIST 1570a.Spinach Leaves, ICP-OES Determination of Cr, Cu, Fe, Mn, Ni and Zn (µg g–1) 

After Sample Digestion With HF/HNO3/H2O2 in a Microwave Oven

Element Certified Values Found Values Recovery r R
(µg g–1) (µg g–1) (%) (%) (%)

Cr NP 1.63 ± 0.45 ND 35 82
Cu 12.2 ± 0.6 10.9 ± 1.27 89 19 35
Fe NP 260 ± 30 ND 8 36
Mn 75.9 ± 1.9 70.9 ± 8.8 93 10 38
Ni 2.14 ± 0.10 2.15 ± 0.36 100 46 47

Zn 82 ± 3 79.2 ± 8.73 97 6 34

NP = Not Present. ND = Not Determined.

TABLE VIII
Alyssum spp., Helichrysum, and Euphorbia Leaves

ICP-OES Determination of Ca, Cr, Cu, Fe, Mg, Mn, Ni and Zn (µg g–1) 
After Microwave Digestion With HF/HNO3/H2O2

Determination of Ca/Mg Ratio

Element Alyssum spp. Helichrysum Euphorbia
(µg g–1) (µg g–1) (µg g–1)

Cr 23 ± 2.83 1.89 ± 0.23 7.14 ± 0.13
Cu 4.0 ± 1.41 11.4 ± 0.20 4.52 ± 0.05
Fe 1221 ± 210 197 ± 4.15 344 ± 3.21
Mn 102 ± 24.7 134 ± 1.72 1626 ± 14.8
Ni 10375 ± 1711 13.3 ± 0.31 22.9 ± 0.22
Zn 37 ± 16.3 79.2 ± 8.73 36 ± 0.83

Ca/Mg 0.050 0.82 0.81

TABLE IX 
Concentrations of Cr, Cu, Fe, Mn, Ni and Zn in Ophiolitic Soil Beneath Botanical Species

Soil/Plant Transfer Factors (TF) for Alyssum spp., Helichrysum, and Euphorbia

Element Soil TF TF TF
(µg g–1) Alyssum spp. Helichrysum Euphorbia

Cr 1160 ± 203 0.020 0.002 0.006
Cu 46 ± 1.99 0.087 0.248 0.098
Fe 44252 ± 9575 0.028 0.004 0.008
Mn 1289 ± 268 0.079 0.104 1.261
Ni 1260 ± 306 8.324 0.010 0.018

Zn 114 ± 11 0.319 0.415 0.315
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botanical species, particularly in
Alyssum spp., was less than one
unit, which is further evidence of
the ophiolitic nature of the
analyzed site, and in accordance
with the results obtained by Pelosi
(20) and Vergnano Gambi (21).

Rocks

Elemental determination in rocks
was carried out by comparing the
results obtained by three different
analytical methods: XRF, ICP-OES,
and ICP-MS. 

Table X shows the concentration
values of both major and trace ele-
ments found in the NIM Dunite cer-
tified sample and in the ophiolitic
rocks collected in Ponte Barberino.
These samples were analyzed using
alkaline fusion for dissolution, fol-
lowed by ICP-OES and XRF analysis.

to the XRF calibration which is
strongly affected by the availability
of certified reference materials with
matrices similar to those of the sam-
ples used.

In the real ophiolite sample, the
agreement between ICP-OES and
XRF results was on the whole satis-
factory, except for Ca and Cu
which were clearly underestimated
by XRF. The ICP-MS technique, due
to lower instrumental detection lim-
its (IDL), allowed the determination
of approximately 20 trace and rare
earth elements which cannot be
determined by ICP-OES at these
concentration levels. In this study,
good accuracy was obtained for
almost all analytes using ICP-MS,
except for Ho, Sb, Zr, Sm, and Yb;
for the last two analytes, only
indicative values are reported in the
literature.

CONCLUSION

This study demonstrates that
accurate analytical data can be
obtained in very complex environ-
ments, such as an ophiolitic site, 
by using solubilization procedures
based on the type and nature of the
matrices. The use of multielement
independent techniques with ana-
lytical sensitivities suitable for the
determination of trace metal con-
centrations, the use of certified 
reference materials with matrices
similar to the samples investigated
and, most of all, the use of intra-
and interlaboratory comparisons
are essential to verify the reliability
of an analytical method in terms of
accuracy and precision.

For sediment samples, the use 
of microwave digestion in conjunc-
tion with ICP-OES and ICP-MS pro-
vided very good analytical results,
comparable to those obtained by
XRF for most of the elements. The
use of HF in the acid mixture
employed for sample dissolution
provided quantitative recoveries for
the determination of the total con-
tent of analytes, particularly for Cr

Table X does not show the results
of some preliminary tests
performed by microwave acid
digestion, since the recovery of a
large number of the analytes was
incomplete.

Alkaline fusion at about 1000°C
ensured a complete solubilization
of silicates, with recoveries
between 80 and 120% for NIM
Dunite (Table X) and between 76
and 114% for NBS-688 Basalt (Table
XI). Cr and Ni percentage recover-
ies ranged from 89 to 100%.

Following the comparison
between the employed techniques,
the recovery of most of the analytes
in the NIM Dunite material (Table
X) was better with ICP-OES than
XRF; Ba, Sr, Pb and Cu concentra-
tions were not detected by X-ray
fluorescence. This is probably due

TABLE X 
ICP-OES and XRF Determination of 

Major (%) and Minor (µg g-1) Elements in 
NIM Dunite and in an Ophiolitic Rock Sample 

Elements NIM Dunite Ophiolitic Rock
Certified Found  Values Found Values
Values ICP-OES XRF ICP-OES XRF

Al (%) 0.20 0.21 0.18 0.66 0.75
Ca (%) 0.20 0.22 0.28 1.26 0.67
Fe (%) 11.87 12.15 18.1 8.82 9.08
K (%) 0.01 0.01 0.01 0.01 0.01
Mg (%) 26.1 24.7 20.1 14.7 13.6
Na (%) 0.04 0.03 0.02 0.02 < DL
Si (%) 18.18 19.0 20.3 19.6 20.1
Ti (%) 0.012 0.011 0.016 0.05 0.07
Ba (µg g–1) 10.0 10.8 < DL 55 <DL
Co (µg g–1) 210 198 122 103 61.9
Cr (µg g–1) 2900 2760 ND 1170 ND
Cu (µg g–1) 10.0 12.3 < DL 90.1 28.9
Mn(µg g–1)) 1704 1654 1032 799 839
Ni (µg g–1) 2050 2110 1971 1840 1941
Pb (µg g–1) 7.00 8.43 < DL 0.70 <DL
Sr (µg g–1) 3.00 4.11 < DL 5.90 4.28
V (µg g–1) 40.0 43.1 20.9 83.0 90.4

Zn (µg g–1) 90.0 79.7 65.5 47.2 51.7

DL = Detection Limit. 
ND = Not Determined.
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TABLE XI
ICP-OES/ICP-MS Determination of Macroelements (%), Trace Elements and REEs (µg g–1) 

in NBS-688 Basalt and in an Ophiolitic Rock After Alkaline Fusion

NBS-688 Basalt Ophiolitic Rock

Element Certified Values Found Values Recovery Found Values
ICP-OES/ICP-MS (%) ICP-OES/ICP-MS

Al (%) 9.18 ± 0.05 9.41 ± 0.02 102 0.66
Ca (%) 8.70a (8.47 ± 0.36)b 8.88 ± 0.09 102 1.26
Fe (%) 7.23 ± 0.03 7.43 ± 0.03 103 8.82
K (%) 0.16 ± 0.07 0.12 ± 0.05 75 0.01
Mg (%) 5.10a 5.41 ± 0.04 106 14.7
Na (%) 1.60 ± 0.02 0.90 ± 0.01 56 0.02
Si (%) 22.6 ± 0.05 22.30 ± 0.03 99 19.6
Ti (%) 0.70 ± 0.06 0.68 ± 0.04 97 0.05
Ba (µg g–1) 200a (197 ± 12)b 189 ± 6 94 55
As (µg g–1) 2.4a ND ND 0.59
Be (µg g–1) NA 1.58 ± 0.86 ND 0.95
Cd (µg g–1) NA 1.10 ± 0.01 ND 1.19
Ce (µg g–1) 13.3a (13 ± 2)b 10.75 ± 0.2 81 0.47
Co (µg g–1) 49.7a (49 ± 3)b 50 ± 4.6 101 72.9
Cr (µg g–1) 332 ± 9 367 ± 1 110 1170
Cs (µg g–1) (0.24 ± 0.15)b ND ND 1.19
Ga (µg g–1) 17.4a 16.35 ± 0.07 91 3.56
Gd (µg g–1) (3.2 ± 0.4)b 2.14 ± 0.08 67 < 0.2
Hf (µg g–1) 1.6a (1.55 ± 0.08)b 1.22 ± 0.01 76 < 0.2
Ho (µg g–1) (0.81 ± 0.01)b 0.30 ± 0.09 40 < 0.2
La (µg g–1) (5.3 ± 0.4)b 4.27 ± 0.01 80 0.47
Mo (µg g–1) NA 2.44 ± 0.86 ND 8.07
Nd (µg g–1) (9.6 ± 1.1)b 7.02 ± 0.28 79 0.47
Ni (µg g–1) (158 ± 30)b 162 ± 3 102 1840
Rb (µg g–1) 1.91 ± 0.01 1.58 ± 0.86 83 0.95
Sb (µg g–1) (0.30 ± 0.20)b 1.16 ± 0.78 45 0.36
Sm (µg g–1) 2.79a (2.5 ± 0.2)b 1.89 ± 0.09 68 < 0.2
Ta (µg g–1) (0.31 ± 0.07)b 0.24 ± 0.01 77 < 0.2
U (µg g–1) 0.37a (0.31 ± 0.02)b 0.42 ± 0.26 114 < 0.2
V (µg g–1) 250a (242 ± 8)b 236 ± 4.9 94 154
Y (µg g–1) (19 ± 8)b 16.0 ± 0.35 84 2.14
Yb (µg g–1) 2.09a (2.05 ± 0.20)b 1.58 ± 0.01 76 < 0.2
Zn (µg g–1) 58a (84 ± 10)b 62.0 ± 1.41 107 48

Zr (µg g–1) (60.0 ± 1.9)b 46.0 ± 1.27 77 1.90

NA = Not Available. 
ND = Not Determined.   
a Indicative value.
b Consensus value reported by Gladney (22).
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which is often difficult to dissolve
completely.

For rock samples, alkaline fusion
seems to be the most suitable pro-
cedure to obtain complete recover-
ies for elements such as Cr and Ni. 

XRF and ICP-OES provided com-
parable results for a large number
of elements, while ICP-MS made it
possible to obtain a wider range of
chemical information, including for
some trace and rare earth elements.
This is particularly important from
a geological and environmental
point of view.

Microwave acid digestion
followed by ICP-OES analysis was
particularly suitable for the deter-
mination of Ca, Cr, Cu, Fe, Mg, Mn,
Ni, and Zn in botanical samples.
The analysis of Alyssum spp. leaves
and the calculation of the soil/plant
transfer factor showed that this
species is a hyperaccumulator for
Ni. 

Generally, the tests performed
for this study suggest that for a first
screening of samples, XRF is more
suitable than a multielement spec-
troscopic technique by virtue of its
reduced analytical times. On the
other hand, ICP-OES and ICP-MS
can perform better characterization
of a wider profile of elemental con-
centrations, which includes both
trace elements and rare earths.

Received June 10, 2003.
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INTRODUCTION 

Several analytical techniques
such as atomic absorption
spectrometry (AAS), inductively
coupled plasma optical emission
spectrometry (ICP-OES), and induc-
tively coupled plasma mass spec-
trometry (ICP-MS) are available for
the determination of trace metals
with sufficient sensitivity for most
applications. However, the determi-
nation of trace metal ions in natural
waters is difficult due to various
factors, particularly their low con-
centrations and matrix effects. Pre-
concentration and separation can
solve these problems and lead to 
a higher confidence level and easy
determination of the trace
elements. There are many methods
of preconcentration and separation
such as liquid-liquid extraction
(LLE) (1), ion-exchange techniques
(2), co-precipitation (3), sorption
on the various adsorbents such as
chelate resin, silica gel, and
activated carbon, etc. (4–7).

Separation and preconcentration
based on cloud point extraction
(CPE) is becoming an important
and practical application in the use
of surfactants in analytical chem-
istry (8,9). The technique is based
on the property of most non-ionic
surfactants in aqueous solutions to
form micelles and become turbid
when heated to a temperature
known as the cloud point tempera-
ture. Above the cloud point, the
micellar solution separates into a
surfactant-rich phase of a small vol-
ume and a diluted aqueous phase,
in which the surfactant concentra-

tion is close to the critical micellar
concentration (CMC). Any analyte
solubilized in the hydrophobic core
of the micelles will separate and
become concentrated in the small
volume of the surfactant-rich phase.

The use of preconcentration
steps based on phase separation by
cloud point extraction (10,11)
offers a convenient alternative to
more conventional extraction sys-
tems. The small volume of the sur-
factant-rich phase obtained with
this methodology permits the
design of extraction schemes that
are simple, economical, highly effi-
cient, speedy, and of lower toxicity
to the environment than those
extractions that use organic
solvents. CPE also provides results

comparable to those obtained with
other separation techniques.
Accordingly, any species that inter-
acts with the micellar system,
either directly (generally hydropho-
bic organic compounds) or after a
prerequisite derivatization reaction
(e.g., metal ions after reaction with
a suitable hydrophobic ligand) may
be extracted from the initial solu-
tion and may also be preconcen-
trated.

Cloud point methodology has
been used to separate and precon-
centrate organic compounds as 
a step prior to their determination
in hydrodynamic analytical systems
such as liquid chromatography
(12,13) and capillary electrophore-
sis (14). The phase separation phe-
nomenon has also been used for 
the extraction and preconcentra-
tion of metal ions after the forma-
tion of sparingly water-soluble
complexes (15-18). U (19), Er (20),
and Gd (21) were determined by
spectrophotometry, Pd (22) by
room temperature phosphores-
cence, Cu (23), Cd (24), Ni and Zn
(25), Cr(III) and Cr(VI) (26) by
FAAS after CPE using complexing
agents. 

In the present work, we report
the results obtained in a study of
cloud point preconcentration of
chromium and copper after the 
formation of a complex with 
8-hydroxyquinoline (8-Ox), and
later analysis by inductively cou-
pled plasma optical emission spec-
trometry using Triton® X-100 as
the surfactant. The proposed
method was applied to the determi-
nation of chromium and copper in
water samples.

ABSTRACT

A new method is proposed for
the determination of trace
chromium and copper in water
samples by inductively coupled
plasma optical emission
spectrometry after cloud point
extraction (CPE). The method is
based on the complexation of
metal ions with 8-hydroxyquino-
line in the presence of non-ionic
micelles of Triton X-100. The
effect of experimental conditions
such as pH, concentration of
chelating agent and surfactant,
equilibration temperature and
time on cloud point extraction
was studied. Under the optimum
conditions, the detection limits
were 1.29 and 1.31 ng mL-1 for
chromium and copper, respec-
tively, with relative standard devi-
ations of 4.3% and 4.8%,
respectively (n=11). The
proposed method was applied to
the determination of trace
chromium and copper in water
samples with satisfactory results.
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EXPERIMENTAL

Instrumentation

An Optima™ 2000 DV
inductively coupled plasma 
optical emission spectrometer
(PerkinElmer Life and Analytical
Sciences, Shelton, CT, USA) was
used. The operating conditions and
the analytical wavelengths are sum-
marized in Table I. The pH values
were controlled with a Model 320-S
pH meter (Mettler Toledo Instru-
ments Co. Ltd., Shanghai, P.R.
China) supplied with a combined
electrode. A Model 80-2 centrifuge
(Changzhou Guohua Electric Appli-
ance Co. Ltd., Changzhou, Jiangsu,
P.R. China) was used to accelerate
the phase separation.

Reagents and Standard
Solutions

The non-ionic surfactant Triton
X-100 was obtained from Amresco
and was used without further purifi-
cation. Stock standard solutions of
chromium and copper at a concen-
tration of 1000 µg mL–1 were
obtained from the National Institute
of Standards (Beijing, P. R. China).
Working standard solutions were
obtained by appropriate dilution 
of the stock standard solutions. 
A 1.2x10–2 mol L–1 solution of 8-Ox
was prepared by dissolution in
ethanol from the commercially
available product. A stock buffer
solution (0.1 mol L–1) was prepared
by dissolving appropriate amounts
of Na2B4O7 .10H2O in doubly dis-
tilled water. All other reagents were
of analytical reagent grade and all
solutions were prepared in doubly
distilled water. The pipettes and
vessels used for trace analysis were
kept in 10% nitric acid for at least
24 h and subsequently washed four
times with doubly distilled water.

Procedures

For the CPE, aliquots of 10 mL of
a solution containing the analytes,
Triton X-100 and 8-Ox buffered at 
a suitable pH were kept in the ther-

mostatic bath maintained at 100oC
for 25 min. Since the surfactant
density is 1.37 g mL–1, the surfac-
tant-rich phase can settle through
the aqueous phase. The phase sepa-
ration was accelerated by centrifug-
ing at 3000 rpm for 5 min. After
cooling in an ice-bath, the surfac-
tant-rich phase became viscous and
was retained at the bottom of the
tube. The aqueous phases can read-
ily be discarded simply by inverting
the tubes. In order to decrease the
viscosity and facilitate sample hand-
ing prior to the ICP-OES assay, 
1.0 mL 0.1 mol L–1 HNO3 was added
to the surfactant-rich phase. The
final solution was introduced into
the nebulizer of the spectrometer
by conventional aspiration.

Analysis of Water Samples 

Prior to the above preconcentra-
tion procedure, all water samples
were filtered through a 0.45-µm
pore size membrane filter to
remove suspended particulate mat-
ter and were then stored at 4oC in
the dark. To a 10-mL water sample, 
1.0 mL of a solution containing 
3.0 g L–1 Triton X-100 and 1.2x10–2

mol L–1 8-Ox plus 1.0 mL of 0.1 
mol L–1 Na2B4O7 . 10H2O buffer
solution (pH 9.0) was added. After
phase separation, 1 mL 0.1 mol L–1

HNO3 was added to the surfactant-
rich phase. The samples were
assayed as described in the previ-
ous section.

RESULTS AND DISCUSSION

Effect of pH

Cloud point extraction of
chromium and copper was
performed in different pH buffer
solutions. The separation of metal
ions by the CPE method involves
prior formation of a complex with
sufficient hydrophobicity to be
extracted into the small volume of
surfactant-rich phase, thus obtain-
ing the desired preconcentration.
The extraction yield depends on
the pH at which complex formation
occurs.

Figure 1 shows the effect of pH
on the extraction of chromium and
copper complexes. It was found
that extraction was quantitative for
chromium and copper in the pH
range of 7.0–10.0. Hence, a middle
range of pH at 9.0 was chosen for
these analytes.

Effect of Buffer Concentration 

The influence of buffer amount
was carried out in which the other
experimental variables remained
constant. The results showed that
above 1.0 mL of buffer solution,
added to 10 mL of solution, no vari-
ation took place in the extraction
yield. Thus, 1.0 mL buffer solution
was added in all subsequent experi-
ments.

TABLE I
ICP-OES Instrumental Operating Conditions and 

Wavelengths of Emission Lines Examined

Parameters 

RF power 1.3 kW
Plasma gas (Ar) flow rate 15 L min–1

Auxiliary gas (Ar) flow rate 1.0 L min–1

Nebulizer gas (Ar) flow rate 0.5 L min–1

Pump flow rate 0.8 mL min–1

Observation height 15 mm

Wavelength Cr 283.6 nm; Cu 324.8 nm
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Effect of 8-Ox Concentration

For the two cations studied, 10 mL of a solution
containing 0.5 µg of Cr and Cu in 3.0 g L–1 Triton X-
100 and at a medium buffer pH of 9.0, containing vari-
ous amounts of 8-Ox, were subjected to the cloud
point preconcentration process. The extraction yield
as a function of the concentration of the complexing
agent is shown in Figure 2. The yield increases up to
an 8-Ox concentration of 8x10–4 mol L–1 for Cr and Cu
and reaches near quantitative extraction efficiency. 
A concentration of 1x10–3 mol L–1 was chosen to
account for other extractable species.

Effect of Triton X-100 Concentration 

A successful CPE would be that which maximizes
the extraction efficiency through minimizing the
phase volume ratio; thus, maximizing its concentrating
factor. The variation in extraction efficiency of Cr and
Cu within the Triton X-100 range of 0.1–6.0 g L–1 was
examined and the results are shown in Figure 3. Quan-
titative extraction was observed when the Triton X-
100 concentration was above 3.0 g L–1. Thus, a
concentration of 3.0 g L–1 was chosen as the optimum
surfactant concentration in order to achieve the high-
est possible extraction efficiency.  

Effects of Equilibration Temperature and Time

It was desirable to employ the shortest equilibration
time and the lowest possible equilibration temperature
as a compromise between completion of extraction
and efficient separation of phases. The dependence of
extraction efficiency upon equilibration temperature
and time was studied with a range of 60–120oC and
5–30 min, respectively. The results showed that an
equilibration temperature of 100oC and an equilibra-
tion time of 25 min was adequate to achieve quantita-
tive extraction.

Interferences

In view of the high selectivity provided by ICP-OES,
the only interferences studied were those related to the
preconcentration step. Cations that may react with 8-Ox
and extracted to the micelle phase were studied. The
results are shown in Table II. It can be seen that the pres-
ence of major cations and anions has no obvious
influence on CPE under the selected conditions.

Fig. 1. Effect of pH on the extraction recovery:
50 ng mL–1 Cr and Cu, 1x10–3 mol L–1 8-Ox, 
3.0 g L–1 Triton X-100. 

Fig. 2. Effect of 8-Ox concentration on the extraction recovery:
50 ng mL–1 Cr and Cu, 3.0 g L–1 Triton X-100, pH 9.0.

Fig. 3. Effect of Triton X-100 concentration on the extraction
recovery:
50 ng mL–1 Cr and Cu, 1x10–3 mol L–1 8-Ox, pH 9.0.

TABLE II
Tolerance Limits of Coexisting Ions for the 

Studied Element Determinations

Coexisting Tolerance    
Ions Limit of Ions 

K+, Na+, Ca2+, Ba2+ 1000
Mg2+, Cd2+,Co2+, Ni2+, Pb2+ 100

Mn2+, Zn2+ 10



172

Detection Limits and Precision 

According to the definition of
IUPAC, the detection limits (3σ) 
of this method were 1.29 and 1.31
ng mL–1 for chromium and copper,
respectively, with relative standard
deviations (RSD) of 4.3% and 4.8%,
respectively (n=11). 

Determination of Chromium
and Copper in Water Samples

The proposed method was
applied to the determination of Cr
and Cu in tap water and lake water.
For this purpose, 10 mL of each of
the samples was preconcentrated
with 3.0 g L–1 Triton X-100 and
1x10–3 mol L–1 8-Ox following the
proposed method. The results are
shown in Table III. For calibration
purposes, the working standard
solutions were subjected to the
same preconcentration procedure
as used for the analyte solutions.

In addition, recovery experi-
ments for different amounts of Cr
and Cu were carried out. The
results given in Table III indicate
that the proposed method can be
reliably used for the determination
of these metal ions in various
waters.

CONCLUSION

Cloud point extraction offers a
simple, rapid, inexpensive, and
non-pollution methodology for pre-
concentration and separation of
trace metals in aqueous solutions.
Triton X-100 was chosen for the
formation of the surfactant-rich
phase due to its excellent physico-
chemical characteristics: low CP
temperature; high density of the
surfactant-rich phase, which facili-
tates phase separation easily by
centrifugation; commercial avail-
ability and relatively low price; and
low toxicity. 8-Ox is a very stable
and fairly selective complexing
reagent. The surfactant-rich phase
can be introduced into the nebu-
lizer of an inductively coupled
plasma optical emission spectrome-

ter by conventional aspiration after
dissolving with 0.1 mol L–1 HNO3.
The proposed method gives very
low LODs and good RSDs, and can
be applied to the determination of
trace metals in various water sam-
ples.

Received June 12, 2003.
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TABLE III
Determination of Cr and Cu in Natural Water Samples (n = 3)

Samples Added (ng mL–1) Measured (ng mL–1) Recovery (%)
Cr Cu Cr Cu Cr Cu

Tap water 0 0 6.39 10.3 – –
10 10 16.6 20.1 102 98
20 20 26.5 30.2 101 99.5

Lake water 0 0 8.69 3.71 – –
10 10 18.5 13.6 98.1 98.9

20 20 28.8 23.8 101 100
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and latent. In children from five to
thirteen years of age, selenium defi-
ciciency causes Kashin-Beck dis-
ease, whose main symptoms are
articulation deformation and hyper-
trophy, and hyaline cartilage degen-

INTRODUCTION

Selenium is an element that
belongs to group VIA of the Peri-
odic Table of the Elements. With an
atomic mass of 78.96 Daltons, it
shows intermediate properties
between metals and non-metals. It
can be found in four states of oxida-
tion: 0, 2–, 4+ and 6+. The valence
of 6+ is the most common in inor-
ganic selenium salts, while Se2– is
the most frequent for organic sele-
nium compounds.

Selenium was discovered by
Berzelius in 1817. It is not a very
common element in nature;  its
concentration in the earth’s crust
scarcely reaches 0.09 mg/kg, even
though in some areas it can exist in
concentrations high enough to pro-
duce livestock poisoning. The main
sources of exposure are industrial
emission, principally from electri-
cal, metal treatment, glass, paint
and varnish production, and the
chemical industries (1–3).

Selenium is an essential element
to human life. A deficiency in sele-
nium causes an endemic cardiomy-
opathy, the so-called Keshan
syndrome, affecting mainly
children and women during their
child-bearing years, with symptoms
such as muscular pain, striated
musculature degeneracy, conges-
tive cardiomyopathy and, finally,
multifocal myocardium necrosis.
Once the illness has been
diagnosed, the ingestion of
selenium is of no therapeutic value.
There are four different types of
this illness, classified by their seri-
ousness: acute, subacute, chronic,

eration. Other problems related to
selenium deficiency have been
reported such as neutrofile bacteri-
cide capacity depletion, and reduc-
tion of 5-diiodine-ase enzyme
activity (responsible for triiodothy-
ronine production from thyroxine)
(4,5).

Selenium deficiency can
produce malfunction in different
organs such as the brain, cardiovas-
cular system, liver, and muscles.
Epidemically, chronic deficiency
has been associated to certain types
of cancer, while carcinogenesis
inhibitory action of the upper sele-
nium levels has been found in some
experimental models (6). Also, sele-
nium depletion in blood has been
related to some neurological degen-
erative illnesses similar to
Alzheimer’s (7).

In blood, selenium is distributed
in the following way: between 
40 to 45% in plasma and 55 to 60%
in red blood cells, with serum 
and plasma concentrations approxi-
mately the same. Erythrocyte sele-
nium regeneration is a relatively
slow process that lasts more or less
120 days. In plasma it is much
faster, which can be a key
contributing factor for the control
of selenium ingestion. In erythro-
cytes, most of the selenium is
bound to hemoglobin and
glutathione peroxidase. The activ-
ity of this enzyme represents a
major part of total enzymatic blood
activity, but only 3% of plasma
enzymatic activity (8–10).

Selenium determination in bio-
logical samples could be of clinical
importance in cases of excessive or
inappropriate amounts of ingestion
of this element. Most published
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ABSTRACT  

Selenium is an essential ele-
ment to human life. Deficiency in
selenium causes an endemic car-
diomyopathy, also called Keshan
syndrome and, in children, the
Kashin-Beck disease. Therefore,
selenium determination in blood,
serum, and biological samples is
of clinical importance.

A rapid method of analysis,
based on Electrothermal Atomic
Absorption Spectroscopy with
Zeeman Background Correction
(ETAAS), has been developed.
During the method development
process, the modifier concentra-
tion (palladium nitrate) has been
optimized, as well as the mineral-
ization and atomization tempera-
tures.

A sensitive method has been
obtained, with a detection limit
in the samples of 0.4 µmol/L, a
characteristic mass of 0.49 µmol,
and a linear range of 5.07 µmol/L.
Accuracy and precision determi-
nations for the blood samples
were carried out using Seronorm
Trace Elements Whole Blood ref-
erence samples. An average preci-
sion and a recovery of 4.5% and
102.3%, respectively, were
obtained. For serum samples, the
standard addition technique was
used to evaluate precision, result-
ing in a maximum value of 1.7%.
Accuracy was calculated by par-
ticipating in an interlaboratory
proficiency study, conducted by
Surrey University in Guilford, Sur-
rey, United Kingdom, External
Quality Assessment Scheme.

A Rapid Method for the Determination of Selenium 
in Blood and Serum by ETAAS 

With Zeeman Background Correction
*Arturo Montel, José Manuel de Pradena, José María Gervas, Guadalupe Álvarez Bustamante, 
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studies use erythrocytes, whole
blood or plasma as short-term indi-
cators of selenium ingesta. Mainly
plasma or serum samples are used
in today’s clinical monitoring.
Acute poisoning produces nervous-
ness, dizziness and convulsions,
while chronic poisoning causes
anemia, mucosae irritation, pale-
ness, gastrointestinal problems,
hepatosplenomegaly, blindness,
weakness of limbs, and respiratory
problems, also causing a character-
istic ‘garlic’ odor in breath, perspi-
ration, and urine (11).

Currently, the method of choice
for selenium determination is Elec-
trothermal Atomic Absorption
Spectrometry with Zeeman Back-
ground Correction (12-14). The
high volatility of selenium and its
compounds in complex matrices
makes the addition of a matrix
modifier indispensable to fix sele-
nium and to reach pyrolysis tem-
peratures as high as possible,
enabling the removal of the matrix
without selenium loss (15). 

In the past, most methods used
for the determination of selenium
used nickel as the matrix modifier
(11). However, current methods
use Pd (13,16), Pd/Mg, ascorbic
acid, or hydroxylamine hydrochlo-
ride (J. Fischer, 1998) (15,17–19).

EXPERIMENTAL

Instrumentation

PerkinElmer AAnalyst™ 600
Electrothermal Atomic Absorption

Spectrometer, with Longitudinal
Zeeman Background Corrector and
AS-800 Autosampler (PerkinElmer
Life and Analytical Sciences, Shel-
ton, CT USA).

Pyrolytically coated graphite
tubes with transversely heated 
integrated platforms and end caps.

PerkinElmer AA WinLab™ 
software, Version 4.2.

PerkinElmer selenium lamp, 
EDL type.

Reagents

Ultrapure water (resistivity 18
MΩ x cm) purified with a Milli-Q™
system (Millipore, Bedford, MA,
USA), for solution preparation.

Triton® X-100 (Merck, Darm-
stadt, Germany).

Nitric acid, Suprapur® grade
(Merck, Darmstadt, Germany).

Selenium aqueous standard solu-
tion, 12.6 µmol/L (1 g/L) in 2%
HNO3, for atomic absorption spec-
troscopy (PerkinElmer).

Palladium modifier for graphite
furnace, 10g/L of Pd(NO3)2 in 15%
HNO3 (Merck, Darmstadt,
Germany). 

Internal quality control samples:
Nycomed (Seronorm Trace
Elements Whole Blood) for blood
and Nycomed (Seronorm Trace
Elements Serum) for serum. In
both samples, the theoretical val-
ues and acceptability ranges were
indicated.

To assure measurement trace-
ability and to assess method accu-
racy, the interlaboratory
proficiency study of Surrey Univer-
sity, "External Quality Assessment
Scheme," was employed.

Analytical Procedure

Experimental Conditions
Table I shows the instrumental

settings used for the selenium
determination in blood and serum
samples.

Sample Pretreatment 
Serum samples should be cen-

trifuged for 10 minutes at 2500
rpm, while blood samples require
an homogenization time of at least
20 minutes. Serum samples, blood
samples, and standard solutions
were diluted 1/10 (v/v) with the
matrix modifier solution, and then
homogenized, avoiding bubble
generation during this process.

Graphite Furnace Temperature
Program

Table II shows the temperature
program used for selenium in
graphite furnace analysis. This pro-
gram has been studied in order to
obtain a quick method that ensures
the best accuracy and precision.
Each one of the temperature ramps
was evaluated with the purpose of
developing a sensitive and linear
method for clinical ranges and
applications (20).

In ramp temperature optimiza-
tion studies, elimination of the
matrix effect caused by the pres-
ence of iron was taken into

TABLE I
Instrumental Operating 

Conditions

Wavelength 196 nm
Slit width 0.7 nm
EDL lamp current 
intensity 290 mA
Reading Peak area
Integration time 3 s

Sample volume 20 µL

TABLE II 
Graphite Furnace Temperature Program

Temp. Ramp Time Flow Gas Reading
(ºC) (s) (s) (mL/min)

1 110 1 20 250 Argon No
2 130 1 30 250 Argon No
3 1250 5 30 250 Argon No
4 2000 0 3 0 Argon Yes

5 2500 1 3 250 Argon No
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account. This element causes lamp energy absorption at
a wavelength close to that of selenium, producing a high
matrix interference that even Zeeman correction cannot
totally compensate for. Optimization of the analytical
conditions, selection of the optimum concentration of
the matrix modifier, and the temperatures of the mineral-
ization and atomization stages are described below.

RESULTS AND DISCUSSION

Optimization of the Matrix Modifier Solution 
The matrix modifier solution was prepared by adding

the following amounts to a 100-mL volumetric flask: 
1 mL of palladium modifier for graphite furnace analysis
[10 g/L Pd(NO3)2 in 15% HNO3 solution] plus 0.1 mL of
Triton® X-100, then bringing the solution to volume
with ultrapure water.

Figure 1 shows the dependence of absorbance with
the concentration of palladium in the matrix modifier
solution. The greater the palladium concentration, the
higher the absorbance until reaching a concentration of
72 mg/L corresponding to 1.44 µg of palladium in each
injection of sample (20 µL), where a stabilization can be
observed. As a conservative approach, an optimum value
of 90 mg/L (1.8 µg / 20 µL sample) was selected. 

Optimization of Mineralization Stage 

The pyrolysis temperature selected was based on the
one that permitted the best organic matter destruction
without loss of analyte, and at the same time obtained
minimum matrix effect and higher signal-to-noise ratio
(see Figure 2).

Optimization of Atomization Stage

The temperature allowing both a higher response and
a greater relation between analyte and background sig-
nals (see Figure 3) was selected.

Linearity

Calibration standards were prepared from a concen-
trated standard solution of 12.6 µmol/L (1g/L), initially
diluted with 1% HNO3 (v/v) in a volumetric flask until 
a concentration of 0.13 µmol/L (10 mg/L) was achieved.
This solution is stable for at least three months in refrig-
erated conditions. Working standards of 0.63, 1.27, 2.53,
5.07, and 7.60 µmol/L (50, 100, 200, 400 and 600 µg/L,

Fig. 1. Dependence of absorbance vs. modifier concentration.
An aqueous standard with a final concentration of 0.125
µmol/L was used. 

Fig. 2. Dependence of analyte absorbance (continuous line)
and background absorbance (dotted line) vs. pyrolysis tem-
perature with a fixed temperature of atomization at 2000ºC.
A Seronorm Trace Elements Whole Blood "level 1" sample was
used.

Fig. 3. Dependence of analyte absorbance vs. atomization
temperature with a fixed temperature of pyrolysis at 1250ºC
in a Seronorm Trace Elements Whole Blood "level 1" sample.
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respectively) were prepared by
diluting this solution with ultrapure
water. These working standards
were diluted 1/10 (v/v) with the
matrix modifier solution in order 
to handle the standards in the same
way as the samples. As reagent
blank solution, ultrapure water
diluted 1/10 (v/v) with the matrix
modifier solution was used. 

The linearity of the calibration
curve was evaluated analyzing the
former working standard solutions
diluted as samples in order to
obtain a final range within 0 and
0.76 µmol/L (0 to 60 µg/L). A linear
response was observed up to a con-
centration of 0.507 µmol/L (see 
Figure 4). As a working curve, the
concentration range within 0 to
0.507 µmol/L (0 to 40 µg/L) was
adopted. At each point, this curve
showed a maximum relative stan-
dard deviation of 3.7%.

A slope of 1.51·10–4 ± 0.01·10–4

(p=0.05) was obtained. Slope vari-
ance, expressed in terms of
percentage of the mean value, was
0.8%, for a probability of 95%. The
correlation coefficient was 0.9992.
To carry out a proportionality test,
confidence limits of Y-axis
intercept of the line obtained with
standard solutions were calculated
(95% probability). The value
obtained was 7·10–4± 6.7·10–4

(n=15, p=0.05), including zero.

The Matrix Effect

To prove that the measured
absorbance is free of interferences
from the matrix, a blood sample,
spiked with increasing amounts of
selenium, was analyzed. The slope
of the regression line obtained after
representing the measured
absorbances against the added
amounts was calculated.

The slope of the regression line
obtained in the measurement of
aqueous selenium standards
(1.51·10–4 ± 0.01·10–4, p=0.05) falls
inside the slope confidence interval

of the line obtained using the stan-
dard addition method and spiked
blood samples (1.63·10–4 ±
0.14·10–4, p=0.05) (see Figure 5).
Thus, the sensitivity of the method
does not seem to be affected by the
presence of the remaining blood
constituents. 

In the addition tests, the recover-
ies obtained were 95.2, 103.2, and
106% for concentrations of 0.48,
0.76, and 1.26 µmol/L (40, 60, and
100 µg/L), respectively.

Quantification and Detection
Limits

The instrumental detection limit
was calculated from the analysis of
30 reagent blank samples. A value
of 0.04 µmol/L (0.34 µg/L) was
obtained for standard solutions cor-
responding to 0.4 µmol/L (3.4 µg/L)
for blood and serum samples when
the dilution proposed in this proce-
dure was used. The experimental
characteristic mass was 495 µmol
(39.1 pg), which is lower than the
characteristic mass granted in the
instrument manufacturer’s
(PerkinElmer) specifications, i.e.,
570 µmol or 45 pg (21).

Fig. 4. Confidence and prediction intervals of the calibration curve obtained with
aqueous standards for a probability of 95%.

Fig. 5. Comparison between the slope of the regression line (obtained with the
standard addition method, spiking selenium amounts to a blood sample) and the
calibration line. The dotted lines represent the confidence interval of the calibra-
tion line (95% probability). The parallel line to that obtained with the standard
addition method falls inside this interval.   
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Precision and Accuracy

Reference samples (Seronorm
Trace Elements Whole Blood "level
1," Lot 404107) were employed for
precision and accuracy tests. For
this sample, the target value was
1.01 µmol/L (80 µg/L) of Se. The
tests were carried out on three 
different days (10 times each day);
an average recovery of 102.3% was
obtained, with a precision value of
4.5%. The mean values of each day
fulfil the requirements of the Stu-
dent’s statistical t-test for mean
comparison, with a 95%
significance level (Table III).

The tests for assessing method
accuracy for the serum samples
were carried out on 12 serum sam-
ples within the interlaboratory pro-
ficiency study, conducted by Surrey
University, "External Quality Assess-
ment Scheme." For the samples
received, all values obtained fell
within the range determined by 
the mean plus/minus one standard
deviation of the participating labo-
ratories, named Standard Deviation
Index (SDI) (see Figure 6).

Method precision for the serum
samples was studied from the analy-
sis of serum samples to which
increasing quantities of selenium
were added in order to obtain final
concentrations in the samples of
0.88,1.39,1.89 and 2.90 µmol/L.
(70, 110, 150 and 230 µg/L). The
obtained standard deviation values
varied between 0.94% and 1.7%.

CONCLUSION

No statistically significant differ-
ence between the slopes of the
lines obtained by measuring aque-
ous standards and by the standard
addition method was observed.
Thus, no matrix effect was
observed which makes it possible
to calibrate the method with aque-
ous standards. The calibration line
corresponding to aqueous
standards was shown to be linear in
the interval between 0 and 5.07
µmol/L (400 µg/L) which fulfils the

requirements of the proportionality
test, as the regression line passes
through zero. 

The experimental detection limit
of the method for serum and blood
samples was 0.4 µmol/L (3.4 µg/L).
It turned out to be useful in detect-
ing selenium deficiencies, both in
serum and blood, as a result of the
considerable difference among the
detection limit and the reference
selenium values in the above-men-
tioned fluids.

The tests carried out for the ref-
erence blood sample, Seronorm,
and in the interlaboratory
proficiency study for serum sam-
ples indicate that the method
shows suitable precision and accu-
racy values.

Received August 19, 2002.
Revised text received August 12, 2003.

TABLE III
Determination of Se in a Sample With a Known Se Concentration:

Seronorm Whole Blood "level 1"
(Selenium concentration: µmol/L)

1st day 2nd day 3rd day

1.06 1.03 1.00
1.01 0.95 1.03
1.00 0.95 1.06
1.10 1.10 1.00
1.10 1.01 1.07
1.03 1.10 1.05
1.02 1.07 1.01
1.06 1.01 1.02
1.05 1.07 0.98

0.92 1.07 1.03 Total

Mean 1.03 1.03 1.02 1.03
RSD (%) 5% 5.5% 2.8% 4.5%
Recovery 102.5% 102.6% 101.6% 102.30%
Practical "t" 1.567 1.512 1.807

Theoretical "t"  (p=0.05) 2.262 2.262 2.262

Fig. 6. Standard Deviation Index (SDI) for the serum samples of the External Qual-
ity Assessment Scheme of the University of Surrey.
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INTRODUCTION

Flame atomic absorption spec-
trometry (FAAS) has for many years
been used in the analysis of various
samples (1). However, in some
cases of direct determination of
trace metals, there is insufficient
sensitivity and limit of detection
(LOD) offered by FAAS unless pre-
concentration steps are used.  

In chemical analysis, the main
difficulties associated with manual
sample preparation are time and
reagent consumption, the possibil-
ity of sample contamination, loss of
analyte, or risk to the analyst,
amongst others. These shortcom-
ings can be circumvented with on-
line sample pretreatment (2,3). The
flow injection technique has made
on-line sample preparation proce-
dures even more attractive because
it is an excellent tool for solution
management (2).  

The coupling of FIA-FAAS for
preconcentration and the determi-
nation of Cd, Cu, and Pb using solid
reversed phase sorbent C18 (octade-
cyl groups bonded silica gel) and
diethylammonium-N,N-
diethyldithiocarbamate (DDTC)
(4,5–7), or ammonium
diethyldithiophosphate (ADTP)
(7–12) as the complexing agents
can be efficiently applied to the
analysis of water (5), and biological
(6) and environmental (7,8) sam-
ples.

The ammonium salt of O,O-
diethyldithiophosphoric acid
(DDTP) was first studied in the
1960s by Bode and Arnswald (13).
It was demonstrated that this ligand
complexes several transition metals

ABSTRACT

A comparative study is
reported between C18 bonded
silica gel and powdered polyeth-
ylene (PE) as sorbent for Cd, Cu,
and Pb determination using
ammonium diethyldithiophos-
phate (ADTP) as the complexing
agent in a flow injection system.
The complexes were formed in
0.14 mol L–1 HNO3 and
processed in a simple flow sys-
tem comprising a peristaltic
pump, a manual injector-commu-
tator, and a sorbent-packed mini-
column. Ethanol was selected as
the eluent and analytes in the
eluate were determined by flame
atomic absorption spectrometry.
The optimum concentration of
the complexing agent was 0.1%
(m/v) ADTP for Cu and Pb deter-
mination using either C18 or PE,
and 0.25% (m/v) ADTP for Cd
determination using PE. The sam-
ple loading flow rates were 5.0,
3.6, and 3.0 mL min–1 for Cu, Pb,
and Cd, respectively. The best 

elution flow rate was 6.5 mL
min–1. For a 60-sec preconcentra-
tion time, the sampling rate was
40 h–1 and the enrichment factors
of 33, 36, and 11 times (C18) or
18, 22, and 23 times (PE) were
obtained for Cu, Pb, and Cd,
respectively. The limits of detec-
tion (LOD) were 1.6 µg L–1 Cu,
11 µg L–1 Pb, and 2.0 µg L–1 Cd
using C18 or 2.9 µg L–1 Cu, 
19 µg L–1 Pb, and 1.0 µg L–1 Cd
using PE, respectively. The rela-
tive standard deviations (n = 12)
were typically <2%, <2%, and
<6% for Cd, Cu, and Pb, respec-
tively. The recoveries of Cd, Cu,
and Pb added to wine samples
varied from 96–99%, 97–102%,
and 90–99%, respectively, using
C18 or PE. Accuracy was checked
for Cd, Cu, and Pb determination
in six wine samples digested by
block digestor and open-vessel
microwave-assisted digestion sys-
tems. The results revealed that
C18 was more efficient for Cu and
Pb determination, while PE was
the best sorbent for Cd.

and semi-metals in an acidic
medium, but does not react with
alkali and alkaline earth metal ele-
ments and others, such as Al, Cr,
Fe(II), Ga, Ge(IV), Ir, Mn, Nb, Pt,
Rh, Ru, Se(VI), Ta, Th, Ti, V, W, Zn,
and Zr, depending on the nature
and concentration of the acid. This
reagent has been used for the sepa-
ration and preconcentration of dif-
ferent analytes such as Pb, Cu, Cd,
Mo, Bi, and Ag in several samples
for FAAS (7,11,14,15) or
electrothermal atomic absorption
spectrometry (ETAAS) detection
(8,14,16–18). Since the ADTP com-
plexes only As(III) and not As(V), 
a method for the on-line determina-
tion of these species in waters by
ETAAS was also proposed (19). On-

line separations by complexation
with this ligand for ultra-trace multi-
element determination in waters
and biological samples by
inductively coupled plasma mass
spectrometry (ICP-MS) have also
been proposed (20). 

Although solid sorbents such as
carbon (14,16,18), C18 (5–12,15,19)
and knotted polyethylene tubing
(17) have been proposed as solid
support for Cd, Cu, or Pb, more sys-
tematic studies on the use of C18

and polyethylene for Cd, Cu and Pb
determination are lacking in the
literature.

In this study, the performance of
C18 bonded silica and powdered
polyethylene-packed mini-columns
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for on-line preconcentration of Cd,
Cu, and Pb using ADTP as the com-
plexing agent was evaluated. A flow
injection system coupled to a flame
atomic absorption spectrometer
was used to perform the detection
automatically. As analytical demon-
stration, the determination of ana-
lytes in wine samples will be
presented. The performance of the
FIA procedures with C18 and PE-
packed mini columns was checked
after analyzing digested wine sam-
ples and the accuracy was also
checked using spike recovery tests.

EXPERIMENTAL

Instrumentation

A Model AAnalyst™ 100 flame
atomic absorption spectrometer
was used (PerkinElmer Life and
Analytical Sciences, Shelton, CT,
USA), equipped with a deuterium
arc background corrector for
absorbance measurements at the
wavelengths of 228.8 nm (Cd),
324.8 nm (Cu), and 283.3 nm (Pb).
PerkinElmer Lumina™ hollow cath-
ode lamps, operating at 4 mA, 15
mA, and 10 mA for Cd (P/N N305-
0115), Cu (P/N N305-0157), and Pb
(P/N N305-0121), respectively,
were used. The air-acetylene flame
was adjusted and the operating con-
ditions were those recommended
by the manufacturer, unless speci-
fied otherwise.

The FIA system comprised a
home-made manual injector-com-
mutador, a sorbent-packed minicol-
umn, an Ismatec IPC–8 peristaltic
pump equipped with Tygon®
pumping tubes used to manage the
complexing agent, sample, and ana-
lytical solutions. A Viton® organic
solvent-resistant pumping tube was
used to aspirate the ethanol (elu-
ent). A poly-tetrafluoroethylene tub-
ing (0.8 mm i.d) was used as the
reaction coil and transmission lines.
Mini columns were prepared by
filling a Tygon tube (50 mm x 2.7
mm i.d.) with about 30 mg C18 or
60 mg of powdered polyethylene.

The ends of the packed mini-col-
umn were filled with glass wool to
avoid sorbent losses. This mini-
column was initially flushed with
ethanol for cleaning.

FIA System

Figure 1 shows the FIA system
designed for Cd, Cu, and Pb deter-
mination. It consists of two steps:
preconcentration and elution/
detection. In the position of injec-
tor-commutator (IC) as specified in
Figure 1A, the sample (S) merges
with the ADTP reagent stream (R)
at the confluent point x. Metal com-
plexes formed inside the reaction
coil (RC) are retained by the C18 or
PE-packed mini-column (PC). The
other metals and species that do
not form complexes with ADTP
pass through PC and are discharged
(W). At the same time, ethanol (E)
continuously flows through the
nebulizer of the spectrometer.
When the injector was changed to
the other position (Figure 1B), the
mini-column (PC) is inserted into
the eluent channel. Ethanol passes
through the mini-column in reverse
direction and the eluate containing
the analyte flows towards the detec-
tor. The passage of the eluate zone
through the flame of the spectrom-
eter produces a transient
absorbance signal with the peak
height proportional to the analyte
content in the sample. After peak
maximum measurement, the injec-
tor-commutator is switched back to
the initial position and another
cycle is started.

Reagents, Reference Solutions,
and Samples

High-purity deionized water
using a Milli-Q™ water purification
system (Millipore, Bedford, MA,
USA) was used throughout. All ref-
erence solutions and samples were
acidified to 0.14 mol L–1 with Supra-
pur® grade nitric acid (Merck,
Darmstadt, Germany). Six Cd or Cu
and five Pb calibration solutions
(Cd: 5.00, 25.0, 50.0, 75.0, 100, 150

µg L–1; Cu: 10.0, 50.0, 100, 150,
200, 250 µg L–1, Pb:  25.0, 50.0,
75.0, 100, 150 µg L–1) were
prepared daily in 0.14 mol L–1

HNO3 by diluting the individual
stock solutions (1000 mg L–1;
Titrisol®, Merck). Ethanol was used
as the eluent without previous
treatment.

A 1.0% (m/v) ADTP solution 
was prepared weekly by dissolving
1.00 g of the ammonium salt
(Aldrich, Milwaukee, WI, USA) in
about 5 mL of ethanol and diluting
up to 100-mL volume with water.
This solution was purified by pass-
ing it through a C18 bonded, silica-
packed column, then stored in a
refrigerator. The 0.1% and 0.25%
(m/v) ADTP solutions were
prepared by dilution of the ADTP
stock solution in water. 

Octadecyl bonded silica (C18)
from commercially available Sep-
Pak cartridges (Waters, Milford, CT,
USA) was used to prepare the mini-
columns. 

Brazilian red and white wine
samples were purchased at a local
supermarket in Araraquara City,
Brazil.

Preparation of Samples

The samples were prepared in
triplicate by two different proce-
dures involving acid mineralization
in open systems. A 100-mL sample,
20 mL of concentrated HNO3, and
600 µg V2O5 were sequentially
added to a digestion tube (21),
which was transferred to the
TE05/50 digestion block (Tecnal,
Piracicaba, Brazil). The temperature
was then increased to 120oC and
kept steady for 8 h. All digests were
clear solutions and the final volume
was made up to 100 mL with Milli-
Q™ water. The wet ashing diges-
tion procedure in an open vessel
system employed the Star System 6
microwave oven (CEM, Matthews,
NC, USA), equipped with glass ves-
sels. A 50-mL wine sample was
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placed into acid-cleaned vessels and
10 mL of concentrated nitric acid
added. The flasks were placed in
the microwave oven cavity and the
heating program as listed in Table I
was run. All digests were clear solu-
tions and the final volume was
made up to 50-mL volume with
Milli-Q water.

TABLE I
Optimized Heating Program 

of Wine Digestion 
Using Microwave Oven

Step Ramp Temp.    Hold     Rea-    Vol-
gent   ume

(min)   (oC)     (min)               (mL)

1 5 70 5 – –

2 0.1 70 0.1 HNO3 10

3 5 95 15 – –

Optimization

The influence of variation in
flow rates of the sample (S), ADTP
solution (R), and ethanol (E) on 
the absorbance was carried out
with an additional peristaltic pump.
With this strategy, one channel was
varied while the others were unal-
tered. The rotation speed of the
peristaltic pump was varied to pro-
duce different flow rates of S and R
within the range of 1–10 and 0.2–2
mL min–1, respectively. These flow
rates were simultaneously changed
in order to eliminate dilution
effects.

The influence of variation of the
eluent flow rate was studied from 
2 to 8 mL min–1.  

The influence of variation of 
concentration of reagent R on
absorbance was evaluated in the
0.05–1% (m/v) ADTP range.

As the system was designed on 
a time-based injection mode, the
influence of loading time on
absorbance was studied within the
1–10 minute range. 

RESULTS AND DISCUSSION

FIA System Optimization

The FIA system as depicted in
Figure 1 was studied in relation to
chemical and flow variables in
order to obtain optimum analytical
conditions. 

The effect of sample flow rate on
absorbance was studied in the 1–10
mL min–1 range for all elements. No
significant measured peak heights
for 50 µg L–1 Cu were observed for

flow rates < 1 mL min–1 using C18 or
PE. The faster the rotation speed of
the peristaltic pump, the higher the
peak height. The signals increased
steeply with flow rates up to 10 mL
min–1 (0.12 A) and 7 mL min–1 (0.03
A) for C18 and PE, respectively,
above which they became constant.
In these situations, the height of the
analytical signals for Cu increased
about 10 times for C18 and 5 times
for PE when the sample flow rate
was varied from 1 to 10 mL min–1

and from 1 to 7 mL min–1, respec-

Fig. 1. Flow diagram of the system at the sampling (A) and elution (B) positions
for Cd, Cu, and Pb determinations. 
IC: injector-commutator; x: confluent point;  S: sample or reference solutions (Cd:
3.0 mL min–1 ; Cu: 5.0 mL min–1; Pb: 3.6 mL min–1); R: ADTP solution (Cd: 0.6 mL
min–1 ; Cu: 1.4 mL min–1; Pb: 1.0 mL min–1) ; E: ethanol (6.5 mL min–1); W: waste;
RC: reaction coil (200 mm x 0.8 mm i.d.); PC: preconcentration column (50 mm x
2.7 mm i.d.); FAAS: spectrometer (Cd: 228.8 nm; Cu: 324.8 nm; Pb: 283.3 nm).
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tively. Flow rates higher than 10 mL
min–1 caused high hydrodynamic
impedance of the flow system,
which resulted in solution leaking
through the connecting points or
confluences. In general, the ratio of
measured absorbance from C18 and
PE extractions in the same flow rate
were ~ 5. As a compromise with
regard to sensitivity, sample con-
sumption, and system stability, the
selected flow rate of sample loading
for Cu determination using C18 and
PE was 5 mL min–1. It should be
pointed out that the flow rate of
sample loading could be adjusted to
10 or 7 mL min–1 if a higher sensi-
tivity were to be required.

When a 100-µg L–1 Pb sample
solution was processed in the flow
system with a C18 or PE minicolumn
and a sample carrier stream of 
< 1 mL min–1, no significant
absorbance was observed. It was
found that the faster the rotation
speed of the peristaltic pump, the
higher the peak height up to 4 mL
min–1 for both C18 (0.03 A) and PE
(0.017 A); then the signals
decreased steeply up to 10 mL
min–1, resulting in absorbance simi-
lar to 1 mL min–1 (0.018 A for C18;
0.006 A for PE). In general, the ratio
of measured absorbance from C18

and PE extractions in the same flow
rate was ~ 2. As a compromise
between sensitivity and system sta-
bility, the loading flow rate selected
for Pb determination using C18 and
PE was 3.6 mL min–1.

The flow rate of sample loading
is an important parameter for the
Cd determination in the proposed
flow system with a C18 or PE mini-
column. For a 50-µg L–1 Cd solution,
it was found that the faster the rota-
tion speed of the peristaltic pump,
the higher the peak height up to 
3 mL min–1 using C18 (0.075 A)
and PE (0.16 A); then the signals
decreased steeply up to 10 mL
min–1, resulting in an absorbance
similar to that of the blank solution
(0.003 A). Measurements in the 

1–4 mL min–1 range revealed that
the absorbance of the Cd solutions
extracted using PE was ~ 2 times
that obtained with C18. The flow
rate of the carrier stream selected
for the Cd determinations with C18

and PE mini-column was 3 mL min–1. 

Ethanol concentration is another
important parameter. The study
showed that diluted ethanol cannot
be used as the eluent because unsat-
isfactory signals were observed due
to poor elution. 

Another parameter studied was
the flow rate of the ethanol carrier
stream. The flow rate of the eluent
was varied from 3 to 8 mL min–1.
Flow rates of < 5 mL min–1 resulted
in a very unstable system. When the
nebulizer uptake rate (5 mL min–1)
exceeded the elution rate, vacuum
segments or gas bubbles formed
inside the capillary that connects
the FIA injector with the nebulizer
and no repetitive transient signals
were recorded. The signals
increased by ~ 40% when the flow
rates increased from 5 to 7 mL min–1

for C18 and PE. Since higher flow
rates did not significantly alter the
measured signals, the eluent (E) car-
rier stream of 6.5 mL min–1 was
selected for C18 and PE.

The length of the reaction coil
(RC) was investigated in the 10–50
cm range. The signals increased
steeply with coil lengths up to 20
cm, above which they became con-
stant. A 20-cm coil length was
selected for further experiments.

ADTP Concentration

The influence of ADTP concentra-
tion on the absorbance of Cd, Cu,
and Pb is shown in Figure 2. For Cd
determinations, the signals
increased with an ADTP concentra-
tion up to 0.25% (m/v) (0.22 A) 
and 0.05% (m/v) (0.17 A) for PE and
C18, respectively, above which they
became constant. A 0.05% (m/v)
ADTP solution was sufficient for Pb
and Cu determination with C18.
Higher ligand concentrations did not

alter the absorbance. For Cu and Pb
determination with PE, the signals
increased with ADTP up to 0.1%
(m/v), above which they became
practically constant.

Analytical Features

Table II shows the analytical
characteristics of the flow system
for Cd, Cu, and Pb determination
with the PE and C18 mini-column.
With the main variables of the pro-
cedure optimized for each sorbent
material, calibration curves for Cd,
Cu, and Pb were obtained by sub-
mitting the calibration solutions to
the proposed flow system shown 
in Figure 1. The enrichment factor
(EF) was obtained as the ratio of the
slopes of the calibration curves
with and without preconcentration,
both obtained with reference solu-
tions prepared in 0.14 mo1 L–1

HNO3. The influence of sorbent on
sensitivity was evaluated by means
of the analytical curves in the
5–150 µg L–1 Cd, 25–150 µg L–1 Pb,
and 10–250 µg L–1 Cu ranges. The
correlations between absorbance
(A) and analyte concentrations
were as follows: 

Using PE: 
A = 3.30 10–5 + 3.05 10–-3 µg L–1 (Cd)
A = 3.26 10–3 + 1.05 10–3 µg L–1 (Cu) 
A = -6.45 10–4 + 1.60 10–4 µg L–1 (Pb)

Using C18: 
A = 4.48 10–3 + 1.47 10–3 µg L–1 (Cd)
A = 6.12 10–3 + 1.91 10–3 µg L–1 (Cu)
A = 3.97 10–3 + 2.64 10–4 µg L–1 (Pb) 

With direct aspiration of the 
analytical solutions containing
10–2000 µg L–1 Cd, 50–5000 µg L–1

Cu, and 50–20,000 µg L–1 Pb, the
correlations between absorbance
(A) and analyte concentrations
were as follows:

For Cd: 
A = 1.28 10–4 + 1.34 10–4 µg L–1

For Cu: 
A = 2.09 10–4 + 5.74 10–5 µg L–1

For Pb: 
A = 1.34 10–4 + 7.26 10–6 µg L–1
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For a 60-sec preconcentration
time, the sampling rate was ~ 40
h–1. The enrichment factors for Cu,
Pb, and Cd calculated from
absorbance ratios using curves with
and without preconcentration were
33, 36, and 11 times and 18, 22, and
23 times for C18 and PE,
respectively. Additionally, the pre-
concentration data revealed that PE
was the best sorbent for Cd while
C18 was best for Cu and Pb. 

Determination of Cd, Cu, and Pb
in Wine

Table III shows the results of the
Cd, Cu, and Pb determination with
the flow system consisting of the PE
or C18 mini-column. The samples
were mineralized in triplicate
together with blanks which allowed
for the contribution of analytes pre-
sent in the reagents in the digestion
procedures. Six table wine samples
were analyzed in order to investi-
gate the performance of C18 and PE
extractors, and the results were
compared with those obtained with
microwave-assisted digestion.
According to a paired t-test, all
results were in agreement at the
95% confidence level. In addition,
the recoveries for the spiked sam-
ples were within 96–99% for Cd,
97–102% for Cu, and 90–99% for Pb
using C18 or PE. The relative stan-
dard deviations for most samples
(n=12) were lower than 2%, 2%,
and 6% for Cd, Cu, and Pb, respec-
tively. 

The limit of detection (LOD)
defined as the concentration of
metal with a response equivalent to
three times the standard deviation
(s) of the blank (n=12) was found
to be 1.6 µg L–1 Cu, 11 µg L–1 Pb,
and 2.0 µg L–1 Cd using C18; and 
2.9 µg L–1 Cu, 19 µg L–1 Pb, and 
1.0 µg L–1 Cd using PE.

Fig. 2. Effect of the ADTP concentration on absorbances of 50 µg L–1 Cd, Cu, and
100 µg L–1 Pb using C18 and PE. 
Curves correspond to the following solid extractor–analyte pairs: 
PE–Cd (A), C18–Cd (B), C18–Pb (C), C18–Cu (D), PE–Cu (E), and PE–Pb (F).

TABLE II
Analytical Characteristics of the Proposed FIA System Using PE or C18

Cd Cu Pb

ADTP % (m/v) 1.0 0.1 0.1
Sample flow rate (mL min–1) 3.0 5.0 3.6
Ethanol flow rate (mL min–1) 6.5 6.5 6.5
ADTP flow rate (mL min–1) 0.6 1.4 1.0
Calibration (µg L–1) 5–150 10–250 25–150
Preconcentration time (s) 60 60 60
Sampling frequency (h–1) 42 40 40

C0 (µg L–1) 3.0 2.3 17
C18 LOD (µg L–1) 2.0 1.6 11

Mini-column EF 11 33 36
C0 (µg L–1) 1.4 4.2 27

PE LOD (µg L–1) 1.0 2.9 19

EF 23 18 22

C0 = characteristic concentration, LOD= limit of detection, EF= enrichment factor.



184

CONCLUSION

This work presents a simple,
fast, and accurate method for the
flow injection determination of Cd,
Cu, and Pb in table wines by FAAS
using on-line preconcentration with
C18 or PE. The recovery data of the
analytes added to the sample
digests showed that there are no
significant matrix effects caused by
the original matrix components or
the reagents. Analysis of the recov-
ery data for the analytes added to
the original wine samples revealed
that there were no significant ana-
lyte losses in both digestion proce-
dures.

These studies demonstrated that
the C18 extractor was more efficient
to preconcentrate Cu-DTP and Pb-
DTP complexes and determine
both elements in addition to provid-
ing the highest enrichment factors,
while the PE extractor was more
appropriate for Cd-DTP determina-
tion. The on-line solid phase extrac-
tion using C18 or PE can be used to
determine Cd, Cu, and Pb in wines
since the limits of quantification
(LOQ) obtained for Cd, Cu, and Pb
exceeded the requirements of the
Brazilian Food Regulation (Decree
No. 55871 from the Ministry of
Health) which established the maxi-

mum permissible levels for Cd, Cu,
and Pb at 0.50 mg L–1, 5.00 mg L–1,
and 0.50 mg L–1, respectively.
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INTRODUCTION

C-MET, Hyderabad, is actively
involved in the preparation of low
and high voltage capacitor-grade
tantalum powder and lead wires
using solvent extraction, sodium
reduction, and the hydriding and
dehydriding process. The presence
of even trace amounts of certain
elements in tantalum powder and
wires can adversely affect the elec-
trical properties of solid tantalum
capacitors. Transitional elements
are known to increase high field
leakage of anodic tantalum oxide
films. Calcium and magnesium are
suspected to increase the DC leak-
age of solid tantalum capacitors.
Most high-charge tantalum powders
contain one or more dopants which
are added to retard sintering. The
dopant usually involves compounds
containing boron. The presence of
boron up to 100 mg/L is acceptable
in overcoming the DC leakage prob-
lem; boron amounts above 100
mg/L cause tantalum lead wires to
harden and become brittle during
the sintering process (1,2). Molyb-
denum is added to tantalum foil to
modify the etch characteristics in
the manufacture of etched foil
capacitors. Addition of molybde-
num also has a very pronounced
effect in decreasing the susceptibil-
ity of pure tantalum metal towards
hydrogen embitterment in severe
corrosion conditions. The presence
of just a few atomic percent of oxy-
gen in tantalum increases hardness,
tensile strength, and elasticity but
decreases ductility and corrosion
resistance. Micro alloying of zirco-
nium and tungsten with a
maximum of up to 1000 mg/L with

tantalum can minimize the deleteri-
ous effects of oxygen added during
processing and extend the useful
life of tantalum products. Cu, Mn,
Co, and Al are added during the
recycling process of solid tantalum
capacitor scrap (3,4). For these rea-
sons, ICP-OES analysis of tantalum
powder is routinely carried out and
many matrix interferences are
found during trace element deter-
mination. 

This analytical work is very vital
in regard to tantalum capacitor 
performance and applications. In 
a previous work, we reported the
matrix effects of tantalum in the
determination of the trace impuri-

ties of Cr, Fe, Nb, Ni, and Ti present
in ore as well added during the
reduction stage (5). In this study we
extended to include 10 more ele-
ments (Zr, Mo, Cu, Mn, Mg, Co, W,
Ca, B, and Al). These traces are
added to tantalum powder during
the addition of dopants, during
micro alloying, and during recycling
of tantalum products. The elements
Zr, Mo, W, and B are doped in
order to increase the capacitance
and life of tantalum products. Cu,
Mn, Co, and Al are contaminants
added during recycling of solid tan-
talum capacitors, while Ca and Mg
are added during chemical process-
ing such as deoxidation, etc. 

Earlier works by other
researchers describe the determina-
tion of Zr in a tantalum matrix using
trace matrix separation by anion
exchange, extraction chromatogra-
phy, and isotope dilution analysis
with a multi-collector coupled with
ICP-MS (6-8). Knote et al. (9)
reported Zr, Mo, and W determina-
tion in a tantalum matrix by using
X-ray fluorescence spectrometry,
while other studies report the
direct determination of Cu and Mg
by ICP-OES in potassium tantalum
lithium niobates and by electrother-
mal atomic absorbance spectrome-
try in tantalum powder (10,11). Al,
Mo, and W were determined in the
tantalum matrix by anion exchange
coupled with ICP-MS (12).
ConteRosa (13) reported the direct
determination of several elements
present in high concentrations in
tantalum products using a 1.0-m
monochromator ICP optical emis-
sion spectrometer (13). Shuji (14)
determined boron using on-line
anion exchange combined with
ICP-MS. Padma Subashini et al. (15)
describe the determination of tung-
sten in niobium tantalite present in
tin slag using derivative spectropho-

ABSTRACT

In this study, the trace ele-
ments Zr, Mo, Cu, Mn, Mg, Co,
W, Ca, B, and Al are determined
in tantalum powder, using a 0.64-
m monochromator inductively
coupled plasma spectrometer.
The effects of tantalum in the
determination of trace level
impurities were studied by deter-
mining these elements in solu-
tions containing tantalum from
1000 to 20,000 mg/L. As the con-
centration of tantalum is
increased, the Zr, Mo, Co, W,
and Al decreases in intensity
counts while Cu and Mn showed
an increase in intensity counts.
In the case of boron, there was
no change in intensity. For Ca
and Mg, +1 states showed an
increase in intensity and +2
states showed a decrease. The
relative standard intensities of
trace elements in the tantalum
matrix were calculated from
1000 to 20,000 mg/L tantalum
solutions. Spectral line profiles of
the trace elements and spectral
overlaps of tantalum at 1000
mg/L for interference-free line
selection is presented and dis-
cussed.
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tometry and ICP-OES. In the pre-
sent work, the trace elements were
directly determined using a 0.64-m
monochromator ICP spectrometer
without trace matrix separation by
choosing a spectral interference-
free tantalum line for trace element
determination. Further studies
(16–25) of tantalum matrix effects
on trace elements have been per-
formed and appropriate correction
factors were calculated.

EXPERIMENTAL

Instrumentation

The instrument used for the
determination of trace elements in
tantalum powder was a Model JY-
24R inductively coupled plasma
optical emission spectrometer
(Jobin Yvon, Longjumeau Cedex,
France). A cross-flow type nebulizer
was used for pneumatic nebuliza-
tion. The instrumental parameters
are given in Table I. 

Reagents and Standard
Solutions

All chemicals used were of
Suprapur® grade (Merck,
Darmstadt, Germany). The single-
element standard solutions were
also procured from Merck. For all
analytical work, deionized water
was used, prepared with a Nanop-
ure system (Barnstead, Dubuque,
IA, USA). 

Experimental Procedure

Tantalum powder was dissolved
in a HF + HNO3 mixture and appro-
priate concentrations (ranging from
1000 to 20,000 mg/L) were
prepared. Trace element solutions
of 1 mg/L were added to the tanta-
lum solution. To overcome analyti-
cal bias due to possible
contamination from matrices,
which are present at high concen-
trations, the matrix solution was
analyzed as a blank for all trace 
element studies.

RESULTS AND DISCUSSION

Matrix-free Line Selection

The spectral interferences com-
monly found (26,27) in the selec-
tion of analyte peaks are coincident
line overlaps, a wing overlap from a
much more intense line nearby.
Complex spectra are most trouble-
some in the analysis when
produced by the major constituent,
i.e., tantalum. This is due to the
spectral lines from tantalum, which
tend to overlap lines of the analytes
or trace elements. Line profiling
(28,29) was done for each trace ele-
ment. Profiles of a 1-mg/L trace ele-
ment standard were plotted and
overlapped with 1000 mg/L tanta-
lum; the results are listed in Table
II. The interference-free lines were
checked for matrix effects of tanta-
lum by doping 1 mg/L standard into
concentrations of tantalum ranging
from 1000 mg/L to 20,000 mg/L.
The detailed results of trace
elements added to different tanta-
lum concentrations are given in
Table III. The best lines for each
element were selected by taking
into account the matrix effects and
the sensitivity of the line at 20,000
mg/L of Ta.

The zirconium line at 339.198
nm was selected as it had the high-

est sensitivity and showed only a
7% increase in intensity with
respect to 1 mg/L. In case of
molybdenum, the 201.511-nm line
was selected as it showed a 6%
increase in intensity. The 224.700-
nm copper line showed a 12%
decrease. The 280.106-nm
manganese line was selected and
showed a 3% decrease, while the
344.199-nm line could not be
resolved at this concentration of
tantalum. The cobalt line at
228.616 nm was selected as it had
the highest sensitivity and showed
a 4% increase in intensity. The alu-
minum line at 394.401 nm +1 state
(29) showed a 17% increase in
intensity, tungsten at the 224.875-
nm line showed a 4% decrease.
Boron at the 208.959-nm line
showed no change in intensity. All
of the above elements were of +2
state (29). However, calcium at the
line of 422.673-nm +1 state (29)
showed a 4% increase in intensity,
while the line at 396.84-nm +2
state (29) showed a 6% decrease in
intensity. For calcium, the 396.847-
nm line was selected as it had very
high sensitivity. The magnesium
line at 383.826 nm +1 state (29)
showed a 46% increase and the
lines at 280.270 nm and 279.553
nm +2 state (29) showed an 8%
decrease. The line at 280.270 nm

TABLE I
ICP-OES Operating Conditions

Sequential spectrometer Jobin Yvon JY-24R, 0.64-m Czerny Turner
Grating Holographic, 3600 grooves mm–1

Spectral range 160–500 nm
Slit width 20 nm for entrance and exits, adjustable
HDD Detector Dynamic range 2.5 x 1010
Image Measures complete emission spectrum 

in 2 min (230,000 points)

Plasma torch assembly Fused quartz with capillary injection
Nebulizer and spray chamber Cross-flow type nebulizer and Teflon®

dual-tube spray chamber
Argon coolant gas flow rate 1.5 L min–1

Argon plasma gas flow rate 12 L min–1
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TABLE II
Spectral Interference of Tantalum on Trace Element Wavelengths (nm)

(1 mg/L of trace element line overlap with 1000 mg/L of tantalum)

Wavelengths for: 
(Zr )           (Mo)             (Cu)           (Mn) (Mg)             (Co) (W) (Ca)             (B)             (Al)

256.764a 201.511b 213.598a 257.610c 202.582a 228.616d 200.807c 315.887e 208.893c 221.006c

256.887d 202.030c 217.894c 259.373c 279.482c 230.786a 202.998c 317.993b 208.959b 226.346c

257.139c 203.844c 219.958c 260.569c 277.983c 231.160c 203.503c 393.366b 249.678e 226.910c

257.863c 204.598c 221.458c 279.482c 279.553b 231.405c 205.468c 396.847b 249.773c 226.922c

270.013d 263.876c 221.810c 279.827c 280.270b 231.498e 207.911a 422.673b – 236.705c

272.261b 268.414c 222.778c 280.106b 285.213b 234.426e 208.819c -- – 237.312e

273.486b 277.540c 223.008c 293.306c 293.654d 234.739c 209.475c -- – 237.335e

274.256b 281.615b 224.700d 293.930c 383.231c 235.342d 209.860c -- – 257.510c

316.597b 284.823c 324.754c 294.920c 383.826b 236.379a 216.632c -- – 308.215c

327.305c 287.151c 327.396c 344.199b -- 237.862e 218.935c -- – 309.271e

327.926c 292.339c -- 403.076c -- 238.346c 220.448c -- – 309.284e

330.628e -- -- 403.307c -- 238.636c 222.589c -- – 394.401b

339.198b -- -- -- 238.892c 224.875e -- – 396.152c

343.823d -- -- -- 327.305c 232.609c -- -- --

348.115b -- -- -- -- 239.709c -- -- --

349.621c -- -- -- -- 248.923c -- – --

350.567c -- -- -- -- -- -- – --

355.660b -- -- -- -- -- -- – --

357.247c – – – – – – – – –

a =  Right and left wing overlap of tantalum line.
b =  No tantalum line overlap present in the vicinity of ±0.05 nm.
c =  Direct tantalum line overlap.
d =  Right wing overlap of tantalum line.
e =  Left wing overlap of tantalum line.

was selected for magnesium as it
had high sensitivity. The selected
lines of trace elements were used
for the analysis by calculating the
matrix factor as described in a pre-
vious work (5). 

Comparison of Results 
With a Certified Powder and
Spike Recovery

The method developed was veri-
fied by analyzing 2 g of certified
tantalum powder STA-18KT 
(H.C. Starck GmbH & Co., K.G.,
Germany) dissolved by using 3 mL
HF, 1 mL HNO3, and 5 mL of water;
the solution was made up to 100-
mL volume (i.e., 20,000 mg/L of
tantalum). The results are presented

in Table IV. Similarly, a 2-g/100-mL
tantalum powder was spiked with
pure standard solutions of 0.25
mg/L and 0.5 mg/L trace element
solution; the % recovery was calcu-
lated with and without a matrix fac-
tor. The results are presented in
Table V. From these experiments it
can be seen that the experimental
values, when multiplied using the
matrix factor, showed very close
proximity to the certified values as
well as to the recovery results of
the spiked analytes.

CONCLUSION

The ICP optical emission spec-
trometer, equipped with a 0.64-m
monochromator, was successfully

applied for the direct determination
of the trace elements Zr, Mo, Cu,
Mn, Mg, Co, W, Ca, B, and Al in tan-
talum powder without the need for
trace matrix separation by selecting
tantalum spectral interference-free
lines and calculating the matrix
effects factor of tantalum at differ-
ent concentrations of tantalum
ranging from 1000 mg/L to 20,000
mg/L tantalum. This factor was
applied to the analysis of certified
materials and was found to be very
suitable. This method and the
matrix factors can be applied for
the ICP-OES determination of trace
elements in tantalum powder. The
interference-free lines selected can
be used for the determination of
these traces in other tantalum-
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TABLE III.  Trace Elements (1 mg/L) Added to Different Ta Concentrations

S.No.  Element  Wavelength 1,000 mg/L (S.D)  20,000 mg/L (S.D)  5,000 mg/L (S.D)  10,000 mg/L (S.D)  20,000 mg/L (S.D)

1. Zr 272.261 0.99± 0.0029 0.98± 0.0088 0.97± 0.0087 0.95± 0.0065 0.94± 0.0079

2. Zr 273.486 1.0± 0.0018 1.0± 0.0092 1.0± 0.0082 1.0± 0.0096 1.0± 0.0093

3. Zr 274.256 1.0± 0.0065 1.0± 0.0098 1.0± 0.0094 1.01± 0.0075 1.01± 0.0088

4. Zr 316.597 1.0± 0.0018 1.0± 0.0076 1.0± 0.0078 1.02± 0.0087 1.04± 0.0095

5. Zr 339.198 1.0± 0.0035 1.0± 0.0077 1.02± 0.0095 1.04± 0.0075 1.07± 0.0096

6. Zr 348.115 1.0± 0.0055 1.0± 0.0095 1.0± 0.0085 1.0± 0.0076 1.0± 0.0085

7. Zr 355.660 1.0± 0.0071 1.0± 0.0099 CR CR CR

8. Mo 201.511 1.0± 0.0073 1.0± 0.0055 1.0± 0.0086 1.04± 0.0072 1.06± 0.0087

9. Mo 281.615 1.07± 0.061 1.12± 0.0063 1.18± 0.078 1.22± 0.0068 1.31± 0.0086

10. Cu 224.700 1.0± 0.0088 0.98± 0.0064 0.92± 0.0065 0.90± 0.0061 0.88± 0.0084

11. Mn 280.106 1.0± 0.0065 1.0± 0.0065 1.0± 0.0084 0.99± 0.0054 0.97± 0.0081

12. Mn 344.199 1.0± 0.0078 0.99± 0.0075 0.98± 0.0077 CR CR

13. Mg 279.553 1.0± 0.0072 0.98± 0.010 0.97± 0.0068 0.95± 0.0059 0.92± 0.0078

14. Mg 280.270 1.0± 0.0082 1.0± 0.091 0.98± 0.0065 0.94± 0.0061 0.92± 0.0066

15. Mg 285.213 1.0± 0.0091 1.0± 0.0084 0.97± 0.0060 CR CR

16. Mg 383.826 1.46± 0.0092 1.46± 0.0075 1.46± 0.0058 1.46± 0.0093 1.46± 0.0075

17. Co 228.616 1.0± 0.0066 1.0± 0.0071 1.01± 0.0075 1.02± 0.0066 1.04± 0.0074

18. Co 231.498 1.0± 0.0081 1.01± 0.0066 CR CR CR

19. Co 234.426 1.0± 0.0072 1.0± 0.0078 1.0± 0.0079 1.0± 0.0075 1.0± 0.0068

20. Co 235.342 1.0± 0.0093 1.0± 0.0067 1.02± 0.0087 1.04± 0.0088 1.06± 0.0072

21. Co 237.862 1.0± 0.0082 1.02± 0.0089 1.06± 0.0053 CR CR

22. W 224.875 1.0± 0.0078 0.99± 0.0075 0.98± 0.0077 0.97± 0.0071 0.96± 0.0065

23. Ca 317.993 1.0± 0.0062 0.98± 0.0044 0.97± 0.0094 CR CR

24. Ca 393.366 1.0± 0.0064 0.98± 0.0081 0.96± 0.0085 CR CR

25. Ca 396.847 1.0± 0.0076 0.98± 0.0095 0.98± 0.0083 0.96± 0.0093 0.94± 0.0084

26. Ca 422.673 1.0 ± 0.0078 1.0 ± 0.0096 1.01 ±0.0081 1.01 ± .0091 1.04 ±0.0071

27. B 208.959 1.0± 0.0082 1.0± 0.0095 1.0± 0.0094 1.0± 0.0098 1.0± 0.0069

28. Al 394.401 1.0± 0.0077 1.03± 0.0095 1.05± 0.0083 1.09± 0.0076 1.17± 0.0074

CR: Cannot be resolved. S.D: Standard deviation of five readings.

TABLE IV. Analysis of Certified Powder  (Results in mg/L)

S.No Elements Wavelength Certified Values Experimental Results x Matrix factor
(STA-18KT) (STA-18KT)

1. Zr 339.198 <2 2.05 x 0.93  = 1.915

2. Mo 201.511 <2 1.90 x 0.94 =  1.786

3. Cu 224.700 <1 0.68 x 1.13 =  0.772

4. Mn 280.106 <2 1.62 x 1.03 =  1.67

5. Mg 280.270 9 8.36 x 1.087 =  9.08

6. Co 228.616 N.R 0.35 x  0.96 =  0.336

7. W 224.875 <5 5.10 x 0.96 =  4.90

8. Ca 396.847 <3 2.52 x 1.06 =  2.68

9. B 208.959 <1 0.80 x 1 =  0.80

10. Al 394.401 1 1.19 x 0.85 = 1.01

N.R: Values not reported. 
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related compounds using ICP-OES.
This method of analysis is very fast
and accurate and can be applied for
routine analysis.

Received September 20, 2002.
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SD = Standard Deviation of five readings.



190Atomic Spectroscopy
Vol. 24(5), September/October 2003

Mixed Matrix Effect of Easily and Non-easily Ionizable
Elements in the ICP-OES Analysis of Trace Impurities 

in Potassium Tantalum Fluoride 
G. Anil, *M.R.P. Reddy, Arbind Kumar, and T.L. Prakash 

Center for Materials for Electronics Technology (C-MET), IDA, Phase-II, HCL Post 
Cherlapalli, Hyderabad – 500 051, India

INTRODUCTION

Despite the intensive work for
the development of inductively
coupled plasma optical emission
spectrometry (ICP-OES) techniques,
ICP remains an important field of
study. The study of the processes
occurring within the plasma (such
as desolvation, vaporization,
atom/ion formation and excitation)
is important, particularly from the
point of their control, so that any
shortcomings existing in atomic
emission spectrometric analysis can
be lowered or eliminated, and exist-
ing methods for atomic spectromet-
ric analysis optimized. However,
the fundamental processes that
control analyte emission intensity
and spatial dependence are not
fully understood. Studies on the
matrix interference effects have
been conducted by several research
groups (1–9), but the matrix ele-
ments studied have been mostly
restricted to alkali metals (EIE).
Presently our laboratory is working
on the different process parameters
for the preparation of K2TaF7 by
acid washings and the recrystalliza-
tion process. The purity of K2TaF7

is extremely critical for the prepara-
tion of tantalum powder. 

C-MET in Hyderabad is actively
involved in the preparation of low
and high voltage capacitor-grade
tantalum powder through solvent
extraction, sodium reduction,
hydriding and dehydriding routes.
Analysis of K2TaF7 is routinely car-
ried out using a 0.64-m monochro-
mator ICP-OES, where matrix
interferences are noted during trace
element determinations. There is a

need to establish a method to
determine the effects of NEIE, EIE,
and the mixed effects (10) of NEIE
and EIE, while at the same time
estimating their trace element con-
tent. Irina Segal et al. (11) deter-
mined traces of Cu, Fe, Li, Ti, and
V in potassium lithium tantalate
niobate crystals using ICP-OES, and
also discussed the spectral interfer-
ence of Ta and Nb, but not their
matrix effects. Almost any matrix
element can cause a change in the
sensitivity of a susceptible spectral
line. The easily ionizable element
potassium causes larger effects
than tantalum, which has a higher
ionization potential, at least at

observation heights of 14 to 18 mm
above the load coil. The effects are
rather complicated and far from
fully characterized. Nevertheless, a
grasp of the broad aspects is mean-
ingful because it bears on the con-
duct of practical analysis. The aim
of this work was to investigate the
effects of potassium, tantalum, and
the mixed effects of both elements
on the analytical intensity of trace
elements. 

EXPERIMENTAL

Instrumentation

The instrument used for trace
element analysis in K2TaF7 was a
Model JY-24R ICP-OES  (Jobin
Yvon, Longjumeau Cedex, France ).
A cross-flow nebulizer was used for
nebulization. The instrument para-
meters are given in Table I. 

Reagents and Samples

The acids used were of Supra-
pur“ reagent grade (Merck, Darm-
stadt, Germany). The single-element
standard solutions were obtained
from Glen Spectra Reference Mate-
rials, Middlesex, England. The
deionized water used was prepared
using the Nanopure system (Barn-
stead, Dubuque, IA, USA).

Experimental Procedure

2 g of K2TaF7 was dissolved in 10
mL HF. 1 g of K2TaF7 contains
0.1994 g of potassium and 0.4614 g
of tantalum by weight. To
overcome analytical bias due to
possible contamination from the
matrices (acids) present at high
concentration levels, the matrix
solution was analyzed as a blank for
all trace element studies.

*Corresponding author.
e-mail: mrpreddy@yahoo.com

ABSTRACT

The determination of trace
impurities (B, Cr, Fe, Nb, Ni, Ti,
Cu, Co, Ca, and Mg) in potassium
tantalum fluoride (K2TaF7) by
inductively coupled plasma opti-
cal emission spectrometry is com-
plicated due to the matrix
interference of tantalum on trace
impurities, a non-easily ionizable
element (NEIE), and due to potas-
sium, an easily ionizable element
(EIE). In this paper, the effect of
trace elements by NEIE, EIE, and
the mixed effect of NEIE and EIE,
was studied with doped trace
elements at concentrations of
0.25, 0.5, 0.75, and 1 mg/L. It
was found that NEIE showed an
increase and decrease in intensity
in the range of 10% only, whereas
EIE showed a decrease up to
40%; the mixed matrix effect
showed an initial increase for all
trace elements, except for Cu. As
the concentration of the mixed
matrix increased, the intensity of
all traces started decreasing,
except for Ca and Mg, which
showed an increase.
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RESULTS AND DISCUSSION

The matrix effect, M, is defined
as the percentage difference in the
net line signals between solutions
of the analyte with and without the
matrix. Potassium, an EIE, often
constitutes the bulk of the solute
mass; it will markedly affect the rate
or even the mechanism of solute
particle vaporization. In turn, the
more rapid vaporization of potas-
sium salt, or the consequent
breakup of solute particles, would
yield an overall vaporization
process that begins lower in the
plasma. As the resulting analyte-
containing vapor cloud travels
upward through the plasma, its vol-
ume increases by diffusion. The
temporally integrated emission will
therefore appear to have a "V"
shape. As the vapor cloud appears
larger and more dilute, the "V" will
move downward. Hobbs and Olesik
(12–14) stated that the extent of
EIE matrix effects on ionization and
ion excitation was more severe
near an incompletely desolvated
droplet or vaporizing particle than
away from a droplet or particle.
This is consistent with lower tem-
peratures and electron number den-
sities as well as higher analyte and
matrix species concentration near
an incompletely desolvated drop or
a vaporizing particle. Depressions
in analyte ion number densities due
to the presence of EIE were, by a

factor of two to three, more severe
near an incompletely desolvated
drop or a vaporizing particle than
when no droplet or particle was in
the observation volume. Trace ele-
ments of 1 mg/L were doped into
potassium solutions containing
equivalent weight with respect to
0.5 g, 1.0 g, 1.5 g, and 2.0 g/100 mL
of K2TaF7. The results showed a
decrease in intensity for all trace
elements; as the concentration of
EIE increased, the intensity of the
traces further decreased. The
results are given in Table II. 

The trace elements B, Cr, and
Nb, when doped at a concentration
of 1 mg/L into tantalum solutions
[tantalum interference-free lines
were selected (15-16)] with respect
to K2TaF7 weight, showed no
change in intensity even with an
increase of tantalum concentration.
Iron and Co showed a decrease in
intensity while Ni, Ti, Cu, Ca, and
Mg showed an increase in intensity.
The results are given in Table III.
The addition of 1 mg/L trace ele-
ments into mixed solutions of
potassium and tantalum showed an
increase in intensity for all
elements, except Cu, which
showed a decrease of 14%. As the
concentration of a mixed matrix
increased, the intensity of traces
started decreasing, except for Ca
and Mg, which showed an increase
(see Table IV). Using these results, a

matrix factor (15) was calculated
and applied to the determination of
trace elements doped at concentra-
tions of 0.25, 0.50, 0.75, and 1.0
mg/L into K2TaF7 2 g/100 mL. The
results obtained (see Table V)
showed that the matrix factor cal-
culated was very suitable and can
be applied for trace determinations
in K2TaF7. 

CONCLUSION

This study demonstrated that
trace element determinations in
K2TaF7 by ICP-OES, using interfer-
ence-free lines, is not the complete
analysis but the matrix effects of
EIE, NEIE, and their mixed effects
should be considered thoroughly in
order to get accurate and repeat-
able results. Doping traces at differ-
ent concentrations in K2TaF7

showed that, by applying the
matrix correction factor, the error
caused by the matrix was rectified.
This type of correction should be
considered when a proper
reference material for such an inter-
mediate compound is not available.
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TABLE I 
ICP-OES Operating Conditions

Sequential spectrometer Model JY-24R, 0.64-m Czerny-Turner
Grating Holographic, 3600 grooves mm–1

Spectral range 160–500 nm
Slit width 20 nm for entrance and exits, adjustable
HDD detector Dynamic range 2.5 x 1010

Plasma torch assembly Fused quartz with capillary injection
Nebulizer and spray chamber Cross-flow nebulizer and Teflon®

dual-tube spray chamber
Argon coolant gas flow rate 1.5 L min–1

Argon plasma  gas flow rate 12 L min–1
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TABLE II
Recovery (%) of 1 mg/L of Trace Elements Doped Into Potassium Solution

(Equivalent to 0.5 g, 1 g, 1.5 g, and 2.0 g K2TaF7)

Elements Wavelength (nm) 0.5 g (SD) 1.0 g (SD) 1.5 g (SD) 2.0 g (SD)

B 208.959 94.64±0.29 85.24±0.42 84.36±0.53 82.31±0.20 
Cr 267.716 80.61±0.33 77.45±0.36 76.56±0.64  74.27±0.53 
Fe 274.932 82.49±0.45 79.36±0.54 74.47±0.73  72.39±0.75 
Nb 295.088 91.53±0.54 87.68±0.58 82.48±0.68   79.42±0.79 
Ni 227.021 98.59±0.68 94.39±0.61 92.39±0.47 91.54±0.85
Ti 336.121 93.63±0.76 82.93±0.69  77.32±0.52  74.58±0.73
Cu 224.700 89.74±0.65 81.31±0.73 78.41±0.35   62.73±0.68 
Co 228.616 95.61±0.85 91.26±0.63  85.49±0.90 81.84±0.81  
Ca 396.847 90.61±0.79  74.37±0.56 66.37±0.71 58.81±0.57

Mg 280.270 92.58±0.82 79.35±0.37 68.29±0.82 60.87±0.65 

± SD of five readings.

TABLE III
Recovery (%) of 1 mg/L of Trace Elements Doped Into Tantalum Solution 

(Equivalent to 0.5 g, 1 g, 1.5 g, and 2.0 g K2TaF7)

Elements Wavelength (nm) 0.5 g (SD) 1.0 g (SD) 1.5 g (SD) 2.0 g (SD)

B 208.959 100.15±0.19  99.93±0.20 99.97±0.23 99.58±0.19 
Cr 267.716 100.23±0.16 99.95±0.18   99.90±0.19  99.85±0.17  
Fe 274.932 93.255±0.29 92.65±0.27 91.89±0.31  89.69±0.35  
Nb 295.088 100.05±0.33  100.08±0.25  100.05±0.29 99.97±0.21
Ni 227.021 108.89±0.28 109.54±0.21  111.58±0.19 112.45±0.32  
Ti 336.121 103.50±0.31 103.79±0.27 104.86±0.32  105.25±0.25 
Cu 224.700 112.06±0.42 112.36±0.48  113.65±0.52 113.97±0.41   
Co 228.616 96.10±0.27 96.45±0.24 96.98±0.23 97.21±0.27 
Ca 396.847 105.48±0.42 106.21±0.4 106.87±0.50 107.24±0.44 

Mg 280.270 101.15±0.39 101.45±0.37 101.78±0.34  101.89±0.43  

± SD of five readings.

TABLE IV
Recovery (%) of 1 mg/L of Trace Element Doped Into Mixture of Potassium and Tantalum Solution 

(Equivalent to 0.5 g, 1 g, 1.5 g, and 2.0 g K2TaF7)

Elements Wavelength (nm) 0.5 g (SD) 1.0 g (SD) 1.5 g (SD) 2.0 g (SD)

B 208.959 103.45±0.20 99.51±0.37  94.34±0.77 91.28±0.37  
Cr 267.716 112.48±0.62 108.23±0.29 103.23±0.43 101.35±0.48 
Fe 274.932 121.13±1.15 114.65±0.45 110.49±0.58 108.25±0.39 
Nb 295.088 107.28±0.38 105.68±0.63 102.66±0.36  99.35±0.69 
Ni 227.021 106.38±0.44 97.48±0.56 92.58±0.49 88.19±0.25  
Ti 336.121 105.22±0.18 103.46±0.58 99.58±0.48  96.23±0.20  
Cu 224.700 88.71±0.21 84.71±0.66 80.38±0.40  77.16±0.26
Co 228.616 113.36±0.39 104.23±0.19 101.41±0.56 98.61±0.82
Ca 396.847 106.35±0.24 108.50±0.45 123.49±0.3 127.42±0.44 

Mg 280.270 104.27±0.33 101.18±0.15 108.64±0.58  113.46±0.58  

± SD of five readings.
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TABLE V
Different Concentration of Traces Doped Into K2TaF7 (2 g/100 mL)

Wave-                   0.25 mg/L 0.50 mg/L  0.75 mg/L 1.0 mg/L
length               Recovery % (SD) Recovery % (SD) Recovery % (SD) Recovery % (SD)

Without       Applying Without       Applying Without Applying      Without       Applying
Elements                    Factor     Corr. Factor     Factor         Corr. Factor  Factor         Corr. Factor     Factor    Corr. Factor

B 208.959 91.49±0.45 100.23 91.45±0.39 100.18 91.38±0.41 100.10 91.31±0.30 99.52

Cr 267.716 101.89±0.51 100.53 101.78±0.48 100.42 101.65±0.45 100.29 101.31±0.43  99.28

Fe 274.932 108.65±0.44 100.36 108.55±0.45 100.27 108.50±0.37 100.23 108.32±0.23 99.65

Nb 295.088 99.15±0.34 99.80 99.14±0.35 99.79 99.18±0.31 99.18 99.35±0.60 99.35

Ni 227.021 88.46±0.32 100.30 88.48±0.34 100.32 88.32±0.31 99.80 88.29±0.23 99.76

Ti 336.121 96.65±0.39 100.43 96.61±0.41 100.40 96.43±0.32 100.28 96.35±0.26  100.20

Cu 224.700 77.33±0.25 100.22 77.46±0.31 100.38 77.33±0.36 99.75 77.25±0.24 99.65

Co 228.616 98.89±0.73 100.28 98.92±0.88 100.31 98.87±0.76 99.85 98.77±0.78 99.75

Ca 396.847 127.88±0.78 100.36 128.05±0.88  100.49 127.57±0.75  99.50 127.49±0.39 99.95

Mg 280.270 113.79±0.74 100.29 113.70±0.75 100.21 113.62±0.65 99.98 113.54±0.43 99.91

± SD of five readings.
Corr. Factor = Correction Factor.
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2004 Winter Conference on Plasma Spectrochemistry
Fort Lauderdale, Florida, USA, January 5-10, 2004

The 13th biennial international Winter Conference will be held at the Wyndham Bonaventure Resort and Spa
(www.wyndham.com/bonaventure) in Fort Lauderdale, Florida (www.sunny.org).

More than 600 scientists are expected and approximately 300 papers on modern plasma spectromchemistry will be
presented.

Symposium Features

• Elemental speciation, speciation sampling, and sample preparation

• Excitation mechanisms and plasma phenomena

• Flow injection and flow processing spectrochemical analysis

• Glow discharge atomic and mass spectrometry

• Inductively coupled plasma atomic and mass spectrometry

• Laser ablation and breakdown spectrometry

• Microwave atomic and mass spectrometry

• Plasma chromatographic detectors

• Plasma instrumentation, microplasmas, automation, and software innovations

• Sample introduction and transport phenomena

• Sample preparation, treatment, and automation; high-purity materials

• Spectrochemical chemometrics, expert systems, and software

• Spectroscopic standards and reference materials, databases

• Stable isotope analyses and applications

January 2-4, Fri-Sun 62 Continuing Education Short Courses

January 2-4, Fri-Sun Manufacturer’s Seminars

January 4, Sunday 5th Annual Golf Tournament

Daily Six Provocative Panel Discussions

January 6-8, Tue-Thu Workshop on New Plasma Instrumentation

January 4, Sunday USP Roundtable Discussion

Information

For program, registration, hotel, and transportation details, visit our website at: 

http:>// www.unix.oit.umass.edu/~wc2004/WinterConf2004 

Or contact:

Ramon Barnes, ICP Information Newsletter, Inc., P.O. Box 666, Hadley, MA 01003-0666, USA

Tel: (+1) 413-256-8942, Fax: (+1) 413-256-3746, e-mail: wc2004@chemistry.umass.edu
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fingertips. Even troubleshooting and repairs are easier, with quick-change parts
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reliable as ever, our newest AAnalyst is a better way to do AA. Experience it for
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