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INTRODUCTION

In order to generate electricity,
fuels are combusted at high
temperatures in utility boilers.
This process releases many organic
and inorganic pollutants into the
atmosphere, both in gaseous and
solid form (absorbed on suspended
particulate).

Limiting pollutant emissions into
the environment is therefore one of
the main goals for the management,
as well as a precise requirement,
of national acts. The emission of
halogens is regulated by the Italian
legislation according to the DM
1277/90 n. 51 “Linee guida per le
emissioni inquinanti...” which
fixes (in the case of power plants)
100 mg/Nm3 (cubic meters
calculated under normal conditions
of 0oC and 1013 mbar) as the limit
value for Cl, and 5 mg/Nm3 for F
and Br (expressed as hydrofluoric
and hydrobromic acid, respectively).
No limit for iodine emissions has
been established.

The emission of halogens from
coal combustion depends on a
number of factors:

1. The initial halogen content in
coal and the chemical form in
which they are present.

2. The combustion conditions
(temperature and length of time in
the boiler).

3. The use of various pollution
control technologies.

During coal combustion in
thermal power plants, chlorine,
fluorine, bromine, and iodine are
mainly volatilized during the
combustion process (85–90%) and

ABSTRACT

The combustion process
releases many organic and
inorganic pollutants into the
atmosphere, both in gaseous
and solid form. During coal
combustion in thermal power
plants without pollution control
equipment, chlorine, fluorine,
bromine, and iodine present in
coals are mainly volatilized as
gaseous compounds. It has been
estimated (1) that 94% of the
chlorine in coal is volatilized,
generally being emitted as
gaseous HCl. Emission values
of 99% for chlorine, 90% for
fluorine, 60% for bromine, and
90% for iodine have been given
for pulverized coal combustion
based on actual measurements
at the 600 Mwe power station
in Netherlands (2).

Limiting pollutant emissions
is a precise requirement of the
Italian legislation that fixes (in
the case of power plants)
100 mg/Nm3 as the limit value
for chlorine, and 5 mg/Nm3 for
fluorine and bromine (expressed
as hydrofluoric and hydrobromic
acid, respectively). No limit for
iodine emissions has been
established.

From this point of view and
in order to maintain control of
emissions from combustion
plants, it is important to monitor
the concentration of halogens in
fuels. Unfortunately, in literature
there are very few data published
with regard to the amount of
halogens in fossil fuels, which
emphasizes the analytical
difficulties with regard to the
determination of these analytes.

In the present paper, a
pyrohydrolysis of the sample at
1100°C, followed by the absorption
of volatilized compounds in
Na2CO3/NaHCO3 solution and the
final instrumental analysis of Cl, Br,
and F with ion chromatography
(IC) and Br and I with inductively
coupled plasma mass spectrometry
(ICP-MS) has been adopted.

The accuracy of the method,
evaluated by analyzing some
certified reference materials,
was better than 95% for all 
analytes and the detection limits
adequate to the analytical
requirements (0.1 mg/kg for
Br and I, 1 mg/kg for F, and 10
mg/kg for C1).

remain in the fumes downstream of
the ash abatement equipment
(electrostatic precipitators) as
gaseous compounds, particularly
as acids. 

Experimental studies on
a “pulverized dry-bottom” boiler,
equipped with high-efficiency
electro-filters and stoked with
bituminous coal, showed a
distribution ratio higher than
90–95% in the vapor phase for
chlorine and bromine, 80–85% in
the case of fluorine, and 75–80%
for iodine (3).

If no desulphurization plant
is present, the majority of halogens
introduced with the fuels are emitted
at the stack and the concentration in
the flue gases is strictly related to the
initial concentration of these
elements in fuels.

In the case of plants equipped
with wet gas desulphurization
systems (wet FGD), the gas
scavenging in the pre-scrubber can
lead to a significant reduction of
chlorine, bromine, and iodine
concentration in the gaseous phase
(more than 90%), while the removal
ratio of fluorine seems to be less
efficient (rate of 50%).

From this point of view, and in
order to maintain control of
combustion plant emissions, it
is important to monitor the
concentration of halogens in fuels.

In the literature there are very
few data published with regard to
the amount of halogens in fossil
fuels or in environmental matrices,
emphasizing the analytical difficulties
in the determination of these
analytes.

The conversion of Cl, F, Br, and I
compounds for analysis in coal in a
convenient form is widely considered
a crucial analytical step. 
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Based on work in the past, a
method for fluorine analysis
(ASTM D 3761-84) was published
by ASTM. It consists of sample
combustion in a calorimetric bomb,
absorption of the produced gases
by means of a NaOH solution, and
final fluoride analysis with ISE (4).

The US Geological Survey (5)
uses a method based on sample
incineration at 525°C and melting
of the ashes with MgO and
MgNO3. ISO has recently reported
a method for total fluorine
determination by means of ISE or IC
after pyrohydrolysis of the sample
in an oven (6).

There is only one official method
that was published by ASTM (ASTM D
4208-88) for chlorine determination
in fossil fuels. It is based on bomb
combustion and ISE analysis, while
there are none published for other
halogens.

Very few studies have been
reported with regard to fuel
halogen analysis, and the majority
of these use combustion in a
calorimetric bomb for the sample
preparation steps (7,8), alkaline
fusion with several melting agents
(NaOH, NaOH / MgO, NaOH /
MgO+MgNO3, Na2CO3, etc.) (9),
furnace induction heating (10),
pyrohydrolysis (11–13), all of them
followed by ISE or IC analysis.

Some papers moreover report
analyses with specific techniques
such as PIGE (14), NAA (15), and
ICP-MS (16,17).

Based on these considerations,
the importance of developing a
method for the accurate
determination of halogens in
coals is evident. In the present
paper, a pyrohydrolysis of the
sample at 1100°C, followed by
the absorption of volatilized
compounds in Na2CO3/NaHCO3

solution and the instrumental
analysis of Cl, Br, F with ion
chromatography (IC) and Br and I
with inductively coupled plasma

mass spectrometry (ICP-MS) has
been adopted.

The accuracy of the method was
evaluated analyzing the following
certified reference materials: NIST
1632b Trace Elements in Coal; NIST
1633a Trace Elements in Coal Fly
Ash; BRC 60 Chlorine and Fluorine in
coal; MURST-ISS-A1 Antarctic Marine
Sediment CRM for Trace Elements;
and NIST 1573a Tomato Leaves. The
good recovery obtained for all the
CRMs analyzed confirmed the
applicability of this procedure,
even to the characterization of
environmental matrices (sediments
and biological materials) not
reported in this paper.

EXPERIMENTAL

Instrumentation

ELAN® 5000 ICP-MS
(PerkinElmer Sciex Instruments,
Concord, Ontario, Canada),
equipped with two mass-flow
controllers, Ryton® spray chamber,
GemTip™ cross-flow nebulizer, and
a PerkinElmer AS-90 autosampler
(PerkinElmer, Shelton, CT USA).

Dionex DX-100 ion
chromatograph (Dionex
Corporation, Sunnyvale, CA, USA),
equipped with an AS-9HC analytical
column (high capacity alkyl/alkanol
quaternary ammonium), guard
column AG-9HC, DXP-Dionex
analytical pump, and ASRS-Ultra
autoregenerant conductivity
suppressor.

GAAM Combustor 02 combustion
furnace (GAAM mbH, Bad
Durrenberg, Germany).

Reagents and Standard
Solutions

Nitric acid (65% m/v) was
Suprapur® reagent (E. Merck,
Darmstadt, Germany). 

Multielemental standard solutions
were prepared from 1000 mg/L
single-element reference standards
(Merck) by dilution in water. 

High-purity water produced by
passing distilled water through a
deionizing system (Milli-Q™,
Millipore, Bedford, MA, USA).

Sodium carbonate (Na2CO3) of
analytical reagent grade (Carlo Erba).

Sodium bicarbonate (NaHCO3) of
analytical reagent grade (Carlo Erba).

Certified Reference Materials

The following certified reference
materials were analyzed:

NIST 1632b Trace Elements in
Coal 

NIST 1633a Trace Elements in
Coal Fly Ash 

BCR 460 Chlorine and Fluorine
in Coal

MURST-ISS-A1 Antarctic Marine
Sediment CRM for Trace Elements 

NIST 1573a Tomato Leaves

Sample Preparation

A sample of 0.5 g, previously
dried for one hour in an oven at
60°C, was introduced into a quartz
combustion tube of the GAAM
tubular oven and heated at about
1000°C.

The GAAM combustor allows full
control of the heating process by
on-line monitoring of the
combustion rate and the automatic
variation of the introduction speed
of the sample.

During the heating process, a
humidified gas (first step with
argon, second step with oxygen)
was blown into the tube in order to
promote pyrohydrolysis of
the sample. 

The combustion products were
collected in two quartz impingers
filled with 20 mL of an alkaline
absorption solution (Na2CO3 1.8
mM / NaHCO3 1.7 mM), then
diluted with water to a final volume
of 50 mL, and analyzed by IC (F, Cl,
and Br) or ICP-MS (Br and I).
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The instrumental parameters are
listed in Tables I-III.

RESULTS AND DISCUSSION

F and Cl Determination

The results for the CRM
previously cited and reported in
Table IV were in good agreement
with the certified or indicative values
(recoveries between 93–101%) with
the exception of fluorine in NIST
1633a (reported value 94 ± 20
µg/g, found value 75 ± 2 µg/g). Our
result was, in any case, very similar
to that reported by Rice (10) on the
same material (73 ± 2 µg/g), thus
confirming as “suspected” the
value reported by NIST.

The long-term precision was
evaluated by analyzing the same
certified reference materials on
15 different days (over the course
of a year) and drawing the
respective control charts, as
shown for chlorine in Figure 1.

The long-term precision for
samples containing about 50 mg/kg
of Cl and F was in the order of
19–20%, while for higher
concentrations (225 mg/kg F and
1083 mg/kg Cl), a precision of 5%
was found.

Br and I Determination

Since the majority of reference
materials have no certified values,
only indicative values, the accuracy
for Br and I was confirmed by
evaluating the recovery in coal
samples spiked with known
concentrations of halogens (see
Table V). Four concentration levels
were tested (10, 100, 500, and
1000 mg/kg) and the recoveries
were in the range 99.7 – 106.6 %
for bromine and 89.5 – 101.6 %
for iodine. 

Moreover, a comparison
between the results obtained in the
analysis of coal samples by ICP-MS,
ion chromatography ( I.C.), and
neutron activation analysis (NAA)
was performed. The results

TABLE  I 
ICP-MS Instrumental Parameters 

Parameters

RF Power 1150 W
Ar Plasma Flow 15.0 L/min
Ar Nebulizer Flow 0.90 L/min
Ar Auxiliary Flow 1.0 L/min
Sample Flow 1 mL/min
Nebulizer Cross-flow
Reading Peak hopping
Resolution Normal
Dwell time 150 ms
Sweeps / Replicates 5
Number of Replicates 5
Calibration Curve Linear through zero
Calibration Points 3 (10 – 50 – 100 µg/L)
Isotopes 79Br, 81Br, 127I

TABLE II
I.C. Instrumental Parameters 

Column AS9-HC
Pre-column AG9-HC
Eluent Na2CO3 9.0 mM
Eluent Flow 1.0 mL/min
Injection Loop 75 µL
Suppressor ASRS-ULTRA
Calibration Curve Quadratic
Calibration Points 7 – with the following ranges:

F   0.25 –   5 mg/L
Cl  0.25 – 10 mg/L 
Br  0.50 – 20 mg/L 

Retention Times F 4.08 min 
Cl 6.92 min
Br 11.12 min

Data Processing Peak Area

TABLE III
GAAM Oven Instrumental Parameters 

Oven Temperature 1080°C
Step 1 Time 180 s

Ar Flow 35 L/h
Oxygen Flow 40 L/h

Cooling Time 60 s
Step 2 Time 300 s

Oxygen Flow 90 L/h
Absorption Solution      Na2CO3 1.8 mM -  NaHCO3 1.7 mM
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reported in Figures 2 and 3 show
good agreement between the
techniques considered. (The
correlation curves in the case of 51
bromine analyses done by IC and
ICP-MS gave a value of R2 = 0.9661
with intercept a= 1.2151 and slope
b= 0.9689; while for 34 iodine
analyses performed by ICP-MS
and NAA, the same statistical
parameters were: R2 = 0.9902,
a= 0.4956, b= 0.9007 and 0.9902).

Method detection limits (MDLs),
calculated as three times the
standard deviation of 10 repeated
analyses of a  blank treated as the
samples, were 0.1 mg/kg for Br and
I, 1 mg/kg for F, and 10 mg/kg for
Cl. These MDLs appear adequate
for the determination of these
elements in many matrices of
environmental interest.

The procedure described in this
paper was adopted to monitor, on a
routine basis, the halogen content
in a series of coals imported to Italy
from different countries. 

The results reported in Tables
VI-IX and the knowledge of the
emission factors reported in the
literature for power plants,

TABLE IV
Comparison Between Chlorine and Fluorine Concentrations (µg/g) 

Certified and Measured After Pyrohydrolysis of Sample and Analysis With Ion Chromatography

CRM                                      Chlorine (µg/g)                                                           Fluorine (µg/g)
Certified Value                   Found Value                    Certified Value            Found Value

NIST 1632b 1260 1192 ± 9 50 ± 6 45.7 ± 3.3
BCR 460 59 ± 8 57 ± 8 225 ± 6 232 ± 9
NIST 1633a < 69 38 ±3 94 ± 20(a) 75 ± 2
MURST-ISS-A1 7385 – 7800 6825 ± 70 - 125 ± 3
NIST 1573 1.07 ± 0.03 (%) 1.03 ± 0.04 (%) 5.5 ± 0.4 5.2 ± 0.2
(a) Value reported from Rice (12) 73 ± 2 µg/g.

TABLE V
Comparison Between Bromine and Iodine Concentrations (µg/g) Certified and Measured 

After Pyrohydrolysis of Sample and Analysis With Ion Chromatography

CRM                                         Bromine (µg/g)                                                             Iodine (µg/g)
Certified Value                   Found Value                     Certified Value            Found Value

NIST 1632b 17 15.2 ± 1.0 –- 1.80 ± 0.05
NIST 1633a 2.3 2.1 ± 0.3 < 4.5 1.5 ± 0.8 
MURST-ISS-A1 34.9 – 50.5 38.2 ± 0.2 34.6 – 42.3 36.0 ± 0.3
NIST 1573 21 ± 2 23 ± 2 0.323 ± 0.058 0.42 ± 0.07

Fig. 1. Control chart for chlorine determination in BCR 460 certified reference
material (certified value 59 ± 8  mg/kg; found value 57 ± 8  mg/kg; mean and
standard deviation were obtained on 15 different working days).
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equipped with different post-
combustion pollution control
equipment, can be utilized to
predict the halogen emissions
and thus also establish the major
sources of these compounds in the
atmosphere. 

CONCLUSION

The accurate analysis of halogens
in coals and environmental matrices
is a difficult task as evidenced by the
relative lack of data reported in the
literature. 

In this paper, a method has been
described for the determination of
Cl, F, Br, and I in coals, sediment,
and botanic materials.

The method was validated by
analyzing certified reference
materials, evaluating the recoveries
of the analytes in spiked real
samples, and comparing the results
with independent techniques such
as NAA.

The method detection limits
(0.1 mg/kg for Br and I, 1 mg/kg
for F, and 10 mg/kg for Cl) were
adequate for the determination of
these elements in many matrices of
environmental interest.

The procedure described in this
paper was adopted to analyze more
than 200 coals of different origin
and a database of halogen
concentrations is now available.

Received July 29, 2002.

Fig. 2. Bromine - Comparison between I.C. and ICP-MS 
results after hydropyrolytic treatment of coal samples 
(n= 51; a = 1.2151 ; b = 0.9689; R2 = 0.9661).

Fig. 3. Iodine - Comparison between ICP-MS (after 
hydropyrolytic treatment of coal samples) and NAA results 
(n = 34; a = 0.4956; b = 0.9007; R2 = 0.9902).
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TABLE VI 
Fluorine Content of Various Coals Imported to Italy

Place of            Sample           Mean      Standard       Median           Range
Origin                 No.                            Deviation

(mg/kg)    (mg/kg)      (mg/kg)          (mg/kg)

COLUMBIA 15 37 8 36 34–46
POLAND 15 91 17 83 61–107
USSR 8 122 10 119 115–139
SOUTH AFRICA 22 241 57 232 175–380
USA 52 63 30 55 36–241
VENEZUELA 8 29 3 27 26–34
TOTAL 120 111 86 66 26–380

TABLE VII
Chlorine Content of Various Coals Imported to Italy

Place of           Sample           Mean       Standard        Median         Range
Origin               No.                              Deviation    

(mg/kg)      (mg/kg)       (mg/kg)         (mg/kg)

CHINA 15 430 7 434 413–456
COLUMBIA 15 255 209 149 70–579
POLAND 15 1089 167 1057 851–1343
USSR 8 70 35 73 29–99
SOUTH AFRICA 23 66 13 61 37–86
USA 113 1347 548 1228 96–2692
VENEZUELA 8 231 116 292 83–295
TOTAL 196 1035 676 1069 29–2692

TABLE VIII
Bromine Content of Various Coals Imported to Italy

Place of         Sample            Mean       Standard        Median         Range
Origin            No.                                Deviation    

(mg/kg)      (mg/kg)       (mg/kg)         (mg/kg)

CHINA 15 4.4 2.1 4.7 2.45–7.21
COLUMBIA 15 2.5 0.7 2.2 1.64–3.92
POLAND 4 11.5 0.7 12.1 10.9–13.3
SOUTH AFRICA 39 1.3 1.0 1.1 0.38–5.8
USA 76 19.9 7.0 17.4 5.1–43.2
VENEZUELA 10 1.8 0.6 1.7 1.65–3.11
TOTAL 159 11.6 9.9 11.5 0.37–42.5

TABLE IX
Iodine Content of Various Coals Imported to Italy 

Place of         Sample            Mean       Standard        Median         Range
Origin            No.                                Deviation    

(mg/kg)      (mg/kg)       (mg/kg)         (mg/kg)

CHINA 15 2.9 2.9 2.9 0.78–5.3
COLUMBIA 15 1.1 0.4 0.8 0.85–1.63
POLAND 4 4.1 2.9 2.5 2.3–7.7
SOUTH AFRICA 28 1.2 0.8 1.1 0.15–2.76
USA 86 3.1 1.7 2.6 0.38–12.8
VENEZUELA 10 1.8 0.8 1.5 0.9–3.8
TOTAL 158 2.8 1.7 2.4 0.15–12.8
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Marine Sediment Analysis Using Inductively Coupled
Plasma Optical Emission Spectrometry
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INTRODUCTION

For geological and environmental
studies, it is important to know the
composition and contamination of
marine sediments. Due to the
complexity of the sample matrix,
several methods of sample
decomposition have been studied
and proposed. In some cases,
incomplete sample decomposition
may occur, lowering precision,
accuracy, and analytical results
(1–3).

Methods using acid
decomposition and heating in open
flasks (4), polytetrafluorethylene
(3,5) (PTFE) closed vessels under
pressure (pumps), and microwave
oven (2,6) have largely been
employed. For trace element
determination, sample
decomposition in closed vessels
is recommended in order to avoid
analyte losses and contamination.
In these methods, used for marine
sediment decomposition, problems
such as analyte volatilization,
precipitation, and incomplete
sample solubilization may occur
(1). When acid digestion is used,
solubilization efficiency depends
on the sediment sample
characteristics, acid type, acid
mixture, and temperature (1,7).
The extraction of some elements
such as Fe, Cr, Ti, Mg, and Al from
sediments is sometimes difficult
as they are present as oxides,
phosphates, and silicates which
are refractory species (2,3). Due
to this fact, alkaline fusion may be
necessary for complete sample
solubilization in order to obtain
accurate results.

ABSTRACT

A method is described for the
ICP-OES determination of Al, As,
Cd, Co, Cr, Cu, Ba, Fe, Mn, Ni,
Pb, V, and Zn in marine
sediments. An ICP-OES
instrument equipped with a
dual-view plasma torch was
used. This technology allows the
determination of trace elements
in the axial view mode along
with major components in the
radial view. The radial and
axial views and the sample
preparation procedure as acid
digestion and alkaline fusion
were investigated in order to
obtain accurate results for all
analytes. External calibration
was used to determine the
analytes in sample acid digestion
or in alkaline fusion sample
solution. For Cd determinations,
matrix matching with As and V
was used. More precise and
accurate results for Ba and Al
were found when the sediment
was fused instead of acid-
digested. Sample solutions
containing a high content of
acids (HCl, HF, and HNO3)
and dissolved solids (provided
by alkaline fusion) could be
analyzed. However, some
analytes could only be correctly
determined using the radial view
mode. Parameters like LOD
(limits of detection) and % RSD
(relative standard deviation) are
presented. The method was
applied to the analysis of real
marine sediment samples.

Several spectroscopic
techniques have been used for the
determination of trace and major
elements in marine sediments.
Among the most used
spectroscopic techniques are
inductively coupled plasma mass
spectrometry (ICP-MS) (8,9),
inductively coupled plasma optical
emission spectrometry (ICP-OES)
(9,10), flame atomic absorption
spectrometry (FAAS) (11), graphite
furnace atomic absorption
spectrometry (GFAAS) (12,13),
and X-ray fluorescence (XRF) (14).
ICP-MS and GFAAS have been the
most selected techniques for trace
element determination in
environmental samples. ICP-MS,
due to its multielement detection
feature, low spectral interferences
for a great number of elements,
large dynamic calibration range,
and high sensitivity, is the preferred
technique. The use of ICP-OES for
trace element determination is also
reported (9,10). With the more
recent ICP-OES instruments using
charge coupled device detectors
(CCD) with automatic dual view, it
is possible to obtain low limits of
detection (LOD). The quantum
efficiency achieved with CCD
is higher than it is for the
photomultipliers (PMT), thus
improving sensitivity. When using
axial view, the sensitivity may also
be improved but matrix effects are
more pronounced in comparison to
radial view. However, as reported
(15–17) this matrix effect may be
minimized by using robust plasma
conditions such as high power and
low nebulizer gas flow rates.
Besides, in comparison to ICP-MS,
ICP-OES is less prone to matrix
interferences. Therefore, it is
possible to introduce relatively
concentrated acid mixtures into
the plasma (7) as well as solutions
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containing high amounts of
dissolved solids since a feasible
system for sample introduction is
also available.

The main purpose of this work
was to develop a method for As, Co,
Cr, Cu, Ni, Pb, V, Al, Fe, Cd, Zn, Mn,
and Ba determination in marine
sediments by ICP-OES. Various
sample decomposition methods
were investigated as well as
instrumental parameters. 

EXPERIMENTAL 

Intrumentation

All determinations were
performed using the scanning
Optima™ 2000 DV ICP-OES
(PerkinElmer, Shelton, CT, USA)
equipped with a three-channel
peristaltic pump. The parameters
used are listed in Tables I and II.
These parameters were optimized
or used as recommended by the
instrument manufacturer. 

Reagents and Standard Solutions 

All reagents used were of
analytical grade. The acids used
were 65% (v/v) HNO3, 37% (v/v)
HCl, 40% (v/v) HF, and 30% (v/v)
H2O2 (Merck,  Darmstadt, Germany).
HNO3 and HCl, doubly distilled in
sub-boiling quartz steam (Hans
Kürner, Rosenheim, Germany),
were used for sample decomposition
and calibration solutions. Milli-Q™
(Bedford, MA, USA) water
(resistivity of 18.2 MΩ.cm) was
used for all solutions and for sample
preparation. This water was also
used to rinse the vessels used to
store the solutions for samples.
Calibration solutions were prepared
by dilution of a multielement 1000
mg L-1 (ICP - IV from Merck) stock
solution or from 1000 mg L-1

single-element stock solutions
(Titrisol®, Merck) mixed with
5% (v/v) HNO3 solution. For alkaline
sediment fusion, Na2B4O7 • 7H2O
(Merck) was used. 

All glassware and labware
used to store the solutions were
decontaminated with 10% (v/v)
HNO3 solution for 72 h. Agate
mortars, polyethylene dishes, and
nylon sieves were decontaminated
by immersing them in 1% (v/v)
HNO3 for 24 h. After immersion in
the acid solutions, all materials
were thoroughly washed with
distilled water and rinsed with

Milli-Q water. The polyethylene
flasks used to store the sediment
samples and their solutions were
previously decontaminated following
this procedure: (a) mixing solution
with 50% (v/v) HNO3 solution and
left standing for 1 week, (b) mixing
with 3% HNO3 (v/v) and left
standing for 1 week, (c) washing
with distilled water and rinsing with
deionized water, and (d) drying in a
Class 100 clean room at room

TABLE I
Instrumental Operating Conditions

Plasma power 1300–1500 W Resolution High
Plasma gas flow 15 L min-1 Spectral profiling No
Auxiliary gas flow 0.2 L min-1 Integration time auto, 

min. 1 sec, max. 5 sec 
Nebulizer gas flow* 0.6 L min-1and Read delay 10 sec

0.7 L min-1

Nitrogen purge normal Sample flow 2.5 mL/min
Height of 
observation 15–16 mm Sample flush 10 sec

Nebulizer GemCone™ Injector Alumina 
(aluminum oxide) 2 mm

Nebulizer chamber Scott (Ryton®) Replicates 2
Processing mode Area (7 points Background 

per peak) correction Two points
*For Ba and Cd determinations, a flow rate of 0.80 L min-1 was used;
0.6 L min-1 using axial view and 0.7 L min-1 using radial view.

TABLE II
Spectral Lines, Calibration Solutions Concentration, and Background

Correction 

Analyte       Spectral        View                 Range of               Background
line                               concentrations*           correction
(nm)                                     (µg L-1)               BCG1     BCG2

As( I ) 188.979 Axial 20 - 100 -0.010    0.022
Co( II ) 231.161 Radial 20 - 100 -0.009    0.010
Cr( II ) 267.716 Radial 50 - 400 -0.019    0.026
Cu( I ) 324.752 Radial 40 - 150 -0.020    0.021
Ni( II ) 231.604 Axial/Radial 50 - 250 -0.013    0.016
Pb( II ) 220.353 Axial/Radial 50 - 200 -0.016    0.016
V( II ) 292.464 Radial 100 - 500 -0.029    0.026
Al( I ) 396.153 Radial 2000 - 10000 -0.043    0.043
Fe( II ) 239.562 Axial/Radial 2000 - 10000 -0.014    0.021
Cd( II ) 228.802 Radial/Axial 1.0 – 8.0 -0.012    0.007
Zn( I ) 213.857 Axial/Radial 50 - 150 -0.045    0.045
Mn( II ) 257.610 Axial/Radial 50 - 250 -0.028    0.026
Ba( II ) 455.403 Radial 100 - 500 -0.056    0.039
*Calibration Equations: linear through 0 for all elements.
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temperature. The Pt crucibles used
for alkaline fusion were washed
by immersion in 50% (v/v) HCl
solution and heating at about 90oC
for 5 h.

Sample Preparation

Certified marine sediment
sample PACS 2 from the National
Research Council of Canada
(NRCC) and real marine sediment
samples from Rio de Janeiro, Brazil,
were analyzed. All samples were
prepared in a Class 100 clean room.
The certified sample was analyzed
as received, while the real samples
were prepared according to the
following procedure: (a) sample the
sediment at a depth of about 900 m,
(b) sub-sample the sediment using
a decontaminated polyethylene
spatula, (c) place about 200 g of
the sediment in a decontaminated
250-mL polyethylene flask; (d) cap
the flask and freeze the sample at
about –4oC, (e) transport the
sample to the laboratory, (f)
unfreeze the sample, open the flask,
and let it stand in order to dry the
sediment at room temperature, (g)
grind the sample in an agate mortar
to pass through a 2-mm nylon sieve,
(f) sub-sample about 20 g of the
sediment using a decontaminated
polyethylene spatula and a
decontaminated polyethylene dish,
(g) grind the sub-sample in an agate
mortar in order to pass through a
100-mm nylon sieve, and (h) store
the sample in a decontaminated
30-mL capped polyethylene flask.

Three acid mixtures were
investigated for the sediment
sample digestions, as shown in
Table III. A 0.200-g sample was
placed into a PTFE pump together
with an acid mixture using the
same addition order as described
in Table III for each mixture.
Subsequently, the flask was capped
and placed on a digestion block at
a temperature of 160oC for 12 h.
Then, the digestion block was
turned off and the solution left
standing to achieve room

temperature. Then, the flask
was opened, the sample solution
transferred to a graduated
polyethylene flask, and filled to
50-mL volume. Arsenic, Cd, Pb,
Cr, Ni, Cu, Cr, Zn, and V were
determined directly without further
sample dilution. A 20 times dilution
with water was used for the Ba, Al,
Fe, and Mn determinations as the
concentration of these elements is
relatively high in the samples. All
samples as well as blanks were
analyzed in triplicate.

In the alkaline fusion procedure,
0.200 g of the sample was placed
in a Pt crucible followed by the
addition of 1 mL HNO3. The
crucible was placed on a hot plate
and heated in order to evaporate
the acid. Then, 2 mL of HF was
added and also evaporated.
Subsequently, 2 g of Na2B4O7 .
7H2O was added and the crucible
placed in a muffle. Then, the
sediment sample was fused at
1000oC for a 2-hour period. A
transparent melt was produced
which was removed by immersing
the crucible at room temperature
into 10% (v/v) HCl solution and
heating to about 90oC. Once the
melt was solubilized, the crucible
was taken out of the sample
solution. This solution was
evaporated to about 10 mL and
transferred to a graduated
polyethylene flask containing 1 mL
HNO3. The sample solution was
diluted 20 times with water prior
to introduction into the plasma.

RESULTS AND DISCUSSION

Initially, the plasma power,
nebulizer gas flow rate, and
observation height were optimized.
The signal intensities of the
elements As, Ni, Zn, Co, Pb, and
Ba, present in the certified acid-
digested sample, were measured
and the results are shown in Figures
1 and 2. Of the elements
investigated, As, Ni, Zn, Co, Pb,
and Ba were selected for parameter
optimization since they cover a
large range of excitation and
ionization energies (18). As shown
in Figure 1, the best observation
height and nebulizer gas flow rate
with axial view was found to be 15
mm and 0.6 mL min-1, respectively.
These parameters were adopted for
further measurements. 

Because the signal intensity
was higher for Ba, a 0.8 mL min-1

nebulizer gas flow rate was
selected. It can therefore be stated
that a higher aerosol introduction
into the plasma is tolerated for Ba
since it is one of the most easily
ionizable and excited element. With
regard to As, the observation height
influence on its signal intensity was
low and 15 mm was feasible as well
as verified for the other elements. 

As can be seen in Figure 1, a
plasma power of 1300 W was
sufficient since no significant signal
increase was observed at 1500 W.
However, for Cd (not shown in
Figure 1) whose concentration is
very low in the sample, 1500 W
was adopted in order to obtain the
highest signal. By comparing Figure
1 (using axial view) with Figure 2
(using radial view) it can be seen
that the influences of nebulizer gas

TABLE III
Acid Mixtures for Sample Digestion

Method Acid Mixture

Digestion 1 Mixture 1 = 7 mL HNO3+ 6 mL HF + 0.5 mL H2O2

Digestion 2 Mixture 2 = 7 mL HNO3+ 6 mL HF +3 mL HCl

Digestion 3 Mixture 3 = 5 mL HNO3+ 5 mL HF +5 mL HCl
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Fig. 1. 
Analyte signals in marine sediment PACS -2 using axial
view; the acid-digested solution sample was 5 times diluted
for Ba and 2 times diluted for the other analytes. The scale
on the left is for Ni, As, Co, and Pb, whereas the right signal
refers to Ba and Zn. 

and power on the analyte signals
are almost similar. In the case of the
nebulizer gas, a flow rate of 0.7 mL
min-1 was found to provide the
highest signals for almost all
analytes using radial view, and
slightly superior signals at a flow
rate of 0.6 mL min-1 using axial
view. The Ba signal is higher at
higher flow rates using both torch
views. With regard to observation
height, it was found that distance
has little influence on the analyte
signals using radial view. Based on
the results obtained in Figure 2 and

the results obtained for the other
analytes not presented in that
figure, an observation height of
16 mm was established for use with
radial view.

After optimization of the
parameters as shown in Figures 1
and 2, the certified sample PACS-2
was analyzed employing the
digestion methods described in
Table III. Initially, the use of axial
view was investigated for all analyte
determinations. According to Table
IV, no accurate results were
obtained for almost all analytes

using digestion method 1. However,
significant improvements were
observed using radial view and
method 1. Using digestion methods
2 or 3 and radial view, even better
results were obtained for almost all
analytes. It was also observed that
for As, Cd, Ni, Pb, Fe, Zn, and Mn,
both radial and axial view can be
used. In the case of As determination,
which has a low signal intensity in
the analyzed sample mainly due to
the element characteristics, the
axial view was adopted as indicated
in Table I. Table IV shows that for
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Fig. 2. 
Analyte signals in marine sediment PACS -2 using radial
view; the acid-digested solution sample was 5 times
diluted* and 2 times diluted for other analytes. For scale
adjustment, the signals of As and Co were multiplied by 2.
The scale on the left is for Ni, As, Co, and Pb, whereas the
scale to the right refers to Ba and Zn.

*The final sample solution (50 mL in a polyethylene
volumetric flask) was diluted again prior to its
introduction into the plasma (just for scale adjustment in
the graphic). So, when we look at the signal intensities, we
must consider that the sample was diluted (as the sample
was diluted, the real signals are higher than the ones
presented in Figures 1 and Figure 2).

under 10% for all analytes with the
exception of Al. It was observed
that accurate Cd results using any
sample preparation method and
both observation views were only
obtained using As and V matrix
matching due to spectral
interferences. An alternative Cd
spectral line was investigated
(226.502 nm) but it was also
impossible to measure the analyte
due to Fe spectral interferences.
Consequently, the more sensitive
Cd spectral line (228.802 nm) was
chosen and matrix correction used.  

Co the measured concentrations
are always higher than the certified
ones using axial view. On the other
hand, the measured Co concentration
is slightly lower when using radial
view, but the error is low. More
robust plasma conditions and other
spectral lines were investigated for
Co determination but it was not
successful. Internal standard
calibration was not investigated due
to the matrix characteristics, which
may contain the element used as
internal standard. However, using
digestion methods 2 or 3 and radial
view, the error was found to be

Since no accurate results were
obtained for Al and the standard
deviations for Ba were high, maybe
due to analyte precipitation or
incomplete sample solubilization,
alkaline sample fusion was
investigated. As shown in Table V,
better results were obtained for Al
and Ba using the fusion method,
which shows that the marine
sediment is not always completely
solubilized in relation to these two
elements using acid digestion. All
analytes were measured in the
solution of the fused sample, but
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TABLE IV
Analysis of Certified Marine Sediment Using Different Acid Digestion Mixtures (see Table III)

Results in µg g-1 and the spectral lines as listed in Table II were used.

As none 26.2 ± 1.5 30.9 ± 8.0 23.2 ± 1.2 26.0 ± 1.7 26.0 ± 1.1 28.8 ± 1.7 27.4 ± 3.5

Co none 11.5 ± 0.3 14.5 ± 0.7 8.17 ± 0.1 14.0 ± 0.8 9.8 ± 0.4 13.5 ± 0.3 9.6 ± 0.4

Cr none 90.7 ± 4.6 105 ± 2.2 91.1 ± 0.9 106 ± 5.6 95.1 ±7.1 103 ± 1 101 ± 2

Cu none 310 ± 12 391 ± 51 292 ± 1 377 ± 11 312 ± 13 340 ± 7 287 ± 5

Ni none 39.5 ± 2.3 43.8 ± 2.9 36.6 ± 1.7 40.5 ± 2.5 39.2 ± 2.3 40.3 ± 0.5 37.5 ± 0.1

Pb none 183 ± 8 203 ± 22 147 ± 6 208 ± 15 172 ± 15 193 ± 1 188 ± 9

V none 133 ± 5 155 ± 9 129 ± 1 147 ± 8 141 ± 2 143 ± 2 140 ± 1

Ala 20 times 6.62 ± 0.32 5.07 ± 0.5 4.55 ± 1.0 4.12± 0.81 5.61 ± 0.3 3.41± 0.20 3.78 ± 0.2

Fea 20 times 4.09 ± 0.06 3.56 ± 0.2 3.56 ± 0.2 4.03 ± 0.1 4.0 ±. 0.1 3.99± 0.10 3.95 ± 0.1

Cd none 2.11 ± 0.15 1.98± 0.21 2.27± 0.12 2.71± 0.31 2.11±0.13 2.17± 0.10 2.35±0.13

Zn noneb 374 ± 23 332 ± 2 328 ± 17 362 ± 28 361 ± 31 353 ± 6 347 ± 16

Mn 20 times 440 ± 19 351 ± 35 354 ± 31 372 ± 16 412 ± 2 421 ± 3 429 ± 4  

Ba 20 times – 324 ± 10 412 ± 107 792 ± 166 893 ± 153 186 ± 13 219 ± 17
a Results are in % (w/w); the uncertainties are the standard deviations of 3 replicate measurements. 
b 20 times diluted when alkaline fusion was used.

TABLE V
Analysis of Certified Marine Sediments Using Alkaline Fusion 
Results in µg g-1 and the spectral lines listed in Table II were used.

Analyte View Sample Certified Found
Dilution

Ala Radial 20 times 6.62 ± 0.32 6.25 ± 0.15
Fea Radial 20 times 4.09 ± 0.06 4.01 ± 0.09
Zn Radial 20 times 374 ± 23 413 ± 26
Mn Radial 20 times 440 ± 19 428 ± 5
Ba Radial 20 times – 937 ± 4

a Results are in % (w/w); the uncertainties are the standard deviations 
of 3 replicate measurements.

good results were only found for Al,
Ba, Mn, Fe, and Zn using radial
view. In this case, the use of axial
view was not investigated in order
to improve sensitivity due to the
fact that Al, Ba, Mn, Fe, and Zn
concentrations are relatively high in
marine sediments. As expected, the
alkaline fusion method, using open
flasks, is not feasible for trace
element determination mainly due
to the high blank signal observed
and analyte losses. Therefore, the
analytes can be put into two groups
for determination: As, Co, Cd, Cr,

Ni, Pb, Cu, and V in the solution
of the sample solubilized using
method digestion 2 (Table III)
and Al, Fe, Zn, Mn, and Ba in the
solution of the alkaline sample
fusion. The observation view as
listed in Table II should be
selected. Since only radial view
was investigated for Al, Fe, Zn, Mn,
and Ba determinations in the
solution of the fused sample, this
observation mode is recommended.
However, if one decides to
determine Zn, Mn, and Fe in the
solution of the acid-digested sample

by using method 2 (Table III), then
both the radial and axial view can
be used.

The limits of detection (LOD,
3 � of 10 consecutive sample blank
runs) and the relative standard
deviations (% RSD) of 10 consecutive
sample runs using the optimized
method are described in Table VI.
All analytes were measured in the
solution of the solubilized sample
using method digestion 2 (Table
III). Al, Fe, Zn, Mn, and Ba were
also measured in the solution of the
fused sample. The results in Table

Sample
Dilution

Analyte Certified Axial
View

Radial
View

Axial
View

Radial
View

Axial
View

Radial
View

Mixture 1 Mixture 2 Mixture 3
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TABLE VI
Figures of Merit of the Proposed Method 

Results in µg g-1.

LOD 1.68 2.76 0.62 2.06 0.84 2.21 0.78 0.86 0.057 0.01 0.03 0.002 0.004
*0.18 *0.01 *0.82 *0.005 0.035

%RSD 4.62 6.12 2.79 2.56 4.34 3.21 2.29 2.01 5.80 1.93 1.04 1.18 2.12
*2.08 *2.04 *1.10 *0.098 *2.15

View of observation: axial for As and radial for all other analytes. 
*For the fused sample.
LOD= limit of detection (for all procedures).
%RSD= relative standard deviation.

TABLE VII
Real Marine Sediment Sample Analysis

Results in µg g-1 and spectral lines according to Table II were used.

Sample Sample Sample Sample Sample Sample Sample         Sample
Analyte 1                    2                      3                      4                     5                     6                    7                   8

As 26.1± 0.14 30.4 ± 1,6 24.3 ± 1.8 50.2 ± 2,2 42.5 ± 3.7 36.2± 1.6 33.7 ± 1.2 34.4 ± 1.3

Co 9.80 ± 0.4 11.2± 0.08 9.72± 0.05 11.7± 0.30 10.8± 0.5 11.1±0.37 11.1±0.18 11.4± 0.40

Cr 75.9 ± 2.7 78.7 ± 1.6 68.6 ± 1.2 78.2 ± 3.0 81.0 ± 12 69.8 ± 5.4 69.6 ± 0.9 68.7 ± 1.7

Cu 16.9 ± 1.0 21.1 ±0.20 17.3 ±0.73 21.9 ± 1.5 20.6±0.30 22.2±0.85 22.8 ±0.55 21.7±0.27

Ni 33.7 ± 1.5 34.6 ±0.80 28.0 ± 1.8 36.8 ±0.87 36.1 ± 3.8 38.5 ± 1.4 38.9 ±0.73 37.2±0.86

Pb 28.6 ± 1.2 28.7 ±0.05 28.0 ±1.8 32.0 ± 1.0 28.4 ±1.3 27.1 ±1.3 30.7 ±0.83 28.1 ±1.6

V 98.4 ± 2.3 109 ± 1 96.2 ± 2.0 113 ± 4 105 ± 1 109 ± 4 116 ± 25 111 ± 2

Ala 4.86±0.32 2.25±0.09 1.74±0.01 2.46±0.01 2.31±0.07 4.85±1.36 4.05±0.14 3.36±0.26

Fea 3.04± 0.05 3.27± 0.03 2.61± 0.04 3.57±0.19 3.43±0.01 4.25±0.30 3.66±0.13 3.92±0.14

Cd 0.29±0.05 0.37± 0.01 0.25± 0.02 0.42± 0.08 0.34±0.06 0.34±0.02 0.33±0.01 0.34±0.05

Zn 66.0 ± 2.9 71.0 ±0.60 59.7 ±0.30 70.5 ± 1.5 66.7±0.61 71.8 ± 3.0 70.1 ±0.25 69.6 ± 4.4

Mn 614±19 620±11 478±3.0 1386±58 1172±16 396±27 1258±7.0 862±21

Ba 410± 17 206± 6 206± 23 239± 15 221± 12 219± 18 368± 20 241± 28

a Results are in % (w/w); the uncertainties are the standard deviations of 3 replicate measurements.
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VI show that precision is good
since the RSD is lower than 5%
for all analytes. Detection limits
are also good, demonstrating the
method’s applicability for trace
element determination in marine
sediments.

The proposed method was also
applied to the analysis of real
samples and the results are listed
in Table VII. It can be seen that
the method is feasible for the
determination of all analytes in
real marine sediment samples.

CONCLUSION

The results obtained
demonstrate that using axial
and radial view provides good
analytical results in the ICP-OES
determination of trace and major
elements in marine sediment
samples. External calibration
can be used to determine all
investigated analytes. With
the GemCone™ nebulizer
(PerkinElmer), alumina injector,
and Ryton® Scott spray chamber
introducion of concentrated
solutions into the plasma is
possible, even when high amounts
of the corrosive HF are present.
The best sample decomposition
method for Al and Ba determination
is alkaline fusion, whereas acid
digestion using a mixture of HF,
HCl, and HNO3 under pressure
provides best results in the
determination of As, Co, Cr, Cu, Ni,
Pb, V, Fe, Cd, and Zn. Iron, Zn, and
Mn can also be determined using
alkaline fusion.

Received July 24, 2002.

REFERENCES

1. Yun-chang Sun, Po-hsiang Chi, and
Mei-yun Shiue, Anal. Sciences 17,
1395 (2001).

2. M. Bettinelli, G.M. Beone, S. Spezia,
and C. Baffi, Anal. Chim. Acta 424,
289 (2000).

3. W. Diegor, H. Longerich, T. Abra-
jano, and I. Horn, Anal. Chim. Acta
431, 195 (2001).

4. C.R. Khorge, P. Chakrabarty, and R.
Saran, At. Spectrosc. 21(6), 220
(2000).

5. R. Lara, R.A. Olsina, E. Marchevsky,
J.A. Gásquez and L.D. Martinez, At.
Spectrosc. 21(5), 172 (2000).

6. V.L. Dressler, D. Pozebon, and A.J.
Curtius, Spectrochim. Acta B, 1527
(1998).

7. Khakhathi L. Mandiwana, J. Anal. At.
Spectrom. 15, 1405 (2000).

8. D. Pozebon, V.L. Dressler, and A.J.
Curtius, Talanta 51, 903 (2000).

9. Rong Wei and Hiroki Haraguchi,
Anal. Sciences 15, 729 (1999).

10. K. Mitko and M. Bebek, At.
Spectrosc. 21(3), 77 (2000).

11. R. Klockenkamper, F. Alt, and R.
Brantd, J. Anal. At. Spectrom 16
(6), 658 (2001)

12. G.A. Zachariads, A.N. Anthemedis,
I. Caniou, and J.A. Strates,
International Journal of
Environmental Analytical
Chemistry 80 (3), 153 (2001). 

13. P. Bermejo Barrera, M.C. Barciela
Alonso, J.M. Moreda Pineiro,
C. Gonzalez Sixto, and
A. Bermejo Barrera, Spectrochim.
Acta B, 51 (9-10), 1235 (1996).

14. R.S. Atgin, O. El-Algha, A. Zararsiz,
A. Kocatas, H. Parlak, and G.
Tuncel, Spectrochim. Acta B 55,
1151 (2000).

15. J.C. Ivaldi and J. F. Tyson,
Spectrochim. Acta B 50, 1207
(1995).

16. M. Stepan, P. Musil, E. Poussel, and
J.M. Mermet, Spectrochim. Acta B
56, 443 (2001).

17. M. Chausseau,  E. Poussel, and J.M.
Mermet, Fresenius’ J. Anal Chem.
370, 341 (2001).

18. X. Romero, E. Poussel, and J. M.
Mermet, Spectrochim. Acta B 52,
495 (1997).



119Atomic Spectroscopy
Vol. 23(4), July/August 2002

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

Matrix Effects of Tantalum in the Determination of Cr,
Fe, Nb, Ni, and Ti in Tantalum Powder Using ICP-OES 

G. Anil, *M.R.P. Reddy, Arbind Kumar, and T.L. Prakash 
Centre for Materials for Electronics Technology (C-MET)

IDA, Phase-II, HCL Post, Cherlapalli
Hyderabad - 500 051, India

ABSTRACT 

Inductively coupled plasma
optical emission spectrometry
was applied to the determination
of trace impurities in tantalum
powder. The matrix effects of
tantalum in the determination of
trace level impurities such as Cr,
Fe, Nb, Ni, and Ti were studied
by measuring the intensities of
each trace element in solution at
various concentrations of tanta-
lum. As the concentration of the
interfering element increased, the
trace sensitivity decreased similar
to a linear decay, except for iron
which showed a slight enhance-
ment. The relative standard inten-
sities of analytes in the tantalum
matrix were calculated from
1000 to 20,000 mg/L tantalum
solutions. The spectral line pro-
file of the trace elements and the
interference effects of tantalum at
different concentrations are pre-
sented and discussed.

INTRODUCTION

Inductively coupled plasma
optical emission spectrometry
(ICP-OES) is a widely used
instrumental technique for the
determination of a large number of
analytes at different concentration
levels. ICP-OES offers high sample
throughput with a wide dynamic
range and is relatively free from
matrix interferences. A limiting
factor of the technique which
affects trace elemental analysis in
the presence of complex matrices
is due to the transfer of main matrix
elements to the plasma at the same
rate as that of the trace. This can
result in changes in the plasma;
thus adversely influencing
the analysis. 

Several research groups have
conducted studies on the matrix
interference effect, but the matrix
elements studied have been
restricted to alkali metals (1–9).
In terms of mechanisms, matrix
effects are due to ionization
suppression by an excess of
electrons from the easily ionizable
elements (alkali metals) by
increasing collision excitation as a
result of the increased number of
high-energy electrons. In the case
of transitional elements (10,11),
both atomic and ionic lines are
suppressed in intensity in the
presence of the interferent. This
is due to ambipolar diffusion, a
mechanism brought about by
electrons diffusing radially out of
the central channel. This would
tend to drag positive ions away
from the center to cause a
reduction in the number of analyte

ions and, therefore, decrease
analyte emission intensity in this
region. 

C-MET, Hyderabad, is actively
involved in the preparation of low
and high voltage capacitor-grade
tantalum powder through solvent
extraction and sodium reduction
routes. Analysis of tantalum powder
is routinely carried out using
ICP-OES and many interferences are
seen during the determination of
Cr, Fe, Nb, Ni, and Ti. The present
analytical work will be vital in
regard to tantalum capacitor
performance and applications. 

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 (ICP-OES) (Jobin
Yvon, France). A cross-flow type
nebulizer was used for pneumatic
nebulization. The instrumental
parameters are given in Table I. 

Reagents and Standard Solutions

All chemicals used were of
Suprapur® grade (Merck). The
single elemental standard solutions
were of Merck grade. The distilled
deionized water used was prepared
using the Nanopure system
(Barnstead, USA). 

Experimental Procedure

Tantalum powder was dissolved
in a mixture of HF + HNO3 and
appropriate concentrations
(ranging from 1000 to 20,000
mg/L) were prepared. Trace
element standard solutions were
mixed into the tantalum solution.
To overcome analytical bias due to
possible contamination of traces in
the matrices, the matrix solution
was analyzed as a blank for all trace
element studies.

RESULTS AND DISCUSSION

Matrix-free Line Selection

The spectral interferences that
commonly accompany the selection
of analyte peaks are coincident line
overlap, wing overlap from a
much more intense line nearby,
and broad-band background
enhancement or background shift.
These types of interferences can
cause an added interference effect
on the calibration function. In
absolute terms, the bias caused by
the tantalum concentration is
independent of the analyte
concentration. 
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Complex spectra are most
troublesome during analysis when
produced by the major constituent
(i.e., tantalum) because spectral
lines from tantalum tend to overlap
lines of the analytes or traces. Line
profiling was performed for each
element and profiles of 1 mg/L Cr,
Fe, Nb, Ni, and Ti standards were
plotted and overlapped with 1000
mg/L tantalum individually. The
spectral interference of tantalum
on Cr, Fe, Nb, Ni, and Ti is given in
Table II.

Chromium Lines

For selecting a chromium line
free of tantalum interference, 12
high sensitivity lines were selected
(12,13). Of the 12 lines, three lines
(266.602 nm, 276.654 nm, and
284.984 nm) had a direct tantalum
overlap, and two lines (284.352 nm
and 286.511 nm) had a wing
overlap of tantalum.

The spectral interference-free
lines were 205.552 nm, 206.149
nm, 206.542 nm, 267.716 nm,
283.563 nm, 286.257 nm, and
286.674 nm. 

Iron Lines

Fourteen high sensitivity lines
were selected (12,13). Of 14 lines
selected, seven lines (234.349 nm,
234.810 nm, 238.204 nm, 240.488
nm, 259.940 nm, 261.187 nm, and
275.574 nm) had a direct tantalum
overlap and five lines (233.280 nm,
238.863 nm, 239.562 nm, 263.105
nm, and 273.955 nm) had a wing
overlap of tantalum. The spectral
interference-free lines were
258.588 nm and 274.932 nm. 

Niobium Lines

Twelve high sensitivity lines
were selected (12,13). Of 12 lines
selected, seven lines (271.622 nm,
287.539 nm, 292.781 nm, 309.418
nm, 313.079 nm, 319.498 nm, and
322.548 nm) had a direct tantalum
overlap and three lines (210.942
nm, 269.706 nm, and 272.198 nm)
had a wing overlap of tantalum.

TABLE I
ICP-OES Instrumental 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

TABLE II
Spectral Interference of Tantalum on 

Cr, Fe, Nb, Ni, and Ti Wavelengths
(1 mg/L of Cr, Fe, Nb, Ni, and Ti lines overlapped 

with 1000 mg/L of tantalum)

Wavelengths   Wavelengths    Wavelengths    Wavelengths     Wavelengths
Cr                    Fe                     Nb                    Ni                      Ti

205.552 nm* 233.280 nm> 210.942 nm< 216.556 nm^ 308.802 nm^

206.149 nm* 234.349 nm^ 269.706 nm< 217.467 nm^ 323.452 nm^

206.542 nm* 234.810 nm^ 271.662 nm^ 221.647 nm^ 323.657 nm*

266.602 nm^ 238.204 nm^ 272.198 nm< 225.386 nm^ 323.904 nm^

267.716 nm* 238.863 nm< 287.539 nm^ 227.021 nm * 334.904 nm^

276.654 nm^ 239.562 nm<> 288.318 nm* 230.300 nm^ 334.941 nm^

283.563 nm* 240.488 nm^ 292.781 nm^ 231.604 nm^ 336.121 nm*

284.325 nm<> 258.588 nm* 295.088 nm* 232.003 nm<> 337.280 nm*

284.984 nm^ 259.940 nm^ 309.418 nm^ 234.554 nm^ 338.376 nm^

286.257 nm* 261.187 nm^ 313.079 nm^ 341.476 nm* 368.520 nm*

286.511 nm> 263.105 nm<> 319.498 nm^ 352.454 nm^ -----

286.674 nm* 273.955 nm< 322.548 nm^ ---- -----

----- 274.932 nm* ----- ------ -----

----- 275.574 nm^ ------ ------ -----

*     :  No tantalum line overlap present in the vicinity of ±0.05 nm.
^    :  Direct tantalum line overlap.
<>  :  Right- and left-wing overlap of tantalum line.
>    :  Right-wing overlap of tantalum line.
<    :  Left-wing overlap of tantalum line.
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The spectral interference-free lines
were 288.318 nm and 295.088 nm. 

Nickel Lines

Eleven high sensitivity lines were
selected (12,13). Of 11 lines
selected, eight lines (216.556 nm,
217.467 nm, 221.647 nm, 225.386
nm, 230.300 nm, 231.604 nm,
234.554 nm, and 352.484 nm) had
a direct tantalum overlap and
232.003 nm had a wing overlap.
The spectral interference-free lines
were 227.021 nm and 341.476 nm. 

Titanium Lines

Ten high sensitivity lines were
selected (12,13). Of 10 lines
selected, six lines (308.802 nm,
323.452 nm, 323.904 nm, 334.904
nm, 334.941 nm, and 338.376 nm)
had a direct tantalum overlap. The
spectral interference-free lines were
323.657 nm, 336.121 nm, 337.280
nm, and 368.520 nm. 

Tantalum-related Effects

Almost any matrix element can
cause a change in the sensitivity of
a susceptible spectral line. This
effect is related to the ionization
buffering of easily ionizing
elements, such as sodium and
potassium, which cause smaller
effects than some elements with
higher ionization potentials like
tantalum. The effects are rather
complicated and far from fully
characterized. For any trace
element line, the matrix effect
is strongly related to the line
excitation potential and the energy
required to excite the trace element
from its ground state, or a low-lying
energy level, to the excited state.
The analyte lines of Cr, Fe, Nb, Ni,
and Ti have a high line excitation
potential (i.e., the energy required
to raise the analyte atom from its
ground state, or low-lying energy
level, to the excited state) and in
the presence of tantalum are much
more susceptible to matrix effects
in comparison to elements such as

calcium or potassium which have a
low excitation potential.

Nevertheless, a grasp of the
broad aspects is meaningful
because it bears on the conduct of
practical analysis. The influence of
1000 to 20,000 mg/L of tantalum on
1 mg/L of Cr, Fe, Nb, Ni, and Ti
standards was studied.

In the case of chromium, except
for 205.552 nm and 267.716 nm,
other lines had spectral
interferences from a tantalum line
of tantalum concentrations greater
than 2000 mg/L. The 205.552-nm
line showed a decrease in intensity
in the 5–25% range and the
267.716-nm line showed no change
in intensity. Details of these results
are given in Table III. 

In the case of iron, the
258.588-nm line had a spectral
interference from a tantalum line
of tantalum concentrations greater
than 5000 mg/L. The 274.932-nm
line showed an increase in intensity
in the 3–14% range. Details of these
results are given in Table IV.

In the case of niobium, the
288.021-nm line had a spectral
interference from a tantalum line
at tantalum concentrations greater
than 10,000 mg/L. The 295.088-nm
line showed no decrease in intensity.
Details of these results are given in
Table V.

In the case of nickel, the
341.476-nm line had a spectral
interference from a tantalum line at
tantalum concentrations greater
than  5000 mg/L. The 227.021-nm
line showed a decrease in intensity
in the 3–10% range. Details of these
results are given in Table VI.

In the case of titanium, except
for 336.121 nm and 337.280 nm,
other lines had spectral
interference from a tantalum line at
tantalum concentrations greater
than 5000 mg/L. The 336.121-nm
line showed a decrease in intensity
in the 2–4% range and the

337.280-nm line showed a decrease
in intensity in the 2–9% range.
Details of these results are given
in Table VII.

Matrix Factor 

A general matrix factor was
calculated with the help of the
analysis above. With a matrix
factor, the trace element analysis
in tantalum powder can be carried
out with a pure standard rather
than with a standard reference
material (SRM); thus matrix-matching
is not required.

Actual result = Experimental
value x Matrix factor (for
1000–20,000 mg/L tantalum
solutions)

Experimental value is the
results obtained by analyzing the
tantalum solution by ICP-OES.

Matrix factor (M) =100 / 100 ±
increase/decrease in percentage at
different concentrations

Standards in the range of 1 mg/L
(Cr, Fe, Nb, Ni, and Ti) of the
analyte were doped into standard
solutions of tantalum in the range
of 1000, 2000, 5000, 10,000, and
20,000 mg/L, respectively, and the
increase or decrease in percentage
of the analytes was calculated with
respect to a pure standard. 

Comparison of Results 
With a Certified Powder

The method developed was
verified by analyzing 2 g each of
certified tantalum powders
STA-18KT (H.C. Starck GmbH &
Co., K.G., Germany) and FTW-100
(Capacitor-grade powder, China )
dissolved in 100 mL (i.e., 20,000
mg/L of tantalum ). The results are
presented in the Table VIII. In
addition, a 2-g/100 mL of tantalum
powder, spiked with pure standard
solution of 0.25 mg/L and 0.5 mg/L
Cr, Fe, Nb, Ni, and Ti, and the
recovery percentage was calculated
with and without a matrix factor.
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TABLE III
Chromium (1 mg/L) Added to Different Ta Concentrations

Sample   Wavelength     1000 mg/L (S.D)  2000 mg/L (S.D)   5000 mg/L (S.D)   10,000 mg/L (S.D)   20,000 mg/L (S.D)   
No. Ta                       Ta                          Ta                          Ta                         Ta

1. 205.552 nm 0.95±0.010 0.92±0.015 0.88±0.020 0.81±0.020 0.75±0.018

2. 206.149 nm 0.92±0.010 0.82±0.035 0.73±0.021 CR CR

3. 206.542 nm 0.98±0.008 0.83±0.033 CR CR CR

4. 267.716 nm 1.02±0.030 1.01±0.026 0.99±0.025 1.02±0.021 0.99±0.025

5. 283.563 nm 0.98±0.020 0.95±0.022 CR CR CR

6. 286.257 nm 0.93±0.020 CR CR CR CR

7. 286.674 nm 0.91±0.030 0.99±0.031 CR CR CR

(S.D) : Standard Deviation of five readings. 
C.R   : Cannot be resolved at this concentration of tantalum.

TABLE IV
Iron (1 mg/L) Added to Different Ta Concentrations

Sample  Wavelength   1000 mg/L (S.D)    2000 mg/L (S.D)   5000 mg/L (S.D) 10,000 mg/L (S.D)   20,000 mg/L (S.D)
No.                                     Ta                          Ta                          Ta                           Ta                             Ta

1. 258.588 nm 0.84±0.010 0.79±0.02 CR CR CR

2. 274.932 nm 1.01±0.02 0.99±0.02 1.03±0.01 1.07±0.009 1.14±0.009

(S.D) : Standard Deviation of five readings.
C.R   : Cannot be resolved at this concentration of tantalum.

TABLE V
Niobium (1 mg/L) Added to Different Ta Concentrations

Sample   Wavelength       1000 mg/L (S.D)   2000 mg/L (S.D)  5000 mg/L (S.D)    10,000 mg/L (S.D)   20,000 mg/L (S.D) 
No.                                        Ta                        Ta                         Ta                            Ta                            Ta

1.  288.021 nm 1.01±0.002 1.02±0.010 0.99±0.012 0.99±0.010 CR

2.  295.088nm 0.98±0.002 0.99±0.005 0.99±0.003 1.01±0.004 1.00±0.004

(S.D) : Standard Deviation of five readings. 
C.R   : Cannot be resolved at this concentration of tantalum.

TABLE VI
Nickel (1 mg/L) Added to Different Ta Concentrations

Sample    Wavelength     1000 mg/L (S.D)    2000 mg/L (S.D)   5000 mg/L (S.D)  10,000 mg/L (S.D)   20,000 mg/L (S.D)    
No.                                       Ta                        Ta                          Ta                         Ta                           Ta

1. 227.021 nm 0.97±0.010 0.97±0.010 0.95±0.020 0.92±0.025 0.90±0.025

2. 341.476 nm 1.04±0.010 1.08±0.010 CR CR CR

(S.D) : Standard Deviation of five readings. 
C.R  : Cannot be resolved at this concentration of tantalum.
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TABLE VII
Titanium (1 mg/L) Added to Different Ta Concentrations 

Sample    Wavelength   1000 mg/L (S.D)  2000 mg/L (S.D)   5000 mg/L (S.D)   10,000 mg/L (S.D)   20,000 mg/L (S.D) 
No.                                    Ta                         Ta                        Ta                             Ta                            Ta

1. 323.657 nm 0.98±0.010 0.99±0.012 0.98±0.011 CR CR

2. 336.121 nm 1.01±0.008 1.01±0.003 0.98±0.007 0.98±0.02 0.96 ±0.005

3. 337.280 nm 0.98±0.010 0.98±0.005 0.95±0.002 0.92±0.008 0.91±0.005

4. 368.520 nm 0.99±0.010 0.90±0.006 CR CR CR
(S.D) : Standard Deviation of five readings.

C.R  : Cannot be resolved at this concentration of tantalum.

TABLE VIII
Analysis of Certified Powders

(Results in mg/L)

Sample    Elements    Wavelength     Certified Values   Experimental Results  Certified Values   Experimental Results
No.                                                    (STA-18KT)          X Matrix Factor           (FTW-100)            Matrix Factor

(STA-18KT)                                               (FTW-100)

1. Chromium 267.716 nm <2.0 1.62 X 1 =1.62 9 8.67 X 1 = 8.67

2. Iron 274.932 nm  7.0 8.05 X 0.925 = 7.43 24 26.5 X 0.925 = 24.51

3. Niobium 295.088 nm <1.0  0.66 X 1 = 0.66 N.R 0.88 X 1 = 0.88

4. Nickel 227.021 nm 6.0 5.50 X 1.11 = 6.10 10 9.41 X 1.11 = 10.44
N.R:  Values not reported. 

TABLE IX
Recovery of 0.25 mg/L and 0.50 mg/L Cr, Fe, Nb, Ni & Ti 

Spiked in 2 g/100 mL Tantalum Powder 

Sample        Elements         Wavelength                       0.25 mg/L spiked                                   0.5 mg/L spiked
No.                                                                            Cr, Fe, Nb, Ni & Ti                                Cr, Fe, Nb, Ni & Ti

Recovery % without     Recovery % with    Recovery % without   Recovery % with
matrix factor                matrix factor            matrix factor           matrix factor

calculation (SD)          calculation (SD)       calculation (SD)        calculation (SD)

1. Chromium 267.716 nm 99.28± 0.10 100.06±0.05 99.12±0.07 100.05±0.03

2. Iron 274.932 nm 114.32±0.09 100.18±0.08 114.18±0.06 100.10±0.06

3. Niobium 295.088 nm 100.21±0.11 100.09±0.06 100.09±0.05 100.12±0.04

4. Nickel 227.021 nm 90.38±0.08 100.05±0.04 90.23±0.06 100.09±0.07

5. Titanium 336.121 nm 96.18±0.05 100.12±0.06 96.11±0.09 100.10±0.06

(S.D) : Standard Deviation of five readings.
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The results are presented in Table
IX. From these experiments it can
be inferred that the experimental
values, when multiplied using the
matrix factor, showed very close
proximity to the certified values as
well as with the recovery results of
spiked analytes.

CONCLUSION

The ICP-OES, having a 0.64 m
monochromator, was successfully
applied to the determination of
trace elements Cr, Fe, Nb, Ni, and
Ti in tantalum powder by selecting
lines for each element that are free
from tantalum interferences and
calculating the matrix effects factor
of tantalum ranging from 1000
mg/L to 20,000 mg/L tantalum.
This factor was applied to the
analysis of certified material and
found to be very suitable. The
method described can be applied
universally for the determination of
trace elements in tantalum powder. 
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INTRODUCTION 

Rare earth elements (REEs) are
present in geological samples at
the ppm levels. Highly sensitive
instruments such as neutron
activation analysis (NAA) (1),
inductively coupled plasma optical
emission spectrometry (ICP-OES)
(2), inductively coupled plasma
mass spectrometry (ICP-MS) (3), or
isotope dilution mass spectrometry
(4) are effective only if the REEs are
separated from the matrix elements
by chemical preconcentration. The
ion exchange method (5,6) and
coprecipitation of the REEs on
calcium (7,8) have been
extensively used for the separation
of REEs from geological samples.
However, these separation
techniques have severe limitations
for iron- and calcium-rich samples. 

The solvent extraction method
has been recognized as a valuable
separation technique for REEs (9).
The use of several reagents
including trioctyl-phosphine oxide
(TOPO) (10) and a mixture of bis-
(2-ethylhexyl) hydrogen phosphate
(HDEHP) and 2-ethylhexyl
dihydrogen phosphate (H2MEHP)
(11,12) has been reported in the
literature as good extraction
agents. However, benzoyl-phenyl-
hydroxylammine (BPHA) has never
been attempted as the extraction
agent for REEs as a group, although
the extraction of individual REEs
has been reported. 

In this paper we describe the
acid digestion and extraction of all
REEs using a benzoyl-phenyl-

ABSTRACT 

A method has been
developed for the determination
of REEs in geological samples
using solvent extraction and
ICP-OES. The method involves
sample decomposition by HF
and HClO4 followed by
extraction of the REEs in 1%
BPHA and MIBK mixture and
measurement by ICP-OES. The
method is particularly suitable
for geological samples with high
iron and calcium concentrations.

EXPERIMENTAL 

Instrumentation 

A Jobin Yvon Model JY-38
sequential ICP-OES instrument was
used for the REE determinations.
The instrumental operating
conditions are given in Table I.

Reagents and Standards  

Standard stock solutions of REEs
(100 mg/mL) were prepared by
dissolving the corresponding oxide
(Specpure, Johnson Mathey) in
dilute nitric acid. In case of cerium,
the oxide was brought into
solution after fusion with
potassium pyrosulphate in a silica
crucible. A combined REE standard
of 10 µg/mL was prepared from
the standard stock solutions and by
adjusting the acid concentration to
2 M HNO3. The extraction solution
was 1% BPHA in MIBK. 

All reagents used were 
analytical reagent grade. 

hydroxylamine (BPHA) / methyl
iso-butyl ketone (MIBK) mixture,
followed by ICP-OES determination
of the REEs. Using the method
described, five international
standard samples, JB-2, JGB-1, JA-3,
GA, and SY-4, were analyzed and
the results compared with those of
the recommended values.

TABLE I
Instrumental Operating Parameters

ICP-OES instrument Jobin Yvon JY-38, sequential, 
CT scanning monochromator
Holographic grating, 3600 grooves/mm,
1.0 m focal length.

RF generator 56 MHZ, 2 KW working power
Plasma torch 28 mm outer diameter
Gas flow Plasma gas 25 L/min

Cooling gas 0.80 L/min
Carrier gas 0.30 L/min

Nebulizer Pneumatic
Sample uptake 1.5 mL/min
Observation height 14 mn above load coil
Flush/integration time 10 sec each
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Procedure  

One gram of sample was placed
in a Teflon® beaker and digested
with 5 mL HC1O4 and 10 mL HF
for four hours on a hot plate while
the beaker was covered with a lid.
The lid was removed and the acids
were evaporated to near dryness.
The process was repeated once
with 5 mL HC1O4 and 5 mL HF.
The dried mass was dissolved in
10 mL (1:1) HCl and placed in a
400-mL beaker. The volume was
brought to about 100 mL with
deionized water. Then 2.5 mL 1 M
sulpho-salicylic acid and 2 g
ammonium acetate were added and
the pH of the solution was adjusted
to 9.0–9.5 by dropwise addition of
dilute ammonia. The solution was
transferred to a 250-mL separatory
funnel and extracted twice with 10
mL 1% BPHA solution in MIBK. The
organic phases were combined and
stripped twice with 4 N HNO3

(using 20 mL for the first stripping
and 10 mL for the second
stripping). The aqueous solution
was placed into a small beaker,
boiled for five minutes to remove
the organic solvent, and
evaporated to 10-mL volume. The
solution was transferred to a 25-mL
volumetric flask and brought to
volume with deionized water. The
REEs were determined by ICP-OES
by nebulizing the solution. The
calibration standards and blanks
were prepared similarly. 

RESULTS AND DISCUSSIONS  

Sample Decomposition 

Generally, treatment with
HF/HClO4 is sufficient for
decomposition of the samples.
However, when the samples
contain appreciable amounts of
refractory materials, a small residue
is likely to form. In those cases,
the solution was filtered and the
residue ignited, fused with sodium
carbonate, and dissolved in dilute
HCl. For iron-rich samples,
hydrochloric acid treatment prior

to the addition of hydrofluoric and
perchloric acid was performed. 

Extraction Studies  

Preliminary studies on the
extraction conditions of the REEs
with BPHA-MIBK indicated that the
extraction is maximum at pH
9.0–9.5 (Table II). At a lower pH,
the extraction is either insufficient
or irregular. The concentration of
BPHA was also found to affect the
extraction of the REEs. It was
found that 1% BPHA in MIBK
provides maximum efficiency
(Table III).

Interference Studies  

Interferences in the extraction
of REEs were studied using 10 mL
of a 10,000-ppm solution of Fe, Al,
Ti, Ca, and Mg and a 2-ppm REE
solution. It was found that the REEs
are quantitatively extracted
(96–98%) and no interference
was observed from common
interferents (Table IV). Al, Fe, and
Ti remain complexed in solution,
while Ca and Mg do not get
extracted in this condition. Small

amounts of Fe and Ti, however, get
extracted into BPHA-MIBK, but
these are not stripped back into the
aqueous phase during stripping of
the REEs.

Analytical Line Selection  

The analytical lines were
selected on the basis of their net
and background intensities as well
as their freedom from spectral
interferences. Our line selection
corresponds to those reported by
the majority of workers (7,8,13)
(Table V). However, we selected
the 408.672 nm and 406.109 nm
lines over the commonly used lines
at 398.852 nm and 430.358 for La
and Nd, respectively, because
better results were obtained using
the former lines. 

Precision and Accuracy

Precision was studied by
analyzing United States Geological
Standard (USGS) samples, AGV-1,
five times using the method
described. It was found that the
RSD varied between 2–9%.

TABLE II
Extraction of REEs With Different pH Conditions

(2 ppm REE solution, 1% BP HA solution in MIBK used for extraction)

Elements     pH 5             pH 7            pH 8             pH 9         pH 9.5

La 0.55 1.10 1.65 1.95 1.94
Ce 0.70 0.90 1.70 1.95 1.94
Pr 0.43 1.25 1.75 1.95 1.93
Nd 0.85 1.10 1.65 1.93 1.97
Sm 1.20 1.45 1.70 1.92 1.92
Eu 0.73 0.85 1.45 1.95 1.93
Gd 0.90 1.05 1.55 1.90 1.90
Tb 0.75 0.95 1.80 1.92 1.96
Dy 1.05 1.25 1.85 1.95 1.94
Ho 0.55 0.78 1.40 1.94 1.92
Er 1.10 1.25 1.75 1.93 1.98
Tm 0.85 0.95 1.65 1.96 1.93
Yb 0.90 1.20 1.77 1.95 1.98
Lu 0.67 0.85 1.65 1.90 1.97
Y 0.80 0.95 1.55 1.90 1.91
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TABLE III
Extraction of REEs With Different BPHA

Concentration in MIBK Solution 
(pH of 9–9.5, 2 ppm REE solution)

Elements    0.1% BPHA    0.5%BPHA   1% BPHA
solution         solution      solution

La 0.50 1.77 1.90
Ce 0.70 1.82 1.92
Pr 0.82 1.6.5 1.95
Nd 0.55 1.71 1.93
Sm 1.05 1.80 1.95
Eu 1.10 1.74 1.95
Gd 0.74 1.85 1.96
Tb 0.80 1.63 1.85
Dy 0.66 1.82 1.86
Ho 0.95 1.84 1.89
Er 0.86 1.74 1.95
Tm 0.95 1.82 1.93
Yb 0.73 1.64 1.92
Lu 0.85 1.82 1.90
Y 0.85 1.77 1.88

TABLE IV
Recovery of REEs in Presence of Fe, Al, Ti, Ca, and Mg

10 ppm of 5-mL REE solution was taken and after extraction, brought to 25-mL volume. 
Extraction of REEs was performed in 1% BPHA in MIBK solution.

Elements    REE solution       REE solution               REE solution              REE solution
+ 10 mL of 10,000 ppm   +10 mL of 10,000 ppm  +10 mL of 10,000 ppm

Fe solution                Ca solution                 Fe, Al, Ti, Ca, 
and Mg solution

La 1.95 1.93 1.92 1.90
Ce 1.96 1.93 1.92 1.93
Pr 1.93 1.92 1.92 1.90
Nd 1.92 1.92 1.91 1.90
Sm 1.95 1.94 1.93 1.94
Eu 1.92 1.92 1.91 1.90
Gd 1.93 1.93 1.92 1.91
Tb 1.94 1.93 1.92 1.91
Dy 1.95 1.94 1.94 1.93
Ho 1.90 1.90 1.89 1.88
Er 1.92 1.91 1.90 1.89
Tm 1.93 1.90 1.90 1.90
Yb 1.95 1.93 1.92 1.93
Lu 1.92 1.92 1.90 1.90
Y 1.95 1.94 1.93 1.90

TABLE V
Analytical Line, Detection Limit, and Precision Study

Elements    Wavelength    Detection limita RSDb

(nm)                 (µg/g)                 (%)

La 408.672 0.10 3.5

Ce 418.660 0.20 2.5

Pr 422.535 0.20 6.5

Nd 406.109 0.10 5.1

Sm 359.260 0.10 3.4

Eu 381.967 0.02 1.5

Gd 342.247 0.10 5.6

Tb 350.917 0.10 8.8

Dy 353.170 0.05 6.2

Ho 345.600 0.05 7.5

Er 369.265 0.10 5.6

Tm 313.126 0.06 4.2

Yb 328.937 0.02 5.6

Lu 261.542 0.04 6.9

Y 371.030 0.05 3.5
aDetection limit based on 1 g of sample in a final volume 
of 25 mL.

bRSD calculated by analyzing AGV-1 (Andesite, USGS) 
five times.

The accuracy was checked
by analyzing five international
standard reference samples, JB-2
(Basalt), JGB-1 (Gabbro), and JA-3
(Andesite) (Japanese standards),
GA (Granite) (CRPG, France), and
SY-4 (Diorite Gneiss) (Canadian
Standard). The data presented in
Table VI (A and B) show good
agreement for all samples with
those of the recommended values. 

The detection limits (based on
3 times the standard deviation) are
given in Table V and the results of
the method described are
comparable or better than those
using other methods. 

CONCLUSION  

The proposed method using
solvent extraction and ICP-OES is
applicable to all types of samples
for the determination of REEs.
The results obtained show good
agreement with the recommended
values. The method is particularly
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applicable for geological samples
containing high levels of iron and
calcium where current ion
exchange / Ca-oxalate
coprecipitation methods are not
suitable. 

Received April 4, 2002.

REFERENCES 

1. H. De Baar, M. Becon, P.
Brewer, and K. Bruland,. Geochim.
Cosmochim. Acta 49, 1943 (1985).

2. J.G. Crock, F.E. Lichte, and
T.R. Wildman, Chem. Geol. 45, 149
(1984).

3. A.R. Date and A.L. Gray
(Editor), Application of Inductively
Coupled Plasma Mass Spectrometry,
Blackie, Glasgow  and  London, UK,
254 pp. (1989).

4. A. Masuda, N. Nakamura, and
T.Tanaka. Geochim. Cosmochim.
Acta, 37, 239 (1973).

5. K.E. Jarvis and I. Jarvis,
Geostand. Newsl. 12,1 (1988).

6. J.G. Crock, F.E. Lichte, G.O.
Riddle, and C.L. Beech, Talanta 33,
601 (1986). 

7. K. Iwasaki and H.Haraguchi,
Anal. Chim. Acta 208, 163 (1988).

8. P. Roychowdhury, N.K. Roy,
D.K. Das, and A. K. Das, Talanta 12,
1183 (1989).

9. A.K. De, S.M. Khopkar, and
R.A. Chalmers, Solvent Extraction
of Metals, Van Nostrand-Reinhold,
London, UK, 109 pp (1970).

10. Dalibor Weiss, Tomas
Paukast, and Ivan Rubeska, J. Anal.
At.. Spectrom. 5, 371 (1990).

11. M.B. Shabani and A. Masuda,
Anal. Chem. 63, 2099 (1991).

12. P.K. Srivastava and A.
Premadas, J.Anal. At. Spectrom. 14,
1087 (1999). 

13. R. Lara, R.A. Osina, E.
Marchevsky, J.A. Gasquez, and L.D.
Martinez, At.  Spectrosc. 21, 172
(2000).

TABLE VI (A)
Determination of REEs in Standard Reference Materials 

(all values in µg/g)

Elements           JB-2                             JGB-1                           JA-3
Present Recommended Present Recommended  Present  Recommended
worka valuesb worka valuedb worka valuesb

La 2.30 2.35 3.48 3.60 9.25 9.33
Ce 6.80 6.76 8.30 8.17 22.62 22.80
Pr 0.95 1.01 1.05 1.13 2.52 2.40
Nd 6.42 6.63 5.30 5.47 12.18 12.30
Sm 2.40 2.31 1.60 1.49 3.21 3.05
Eu 0.78 0.86 0.50 0.62 0.71 0.82
Gd 3.12 3.28 1.68 1.61 3.15 2.96
Tb 0.55 0.60 0.35 0.29 0.62 0.52
Dy 3.80 3.73 1.68 1.56 3.10 3.01
Ho 0.70 0.75 0.39 0.33 0.46 0.51
Er 2.48 2.60 1.10 1.04 1.67 1.57
Tm 0.48 0.41 0.21 0.16 0.35 0.28
Yb 2.72 2.62 1.18 1.06 2.28 2.16
Lu 0.35 0.40 0.20 0.15 0.35 0.32
Y 24.40 24.90 10.60 10.40 20.85 21.20

TABLE VI (B)

Elements                    GA                                                Sy-4
Present    Recommended             Present        Certified 
worka valuesb worka valuesc

La 41.15 41.60 59.20 58 ± 1
Ce 79.80 80.90 124.20 122 ± 2
Pr 8.25 8.16 14.70 15.0 ± 0.3
Nd 29.90 29.60 58.20 57 ± 1
Sm 5.69 5.86 11.95 12.7 ± 0.4
Eu 1.18 1.09 2.12 2.00 ± 0.04
Gd 4.38 4.50 13.80 14.0 ± 0.50
Tb 0.80 0.73 2.75 2.6 ± 0.1
Dy 3.45 3.53 18.65 18.2 ± 0.6
Ho 0.76 0.70 4.15 4.3 ± 0.10
Er 2.52 2.41 14.83 14.2 ± 0.50
Tm 0.52 <0.40 2.18 2.3 ± 0.10
Yb 2.42 2.30 14.93 14.80 ± 0.80
Lu 0.35 0.31 2.18 2.10 ± 0.10
Y 19.30 19.80 122.0 119 ± 2.0
a Average of three determinations.
b K. Govindaraju, Geortand. Newsl. Special Issue, 13 (1989).
c CCRMP, Issue 1, CANMET (1995).



129Atomic Spectroscopy
Vol. 23(4), July/August 2002

Determination of Selenium in Dietary Supplements 
by ETAAS and HG-AAS: A Comparative Study

Liliana Valientea, Margarita Piccinnaa, Emiliano Romero Alea, Ariel Grilloa, and *Patricia Smichowskib

a Instituto Nacional de Tecnología Industrial, CEQUIPE
Laboratorio de Análisis de Trazas 

Casilla de Correo 157, B1650KNA-San Martín, Pcia. Buenos Aires, Argentina
b Comisión Nacional de Energía Atómica, Centro Atómico Constituyentes, Unidad de Actividad Química

Av. Gral. Paz 1499, B1650KNA-San Martín, Pcia. Buenos Aires, Argentina

ABSTRACT

A study was carried out to
establish a reliable procedure
for determining Se in dietary
supplements. Three different
brands of Se food supplements
were evaluated. These
supplements were digested
with HNO3 and H2O2 using a
two-cycle microwave procedure.
Electrothermal atomic absorption
spectrometry (ETAAS) and
hydride generation-atomic
absorption spectrometry
(HG-AAS) techniques were
selected for total Se determination.
The adverse effects of potentially
interfering metals that are
normally present in these
products were taken into
account. In particular, the effect
of Cu, Mn, and Zn on the Se
signal was investigated. Copper
reduces the Se signal
significantly when HG-AAS was
used for quantification. On the
other hand, no interference
effects were detected when
ETAAS was used and for this
reason it was selected as the
best alternative to analyze the
samples. 

The overall approach was
tested in tablets of vitamins-
minerals-amino acids, nutritional
supplements and Se-enriched
yeast. The selenium content
ranged from 15.9±0.7 to
81.1±3.3 µg of Se per tablet. The
data obtained demonstrate that
the Se content reported on the
labels of dietary supplements are
often inaccurate. The detection
limits were found to be 0.18 µg
g-1 Se and 0.06 µg g-1 Se for
ETAAS and HG-AAS, respectively.
Precision was always better than
6%, while the recovery data
ranged between 93 and 105%.

INTRODUCTION

Selenium has long been known
as a necessary component in the
human diet and its occurrence and
function in biological systems has
been well-documented (1).

Selenium is an essential nutrient
for humans. Food is the main
source for incorporation into the
human body, and drinking water is
responsible for a significant fraction
of the total intake (2). Amounts of
55–70 µg of Se have been
recommended as the daily intake (3).
Daily consumption of less than 0.1
mg kg-1 per body weight will result
in Se deficiency while levels above
1 mg kg-1 are considered toxic
(4,5). Deficiency of Se has been
associated with an endemic form
of cardiomyopathy. A variety of
other diseases, including cancer,
have also been linked to a low Se
status (6). The maximum allowed
concentration of Se in drinking
waters recommended by the WHO
(World Health Organization) is
10 µg L-1. Selenium concentrations
higher than 130 µg L-1 are toxic.

Atomic absorption spectrometry
(AAS) [in conjunction with hydride
generation (HG-AAS)], electrothermal
atomic absorption spectrometry
(ETAAS), and inductively coupled
plasma mass spectrometry (ICP-MS)
have gradually assumed prime
importance in the ability to verify
whether foodstuffs and
pharmaceutical products comply
with health requirements and the
national or international
regulations. Specifically for Se, it is
important to assess whether it is

*Corresponding author.
e-mail: smichows@cnea.gov.ar

within a pre-established
concentration range. 

Dietary supplements of Se have
become very popular due to its
documented anti-carcinogenic
activity and beneficial effects on
cerebrovascular diseases (7).
Selenium also plays an antioxidant
role because it protects the cell
membrane from the pernicious
action of peroxides. For these
reasons, it is of particular
importance to evaluate the Se
content in dietary products.
B’Hymer and Caruso (8) analyzed
yeast-based Se supplements using
high performance liquid
chromatography (HPLC) and
ICP-MS. The authors reported that
the total Se levels were between
91 and 111% of label value, while
the content of selenomethionine
was often found to be inaccurate.

Various clients of our analytical
service group (CEQUIPE, INTI)
asked for total Se determination
in different types of dietary
supplements. According to
Argentinian regulations, the Se
content in imported products must
be controlled. For this reason, a
reliable and robust methodology
for total Se determination is
required. 

In this study, the two analytical
techniques ETAAS and HG-AAS are
compared in order to establish a
reliable methodology for the
determination of total Se in dietary
supplements. 
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EXPERIMENTAL

Instrumentation

A PerkinElmer Model 5100 ZL
atomic absorption spectrometer
(PerkinElmer, Shelton, CT, USA),
equipped with a PerkinElmer
Model THGA graphite furnace,
PerkinElmer Model AS-71
autosampler, and longitudinal
Zeeman-effect background
corrector, was used for the atomic
absorption measurements.
Electrodeless discharge lamps (EDL,
PerkinElmer) were the sources of
radiation used for Se determination.
Pyrolytically coated graphite tubes
with pyrolytic graphite L´vov
platforms were employed.
High-purity Ar (flow rate: 250 mL
min-1) was used to purge air from
the graphite tubes, except during
the atomization step where
stopped flow conditions were used.
The analytical measurements were
based on peak area. Autosampler
volumes of 20 µL of sample,
followed by 5 µL of chemical
modifier were employed for all
studies. Each analysis was repeated
at least three times to obtain the
average value and its relative
standard deviation (%RSD). The
ETAAS operating conditions and
matrix modifier used are
summarized in Table I.

An automated HG-AAS system
based on a PerkinElmer 4000
atomic absorption spectrometer,
equipped with a PerkinElmer
MHS-20 mercury/hydride system,
was used for the hydride
generation studies. Electrodeless
discharge lamps (EDL, PerkinElmer)
were the sources of radiation used
for Se determinations. The
instrumental parameters of the
HG-AAS system and the hydride
generation conditions for Se
determination are listed in Table II. 

A CEM MSD-2000 microwave
digestion system (CEM, Matthews,
NC, USA) with a maximum
microwave power of 630 W,

operating temperatures of 200ºC
and operating pressure of
1.38 MPa, were used for
dissolution of the samples.

Reagents and Standard Solutions

All chemicals were of analytical
reagent grade unless otherwise
stated. Deionized water
(Barnstead, Dubuque, IA, USA)
was used throughout. All solutions
were stored in high-density
polypropylene bottles. Plastic
bottles, autosampler cups, and
glassware were cleaned by
soaking in 20% (v/v) HNO3 for 24
h, then rinsed three times with
deionized water. Commercially
available 1000 mg L-1 Se standard
solutions (Merck, Darmstadt,
Germany) were prepared daily
by serial dilution of the stock
solutions. Analytical reagent nitric
acid (Merck) was used after

additional purification by sub-boiling
distillation in a quartz still. 

The mixed Pd and Mg(NO3)2

matrix modifier solution was
prepared by adding 5 mL of 0.3%
Mg(NO3)2 solution and 2.5 mL of
10 g L-1 Pd solution (Merck) into a
25-mL volumetric flask, then
bringing to volume with deionized
water. The final concentration of
the matrix modifier solution was
0.06% Mg(NO3)2 and 0.1% Pd.
High-purity Ar was used to purge
air from the graphite tubes.

Samples and Sample Handling

Three brands (A, B, and C) of
dietary supplements were analyzed
for total Se content. Content
uniformity testing was performed
by randomly selecting five tablets
from each bottle. The tablets of
each batch were ground and mixed
thoroughly using a mortar and

TABLE I
Operating Conditions for Se Determination 

in Dietary Supplements by ETAAS

Analytical wavelength Se: 196.0 nm
Slit width  2.0 nm
Electrodeless discharge lamp  210 mA  
Injection volume (sample) 20 µL
Injection volume (modifier) 5 µL
Matrix modifier Pd 0.10 % + Mg(NO3)2 0.06 % (m/v) 
Measurement mode Peak area 
Purge gas (flow rate)  250 mL min-1 (Ar)

TABLE II
Instrumental Parameters and Hydride Generation Conditions 

for Se Determination by HG-AAS

Instrument PerkinElmer 4000 AAS
Analytical wavelength 196.0 nm
Slit width 2.0 nm
Electrodeless discharge lamp 280 mA
Measurement mode Peak height

Hydride generation conditions
Instrument PerkinElmer MHS-20
Sample acidity 5 mol L-1 HCl
NaBH4 concentration 3% (in 1% NaOH)
Cell temperature 900°C
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pestle. Three sub-samples of each
mixture were accurately weighed
and used for the digestion step.

Sample Treatment

Selenium quantification by
HG-AAS and ETAAS requires
preliminary digestion of the
samples into liquid solutions. Two
sample treatment procedures
were followed depending on the
technique used for subsequent Se
quantification.

All experiments were performed
in triplicate. In all cases, a set of
digestion blanks was prepared. In
order to decrease digestion blanks,
purified nitric acid was used. 

Procedure 1 
(Se Determination by ETAAS)

A 0.5-g sample was transferred
into Teflon® vessels and 10 mL of
purified concentrated HNO3

(Merck, 70%) and 2.0 mL of H2O2

(Merck, 30%) were added. The
average microwave (MW)
pressure applied during the
digestion steps varied from 40
to 170 psi and the complete
mineralization cycle was less than
45 min. The operating conditions
for MW digestion of the dietary
supplements are listed in Table III.
Optimization of power and time in
the MW digestion is important
in order to achieve complete
dissolution of the samples. The
digestion solutions were allowed
to cool, transferred into 100-mL
graduated flasks, and diluted to the
mark with deionized water. 

For assessing the accuracy of
the method, aliquots of the
CRM TORT-1, Lobster hepatopan-
creas (NRCC, Ottawa, Québec,
Canada) were treated in the same
manner as the samples.

Procedure 2 
(Se Determination by HG-AAS)

After microwave treatment (as
described above), the vessels were
allowed to cool, then opened,
placed on a hot plate, and
evaporated to dryness. The residue
was dissolved by dropwise addition
of 5 mL (1+1) HCl solution. The
resulting solution was placed in a
boiling water bath (loosely covered
with a watch glass) and heated at
950C for about 15 min to convert
all Se to Se(IV). The digest was
allowed to cool and was then
transferred into a 100-mL
volumetric flask. Eight mL of
concentrated HCl was added and
the solution diluted to volume
with deionized water.

For assessing the accuracy of the
method, aliquots of CRM TORT-1,
Lobster hepatopancreas (NRCC,
Ottawa, Québec, Canada) were
treated in the same manner as
the samples.

Calibration

The calibration curves were
obtained with calibration standards
prepared in the same acid medium
as the samples. In spite of the
complexity of the matrix analyzed,

no standard addition calibration
was necessary. The calibration was
checked every 20 measurements
with analyte solutions varying from
10 to 100 ng mL-1.

Analytical Determinations

The hydride generation in
conjunction with AAS was
performed which enables the
detection level for Se to be reduced
by at least two orders of magnitude.

Selenium concentrations were
also determined by ETAAS by
injecting 20-µL aliquots of digested
sample and 5 µL of chemical matrix
modifier at each firing into the
pyrolytically coated tubes and
applying the operating conditions
and the temperature program given
in Tables I and IV, respectively.
The signals were registered as
peak area.

Unfortunately, and to the best
of our knowledge, no CRMs for
Se determination in dietary
supplements are currently available.
For this reason, TORT-1 was
chosen as a possible alternative to
check the accuracy of the method.
In addition, a recovery test
was performed.

TABLE III
Microwave Digestion Program

Sample weight 0.50 g
Reagents 10 mL HNO3 (70%)

2 mL H2O2 (30%) added in the second cycle
Final volume 100 mL
Microwave program:
First cycle Steps
Power (%) 100 100 100 100
Pressure (psi) 40 85 135 170
Time (min) 10 10 6 6

Second cycle
Power 100%
Pressure 80 psi
Time 10 min
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RESULTS AND DISCUSSION

Selection of Digestion Reagents

The selection of the type and
amount of acid concentration and
MW operating parameters is
important for the successful
dissolution of the samples. Nitric
acid was used due to its excellent
dissolving capabilities. Preliminary
studies demonstrated that a
maximum power last-stage was
beneficial for better digestion
(9,10). This is attributed to the
fact that the rate of the digestion
reaction of acid decomposition and
oxidation power of the acids

increases with higher power. The
addition of peroxide to the nitric
acid was necessary to increase the
oxidation efficiency.

HG-AAS vs. ETAAS to Determine
Se in Dietary Supplements

Owing to the high oxidation
potential of acid mixtures, most
parts of the selenium species are
probably converted into selenate.
A pre-reduction step for converting
the selenium species into Se(IV) is
necessary in all HG procedures
because only Se(IV) is capable of
generating the Se hydride. This
reduction step should be

performed at high temperatures
(90–100ºC) since the redox
equilibrium is temperature-
dependent (11). To convert Se(VI)
to Se(IV) for maximum efficiency in
the generation of SeH2, the digested
samples were heated at 95ºC for 15
min in (1+1) HCl solution. 

The effect of tetrahydroborate
(III) concentration on the Se
response was also examined.
Optimal Se signals were achieved
with 3% (w/v) NaBH4. For
concentrations higher than 3.5%,
the sensitivity decreased slightly.
The optimized chemical and
physical hydride generation
parameters are listed in Table II. 

The generation of SeH2 is very
fast and is estimated to take place
in less than 10 ms (12). The 
generation conditions were
optimized taking special
consideration of the kinetics of
the reaction since Se is normally
reduced faster than the interfering
transition metals. A rapid separation
of the gaseous products was also
taken into account. 

Three typical transition metals
present in dietary supplements
were tested in order to evaluate if
the Se signal is affected in their
presence when optimized
conditions are used to generate the
Se hydride. The concentrations of
Cu, Mn, and Zn listed on the labels
of brands A and C were 1 mg, 5 mg,
and 20 mg, respectively. The labels
of brand B listed 2 mg Cu, 2.5 mg
Mn, and 15 mg Zn.

All solutions analyzed contained
60 µg L-1 of Se and the results are
the average of three measurements.
The amounts of Cu, Mn, and Zn
added represent 30, 70, and 100% of
the content of each metal in the
dietary supplements according to
label claims. The maximum
concentration of the metals in the
final solution were 6 µg mL-1 Cu;
30 µg mL-1 Mn, and 120 µg mL-1 Zn.
Figure 1 shows that the interference

TABLE IV
Graphite Furnace Temperature Program

Parameter Drying            Pyrolysis Atomi--        Con-
Step 1    Step 2                          zation        ditioning

Temperature (°C) 110 130 1100 2150 2400

Ramp time (s) 1 15 10 0 1

Hold time (s) 30 30 20 5 2

Ar flow rate (mL min-1) 250 250 250 0 (read) 250

Fig. 1. Interference study.
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effect caused by Cu is serious to the
extent that the Se
signal was significantly reduced
when 1.8 µg mL-1 of Cu was added.
Reductions between 25 and 40%
were also observed when Mn and
Zn were tested at concentrations of
9.0 and 36 µg mL-1, respectively

In an effort to overcome the
effect observed, the reductant
concentration was decreased and
the concentration of HCl increased.
Studies on the mechanism of
transition metal interferences in 
HG-AAS have demonstrated that
smaller amounts of reductant can
substantially improve the tolerance
to transition metal interferences
(13). Some authors prefer to use
higher HCl concentrations in order
to increase the efficiency of SeH2

production (14,15). However, we
found that under the experimental
conditions of this study, no
significant improvement in Se
recovery was observed. 

The situation was different when
ETAAS was used to analyze the
samples and no matrix effects were
observed. Figure 1 shows that Cu,
Mn, and Zn do not affect the
Se signal. Based on these results,
ETAAS was chosen as the best
alternative to analyze dietary
supplement samples. 

Quality Parameters

The detection and
quantification limits were
calculated following the IUPAC
regulations based on the 3 � and
10 � criterion, respectively, for 10
replicate measurements of the
blank signal. The relative standard
deviation (%RSD) was calculated
for 10 successive measurements
of a solution containing a final
concentration of 50 ng mL-1 Se.
The results are summarized in
Table V together with the results of
the accuracy test using ETAAS and
HG-AAS.

Unfortunately, no CRMs for
Se in the studied matrix are
commercially available and for this
reason, a recovery test was
performed on several dietary
supplements. Samples 1-A, 6-A, 1-B,
5-B, 1-C, and 2-C were spiked with
20 µg of Se and the over-all
analytical procedure followed. The
recovery data ranged from 93 to
105%. Although this cannot replace
an accuracy test, the information
gained verifies the good
performance of the method. 

Determination of Se in Selected
Dietary Supplements

The Se content was determined
by ETAAS in three different
commercial dietary supplements.
Table VI lists the Se concentrations
found vs. the content per tablet

reported by the manufacturer.
Total Se levels found were between
10.0±0.5 and 81.1±3.3 µg per
tablet based on a five-tablet
composite assay. The label listed
20 µg Se per tablet for brands
A and C and 25 µg Se per tablet
for brand B. It is important to note
that significant differences were
found between bottles of the same
trademark. Brand A exhibited a
variation among bottles ranging
from 15.9±0.6 to 27.2±1.1 µg of Se
per tablet. The variation in brand B
was between 25.2±1.2 and
81.1±3.3 µg of Se per tablet,
and in brand C from 10.0±0.5 to
29.5±1.3. Brand B exhibited a
difference of over 300%.

CONCLUSION

The data obtained in this study
show that the major shortcoming
of the HG-AAS approach is that the
presence of transition metals such
as Cu, Mn and Zn affects the
formation and release of SeH2,
with Cu causing the most serious
interference.

On the other hand, ETAAS
provides an excellent means for
the determination of total Se in
dietary supplements.

This study also shows that the
Se content reported on labels of
dietary supplements is often
inaccurate.

Received July 16, 2002.

TABLE V
Performance Levels for the Se Determination 

in Dietary Supplements Using ETAAS and HG-AAS

Parameter ETAAS HG-AAS
Detection limita 0.18 µg g-1 0.06 µg g-1

Quantification limita 0.6 µg g-1 0.2 µg g-1

Precisiona 3.7% 5.6%
Accuracy testb

- Certified value 6.88±0.47 µg g-1 6.88±0.47 µg g-1

- Found 6.6 ± 0.3 µg g-1 6.1±0.4 µg g-1

a  n=10.
b CRM TORT-1, Lobster hepatopancreas (NRCC, Ottawa, Québec, Canada). 
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TABLE VI
Selenium Content in Commercial Dietary Supplements

Results expressed in µg of Se per tablet.

Sample a Type of supplement                    Se reported in         Se found 
prospectus 

1-A Vitamins-minerals-aminoacids 20 20.0±0.9

2-A Vitamins-minerals-aminoacids 20 21.1±0.8

3-A Vitamins-minerals-aminoacids 20 22.1±0.9

4-A Vitamins-minerals-aminoacids 20 27.2±1.1

5-A Vitamins-minerals-aminoacids 20 17.9±0.7

6-A Vitamins-minerals-aminoacids 20 18.0±0.8

7-A Vitamins-minerals-aminoacids 20 15.9±0.6

1-B Nutritional supplement 25 81.1±3.3

2-B Nutritional supplement 25 31.1±1.1

3-B Nutritional supplement 25 35.0±1.1

4-B Nutritional supplement 25 27.8±1.0

5-B Nutritional supplement 25 25.2±1.2

1-C Se-enriched yeast 20 29.5±1.3

2-C Se-enriched yeast 20 27.2±0.9

3-C Se-enriched yeast 20 10.0±0.5

a A, B, C are different commercial products and the figures represent different samples
of the same trademark.
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ABSTRACT

Different permanent modifiers
(Rh, Ir, Ru, W-Rh, W-Ru, and W-Ir),
thermally deposited on the
integrated platform of a
transversely heated graphite
atomizer (TGA), were employed
for the determination of cadmium
in soil, coal, coal fly ash, and
sediments by electrothermal
atomic absorption spectrometry
(ETAAS). 

Microwave digests of solid
samples were employed for obtaining
the analytical characteristics of the
methods with different permanent
modifiers. The performance of the
modifiers for the determination of
cadmium in the real samples
depended strongly on the type of
permanent modifier chosen.
The Rh, Ir and Ru permanent
modifiers were not suitable for
cadmium determination, where
recoveries were always lower
than 90%. On the other hand,
using W-Rh, W-Ru, and W-Ir as
the permanent modifiers, the
recoveries obtained were within
95–104% for all samples.

Long-term stability curves
obtained for the determination
of cadmium in environmental
samples with the different
permanent modifiers (Rh, Ir, Ru,
W-Rh, W-Ir, and W-Ru) showed
that the improvement in tube
lifetime depends on the tungsten
deposit on the platform. The tube
lifetime, using the tungsten-noble
metal permanent modifier, was
20% longer when compared to
the single noble metal permanent
modifier.

The results in the
determination of cadmium in the
samples, employing different
permanent modifiers, were in
agreement with the CRMs. No
statistical differences were found
after applying the paired t-test at
the 95% confidence level.

vegetables, and root vegetables also
contain relatively high levels. Organ
meats (liver and kidney) and
shellfish can also contribute to high
levels of cadmium intake (2).

Electrothermal atomic absorption
spectrometry (ETAAS) is one of the
most employed techniques used
in the determination of low
concentrations of cadmium in
environmental samples (1,2) due to
its high selectivity and sensitivity for
this analyte determination. 

In recent years, permanent
modifiers have been successfully
used for  ETAAS analysis (3–20).
The main advantages of permanent
modifiers reported (3–14) include
reduction in the time required for
sample dispensing, leading to
simpler and faster heating programs
for ETAAS analysis; lowering
modifier blanks due to the
elimination of volatile impurities
during graphite treatment, resulting
in better detection limits; longer
signal term stability, which reduces
the number of recalibrations
required during routine analysis;
remarkable improvement in tube
lifetime, thus lowering analytical
cost (3–14). However, only the
W-Rh permanent modifier has
been extensively applied for the
determination of Cd, Pb, As, and Cu
in digested as well as slurry samples
of biological and environmental
origin (3–14).

This paper shows the difference
in performance of single noble
metal permanent modifiers (Rh, Ir,
and Ru) and mixed permanent
modifiers (W-Rh, W-Ir, and W-Ru)
for the successful ETAAS
determination of Cd in
environmental samples. The

INTRODUCTION

Cadmium is a toxic element
found in the environment (i.e.,
soils, sewage sludges, coal, fly ash,
coals, surface and underground
water) and can be hazardous to
human health (1,2). 

Small amounts of cadmium
enter the environment from natural
weathering of minerals due to
forest fires and volcanic emissions,
but most is released in mining and
smelting operations, fuel
combustion, disposal of metal-
containing products, and
application of phosphate fertilizers
or sewage sludge to field crops (2).
Human exposure to cadmium can
result from food, drinking water, or
incidental ingestion of soil or dust
contaminated with cadmium; from
inhalation of cadmium-containing
particles from ambient air; from
inhalation of cigarette smoke,
which contains cadmium taken up
by tobacco; or from working in an
occupation involving exposure to
cadmium fumes and dust (2). For
non-smokers, ingestion of food is
the largest source of cadmium
exposure (2). Levels of cadmium in
soil may be increasing in the future
as a result of the application of
municipal sludge or phosphate
fertilizers, which then accumulates
in plants and animals that humans
consume. Dietary exposure
may increase further as acid
precipitation lowers the soil pH.
Grain and cereal products usually
contribute the greatest percentage
of dietary cadmium; potatoes, leafy
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advantages of permanent modifiers
in ETAAS (3-14) (longer tube
lifetime, better detection limits,
higher sample throughput, simpler
heating programs, and lower
analytical cost) were taken into
account when optimizing the
conditions for the determination of
cadmium in environmental samples.

EXPERIMENTAL

Instrumentation

A Model AAS5EA (Zeiss, Jena,
Germany) atomic absorption
spectrometer, equipped with a
deuterium lamp background
correction system, a transversely
heated graphite tube atomizer
(TGA), and an MPE 5 autosampler
from the same manufacturer,
were used.

The TGA tubes (IC graphite
tubes, Part No. 07-8102525) with
pin platforms were used with and
without thermal treatment for
permanent modifier deposition,
using the procedure reported
previously by Lima et al. (3).
Permanent modifiers were used
throughout.

Cadmium measurements were
made at the analytical wavelength
of 228.8 nm (slit 0.7 nm). Cadmium
hollow cathode lamps (Imaging &
Sensing Technology, Horseheads,
N.Y., USA) were utilized following
the manufacturer’s instrument
recommendations. 

The heating program employed
for the cadmium determination in
the environmental samples, using
permanent modifiers, is given in
Table I. All measurements were
made with at least three replicates
and are based on integrated
absorbance. Argon (White Martins,
Esteio-RS, Brazil) was used as the
protective gas throughout.

Materials, Reagents, and 
Solutions

High-purity deionized water
(resistivity 18.2 MΩ cm), obtained

with a Milli-Q™ water purification
system (Millipore, Bedford, MA,
USA), was used throughout.
Analytical reagent-grade HNO3 and
HCl (Merck, Rio de Janeiro, Brazil)
were distilled in quartz sub-boiling
stills (Kürner, Rosenheim,
Germany). Hydrofluoric acid
(Merck, Rio de Janeiro, Brazil) was
distilled in Teflon® sub-boiling stills
(Kürner, Rosenheim, Germany).

All solutions were stored in
high-density polypropylene bottles.
Plastic bottles, autosampler cups,
and glassware were cleaned by
soaking in 20% (v/v) HNO3 for 24 h,
rinsing five times with Milli-Q
water, then drying and storing in a
flow hood. 

The following 1.00 g L-1

solutions, utilized to make
permanent modifiers, were
prepared from Na2WO4. 2H2O
(Merck, Darmstadt, Germany),
(NH4)3RhCl6 • 1-1/2H2O, RuCl3 •
3H2O, and H2IrCl6 • 6H2O (Fluka
Chemie GmbH, Sigma-Aldrich, São
Paulo, Brazil).

Stock solution of Cd (1.00 g L-1)
was obtained from spectrographically
pure CdO (Johnson & Matthey,
Royston, U.K). Analytical calibration
standards were prepared over the
range of 0.20 to 1.25 µg L-1 and 0.75
to 5.0 µg L-1 Cd by suitable serial
dilution of the stock solution in
1.0% (v/v) HNO3. 

Reference Materials

The following reference
materials were used for testing the
accuracy of the proposed method: 

Fly Ash (BCR-CRM 038), Gas
Coal (BCR-CRM 180), Coking Coal
(BCR- CRM 181), and Calcareous
Loam Soil (BCR-CRM 141R) from
the Institute for Reference Materials
and Measurements (Geel, Belgium).

Bituminous Coal (NIST-SRM
1632b), Coal Fly Ash (NIST-SRM
1633b), Trace Elements in Coal
(NIST-SRM 1632c), Estuarine
Sediment (NIST-SRM-1646a), and

Montana I Soil (NIST-SRM 2710),
from the National Institute of
Standards and Technology
(Gaithersburg, MD, USA).

Coal Fly Ash (GBW 08401), River
Sediment (GBW 08301), and Stream
Sediment (GBW 07311) from the
National Research Centre for
Certified Reference Materials
(Beijing, China).

Sewage Sludge Amended Soil
(RTC-CRM 005-050), Dry Soil No.2
(RTC-CRM 020-050), and Dry Soil
No. 5 plus Cyanide (RTC-CRM 022-
030) from the Resource Technology
Corporation (Laramie, WY, USA).

Great Lakes Sediment
(NWRI-TH-2) from the National
Water Research Institute
(Burlington, Canada).

Microwave-assisted Acid 
Digestion

Microwave-assisted wet
decomposition of coal, fly ash, soil,
and sediments was performed in
five replicates using a Milestone
ETHOS PLUS microwave oven
following the procedures outlined
below:

(a) Coal and fly ash: 0.2-g sample
was accurately weighed into a TFM
digestion vessel and 2 mL HNO3, 6
mL HCl, and 8 mL HF were added to
the vessel, gently stirring the acid
mixture. The bomb was closed and
introduced into the rotor segment
(MPR-300/12S), then tightened
using a torque wrench. The rotor
was then placed inside the microwave
cavity and subsequently connected to
the temperature sensor. 

A three-step microwave program
was carried out:

1st step: Ramp heating from
room temperature to 180°C for 5
minutes (up to 1000 W).

2nd step: Holding at 180°C for 20
minutes (up to 1000 W).

3rd step: Turning off the
microwave and waiting for 5 minutes. 
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The rotor was taken off the
microwave oven and cooled by air
until it reached room temperature.
The bomb cap was removed and
the open vessel placed on a hot
plate. In order to eliminate excess
HF, 1 mL of H2SO4 (Suprapur®

Merck, Darmstadt, Germany) was
added to the digestion bomb and
the sample boiled to near dryness. If
a residue remained at this point, the
decomposition procedure described
above was repeated. When the
residue was dissolved completely,
the small amount of sample digest
was quantitatively transferred to a
25–100 mL volumetric flask, adjust-
ing the final acidity with 1% (v/v)
HNO3.

(b) Sediments and soils: 0.2-g
sample was accurately weighed into
a TFM digestion vessel and 4 mL
HNO3, 6 mL HCl, and 10 mL HF
were subsequently added, gently
stirring the acid mixture. The bomb
was closed and introduced into the
rotor segment (MPR-300/12S), then
tightened using a torque wrench.
The rotor was placed inside the
microwave cavity and connected to
the temperature sensor. 

A three-step microwave program
was carried out:

1st step: Ramp heating from
room temperature to 160°C for 5
minutes (up to 1000 W).

2nd step: Holding at 160°C for 20
minutes (up to 1000 W).

3rd step: Turning off the
microwave and waiting for 5 minutes. 

The rotor was taken off the
microwave oven and cooled by air
until it reached room temperature.
After, the bomb cap was removed,
the open vessel was placed on a hot
plate. In order to eliminate excess
HF, 1 mL of H2SO4 (Suprapur®

Merck, Darmstadt, Germany) was
added to the digestion bomb and
the sample boiled to near dryness.
Then the small amount of sample
digest was transferred quantitatively

to a 25–100 mL volumetric flask,
adjusting the final acidity with
1% (v/v) HNO3.

The resulting solutions were
analyzed by ETAAS by delivering
20-µL aliquots into the atomizer,
following the heating program
described in Table I. When high
analyte contents were present in
the digested solutions, they were
properly diluted with 1% (v/v)
HNO3 and then 20-µL aliquots were
introduced into pre-treated platform
of the graphite tube. 

RESULTS AND DISCUSSION

Optimization of ETAAS 
Conditions

Cadmium is an element that
is routinely determined in
environmental samples (1,2). Use
of a chemical modifier is typically
required for the determination of
this element, mainly when high
concentrations of concomitants are
present in the samples (21). In this
work, the following permanent
modifiers were selected: 200 µg Rh,
200 µg Ir, 200 µg Ru, 250 µg W +
200 µg Rh, 250 µg W + 200 µg Ir,
and 250 µg W + 200 µg Ru. The
amount of permanent modifier was
optimized as described in previous
works (3–14).

The following environmental
samples were chosen for this study: 

Four coals [Gas Coal (BCR-CRM
180), Coking Coal (BCR- CRM 181),

Bituminous Coal (NIST-SRM 1632b),
and Trace Elements in Coal (NIST-
SRM 1632c).

Three fly ashes [Fly Ash
(BCR-CRM 038), Coal Fly Ash
(NIST-SRM 1633b), and Coal Fly
Ash (GBW 08401)].

Five soils [Montana I Soil
(NIST-SRM 2710), Sewage Sludge
Amended Soil (RTC-CRM 005-050),
Dry Soil No. 2 (RTC-CRM 020-050),
Dry Soil No. 5 plus Cyanide
(RTC-CRM 022-030) and Calcareous
Loam Soil (BCR-CRM 141 R)]. 

Four sediments [Estuarine
Sediment (NIST-SRM-1646a), River
Sediment (GBW 08301), Stream
Sediment (GBW 07311), and Great
Lakes Sediment (NWRI-TH-2)].

Cadmium concentrations in the
digests of environmental samples
ranged from 0.20 to 9.0 µg L-1

keeping the dilution factor within
250-500 mL g-1 for most samples,
except for NWRI-TH-2, RTC-CRM
005-050, RTC-CRM 020-050,
NIST-SRM 2710, and CRC-CRM
141R, whose dilution factor was
within 1000–5000 mL g-1. It should
be noted that the maximum
dilution carried out during sample
decomposition was 0.2 g solid
sample to 100 mL (dilution factor of
500 mL g-1). A dilution factor higher
than 500 mL g-1 was carried out by
serial dilution of this sample
solution with 1.0% (v/v) HNO3.

TABLE I 
Heating Program Applied in the Determination of Cd 

in Environmental Samples 
Using Different Permanent Modifiers (see Table II)

Step      Temp. (oC)     Ramp (s)    Hold (s)       Ar flow rate (mL min-1)

1 140 3 15 300
2 160 3 20 300
3 650 10 20 300
4 1300 0 5 0
5 2200 1 3 300
Injection temperature   100oC
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The electrothermal behavior of
Cd in digests of Coal Fly Ash
(NIST-SRM 1633b, dilution factor
500 mL g-1, 31.36 ± 3 pg Cd per
injection) with different permanent
modifiers, such as 200 µg Rh, 200
µg Ir, 200 µg Ru, 250 µg W + 200
µg Rh, 250 µg W + 200 µg Ir, and
250 µg W + 200 µg Ru, are
compared in Figure 1. As can be
seen, the cadmium maximum
pyrolysis temperature obtained
with all permanent modifiers was
the same. However, the sensitivity
attained with mixed tungsten plus
noble metal modifier was always
higher than with a single modifier.
Based on these results it is expected
that tungsten plus a noble metal
modifier would be more efficient
for analyte stabilization in digests of
real samples in comparison to using
single noble metal modifiers.

Analytical Characteristics

The cadmium characteristic
mass, obtained employing different
permanent modifiers and based on
integrated absorbance, was 1.0 pg
for Rh, Ir, and Ru permanent
modifiers; and 0.9 pg for W-Rh,
W-Ir, and W-Ru permanent
modifiers. The cadmium detection
limits, calculated from 20
consecutive measurements of the
blank solutions according to IUPAC
(22), were 9 ng g-1 for Rh, 8 ng g-1

for Ir, 9 ng g-1 for Ru, 8 ng g-1 for
Rh, 9 ng g-1 for Ir, and 8 ng g-1 for
Ru. Better characteristic masses
were obtained for the mixed
tungsten plus noble metal modifier
vs. using a single modifier. Based on
these results, it can be inferred that
tungsten present in the mixed
permanent modifiers helps to
stabilize the analyte on the
pretreated platform, allowing
higher sensitivity associated with
higher pyrolysis temperature.

The use of permanent modifiers
in ETAAS prolongs tube lifetime
for digests as well as slurries of
biological and environmental
samples (3–14). Tube lifetime and

%RSD (n=tube lifetime) for Cd
obtained in digests of Coal Fly Ash
(NIST- SRM 1633b, dilution factor
500 mL g-1, 31.36 ± 3 pg Cd per
injection) with different modifiers
are shown in Figure 2. The
permanent modifier treatments
were repeated after each 350
firings using the recommendations
of a previous report (3). As can be
seen, about 20% longer tube
lifetimes were obtained when
tungsten plus noble metal modifier
was used as compared to a single
noble metal permanent modifier.
In addition, the %RSD for the tube
lifetime with tungsten plus noble
metal was always lower than with a
single noble metal modifier. This
shows that tungsten plays a definite
role in increasing tube lifetime and
reproducibility, but a sound
investigation should be carried out
to prove this effect. 

Analysis of Samples

An extensive study was carried
out using different permanent
modifiers for the determination
of cadmium in digests of
environmental reference materials
(Table II). The results are presented
as an average ± confidence interval
(at 95% confidence level, “t”
student = 2.776). The analyte
recoveries in the different samples
employing different permanent
modifiers are listed in Table II. As
can be seen, best analyte recoveries
(95–105%) for the environmental
reference materials were obtained
using W-Rh, W-Ir, and W-Ru
permanent modifiers (Table II).
The Rh, Ir, and Ru single modifiers
did not provide good recoveries
(<90%) for the digests of
environmental reference materials.
The solid reference materials,
whose cadmium contents are
within the confidence interval
when single modifiers are
employed, are samples that result
in a very large confidence interval
(higher than 20%). For all other
cases, the analyte contents are out

of the limit of reference materials.
It can be inferred that tungsten
plus a noble metal modifier can
be successfully utilized for the
determination of cadmium in
digests of environmental reference
materials. The single permanent
modifiers (Rh, Ir, and Ru) could
probably be employed for simpler
matrices such as natural waters.

CONCLUSION

Better analytical characteristics
such as higher maximum pyrolysis
temperature, lower characteristic
masses, lower detection limits,
longer tube lifetime, better signal
reproducibility, and better analyte
recoveries in environmental
reference materials were obtained
when W-Rh, W-Ir, and W-Ru
permanent modifiers were used in
comparison to the single Rh, Ru,
and Ir permanent modifiers. 
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Fig. 1. Cd pyrolysis curves in digests of Coal Fly Ash (NIST-SRM 1632c) with different permanent modifiers.
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Fig. 2. Long-term stability curves for Cd obtained in digests of Coal Fly Ash (NIST- SRM 1633b, dilution factor 500 mL g-1, 
31.36 ± 3 pg Cd per injection).
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TABLE II 
Concentrations (µg g-1) and Recoveries of Cd (n=5) in Environmental Reference Materials 

Using Different Permanent Modifiers
Heating programs of Table I were employed throughout. 

Confidence interval at 95% confidence level (“t”student = 2.776).
BCR CRM 180

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.212 ± 0.011 0.170  ± 0.008 0.189  ± 0.009 0.176 ± 0.008 0.213 ± 0.005 0.210 ± 0.006 0.209 ± 0.007

Recovery/% 80.2 89.2 83.0 100.5 99.5 99.1

BCR CRM 181

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.051 ± 0.003 0.042  ± 0.002 0.043 ± 0.001 0.045 ± 0.002 0.052 ±0.001 0.050 ± 0.001 0.052 ±0.002

Recovery/% 82.4 84.3 88.2 102.0 98.0 102.0

NIST SRM 1632b

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.0573± 0.003 0.0453 ± 0.001 0.0504 ± 0.001 0.0496 ±0.002 0.0572 ±0.001 0.0570 ±0.001 0.0574 ±0.002

Recovery/% 79.1 88.0 86.6 99.8 99.5 100.2

NIST SRM 1632 c

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.072 ± 0.007 0.064 ± 0.001 0.063 ± 0.002 0.062 ± 0.001 0.070 ±0.002 0.073 ±0.001 0.074 ± 0.002

Recovery/% 88.9 87.5 86.1 97.2 101.4 102.8

BCR CRM 038

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 4.60 ± 0.28 4.05  ± 0.08 3.74  ± 0.12 3.79 ± 0.14 4.62  ± 0.10 4.65  ± 0.10 4.61  ± 0.09

Recovery/% 88.0 81.3 82.4 100.4 101.1 100.2

GBW 08401

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.16 ± 0.04 0.13 ± 0.01 0.14 ± 0.01 0.13 ± 0.01 0.15 ± 0.01 0.16 ± 0.01 0.15 ± 0.01

Recovery/% 81.3 87.5 81.3 93.8 100.0 93.8

NIST SRM 1633b

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.784 ± 0.008 0.668 ± 0.004 0.685 ± 0.002 0.690 ± 0.004 0.790 ± 0.005 0.780 ± 0.004 0.781 ± 0.004

Recovery/% 85.2 87.4 88.0 100.8 99.5 99.6

NWRI-TH-2

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 5.22 ± 0.47 4.16 ± 0.10 4.20 ± 0.12 4.19 ± 0.13 5.23 ± 0.11 5.19 ± 0.10 5.31 ± 0.14

Recovery/% 79.7 80.5 80.3 100.2 99.4 101.7

GBW 07311

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 2.30 ± 0.41 1.98 ± 0.28 2.03 ± 0.22 2.01 ± 0.25 2.32 ± 0.18 2.28 ± 0.21 2.29 ± 0.20

Recovery/% 86.1 88.3 87.4 100.9 99.1 99.6

GBW 08301

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 2.45 ± 0.32 2.15 ± 0.17 2.15 ± 0.16 2.05 ± 0.21 2.36 ± 0.20 2.41 ± 0.18 2.49 ± 0.21

Recovery/% 87.8 87.8 83.7 96.3 98.4 101.6

(continued on next page)
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TABLE II (continued)
Concentrations (µg g-1) and Recoveries of Cd (n=5) in Environmental Reference Materials 

Using Different Permanent Modifiers
Heating programs of Table I were employed throughout. 

Confidence interval at 95% confidence level (“t”student = 2.776).
NIST SRM 1646a

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 0.148 ± 0.007 0.128 ± 0.001 0.129 ± 0.001 0.130 ± 0.002 0.152 ± 0.001 0.148 ± 0.001 0.144 ± 0.001

Recovery/% 86.5 87.2 87.8 102.7 100.0 97.3

RTC CRM 005-50

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 13.7 ± 0.7 12.0 ± 0.3 12.1 ± 0.4 12.2 ± 0.4 13.6 ± 0.3 13.8 ± 0.3 14.1 ± 0.4

Recovery/% 87.6 88.3 89.1 99.3 100.7 102.9

RTC CRM 022-030

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 3.1 ± 0.2 2.64 ± 0.06 2.62 ± 0.05 2.66 ± 0.04 3.14 ± 0.05 3.05 ± 0.06 3.10 ± 0.06

Recovery/% 85.2 84.5 85.8 101.3 98.4 100.0

NIST SRM 2710

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 21.8 ± 0.2 18.1 ± 0.1 18.6 ± 0.1 19.0 ± 0.1 21.7 ± 0.1 21.6 ± 0.1 21.9 ± 0.1

Recovery/% 83.0 85.3 87.2 99.5 99.1 100.5

BCR CRM 141 R

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 14.6 ± 0.4 12.55 ± 0.10 12.60 ± 0.11 12.48 ± 0.12 14.52 ± 0.09 14.53 ± 0.08 14.43 ± 0.09

Recovery/% 86.0 86.3 85.5 99.5 99.5 98.8

RTC CRM 020-050

Certified Rh Ir Ru W-Rh W-Ir W-Ru

Cd 15.4 ± 0.5 13.1 ± 0.1 12.9 ± 0.1 13.0 ± 0.1 15.6 ± 0.1 15.7 ± 0.1 15.3 ± 0.1

Recovery/% 85.1 83.8 84.4 101.3 101.9 99.4
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