
ORIGINAL PAPER

Alessandra Furtado da Silva Æ Daniel L. G. Borges
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Abstract This work describes the development of a
method to determine cadmium in coal, in which iridium
is used as a permanent chemical modifier and calibration
is performed against aqueous standards by high-resolu-
tion continuum source atomic absorption spectrometry
(HR-CS AAS). This new instrumental concept makes
the whole spectral environment in the vicinity of the
analytical line accessible, providing a lot more data than
just the change in absorbance over time available from
conventional instruments. The application of Ir (400 lg)
as a permanent chemical modifier, thermally deposited
on the pyrolytic graphite platform surface, allowed
pyrolysis temperatures of 700 �C to be used, which was
sufficiently high to significantly reduce the continuous
background that occurred before the analyte signal at
pyrolysis temperatures <700 �C. Structured back-
ground absorption also occurred after the analyte signal
when atomization temperatures of >1600 �C were used,
which arose from the electron-excitation spectrum (with
rotational fine structure) of a diatomic molecule. Under
optimized conditions (pyrolysis at 700 �C and atomiza-
tion at 1500 �C), interference-free determination of
cadmium in seven certified coal reference materials and
two real samples was achieved by direct solid sampling
and calibrating against aqueous standards, resulting in
good agreement with the certified values (where avail-
able) at the 95% confidence level. A characteristic mass
of 0.4 pg and a detection limit of 2 ng g�1, calculated

for a sample mass of 1.0 mg coal, was obtained. A
precision (expressed as the relative standard deviation,
RSD) of <10% was typically obtained when coal
samples in the mass range 0.6–1.2 mg were analyzed.

Keywords High-resolution continuum source atomic
absorption spectrometry Æ Graphite furnace atomic
absorption spectrometry Æ Solid sampling Æ Cadmium
determination Æ Coal analysis Æ Iridium permanent
modifier

Introduction

The conventional method of solvating coal includes a
high-temperature ashing step in a vented furnace, fol-
lowed by acid digestion of the resulting ash using a
mixture of concentrated hydrofluoric, nitric and sulfuric
acids [1]. This procedure is not only time-consuming, but
also risks the loss of volatile trace elements during the
ashing stage and contamination from reagents and
sample handling. Microwave-assisted acid digestion can
speed up the second part of the process, but it still re-
quires prior ashing of the coal [2], unless perchloric acid
is added [3–5], and/or excessively long heating times are
used. Alkaline fusion with lithium metaborate has also
been proposed to solvate coal; however, the relatively
high dilution involved in this process and the resulting
matrix are not really suited for trace element determi-
nation [6].

The direct analysis of solid samples using graphite
furnace atomic absorption spectrometry (GF AAS) has a
number of advantages over solution analysis in cases
where the samples are difficult to digest, such as: (i) a
significantly reduced risk of contamination and loss of
analyte; (ii) an increased sensitivity, as samples are not
diluted; (iii) the use of expensive and/or hazardous re-
agents is not required, resulting in both economic and
environmental benefits; (iv) results are obtained more
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rapidly [7, 8]. Obviously, direct solid sampling also has
some limitations, and the most frequently mentioned
ones are: (i) sample introduction is more difficult; (ii)
calibration is more complex; (iii) the precision is inferior
to solution analysis. However, first, with state-of-the-art
instruments, equipment is available that greatly facili-
tates the introduction of solid samples [9]; second, it has
been demonstrated that aqueous standards can often be
used in solid sample analysis when the conditions are
optimized [10–14]; third, a relative standard deviation
(RSD) of 5–10%, typical of direct solid sampling, is
considered much more acceptable for the analysis of
a natural sample with an inherent inhomogeneity, such
as coal, than a wrong result due to contamination or
analyte loss during sample preparation.

Chemical modifiers are routinely used in GF AAS
as part of the stabilized temperature platform furnace
(STPF) concept [15]. The platinum group metals,
mainly Pt, Rh, Ru and Ir, have been used as modifiers
(either alone or mixed) for the determination of sev-
eral volatile elements, such as As, Bi, Se, Hg, Cd, Ge,
Sn, Sb and Pb [16–19]. Belarra et al [20] investigated
Pd as a modifier for the determination of cadmium in
sewage sludge using solid sampling analysis. Da Silva
et al [21] used ruthenium as a permanent modifier for
the determination of cadmium in biological samples
solubilized with tetramethylammonium hydroxide.
Piascik and Bulska [22] demonstrated that all elec-
trodeposited modifiers could stabilize cadmium up to
800 �C in the presence of HNO3 and aqua regia. Vale
et al [10] have shown that permanent chemical modi-
fiers can in fact be used for direct solid sampling GF
AAS, although the sample is not in intimate contact
with the modifier. Obviously, the use of a permanent
modifier simplifies the whole procedure of solid sam-
pling significantly, compared to the addition of a
modifier in solution to each sample aliquot, in addi-
tion to minimizing the risk of introducing high blank
values with the modifier [23].

The determination of cadmium in coal using solid
sampling GF AAS with conventional equipment turned
out to be difficult, particularly as calibration against
aqueous standards was not possible, necessitating the
use of certified reference materials (CRM) for that
purpose [10]. High-resolution continuum-source AAS
(HR-CS AAS) has been used successfully in earlier
works for the analysis, identification and correction of
complex and/or structured molecular background [24–
26]. This technique has proven to be a powerful tool for
detecting and eliminating spectral interferences, and also
for method development in GF AAS. Optimization of
instrumental parameters is greatly facilitated by the
possibility of altering conditions such as the start and
end of signal integration and the pixels used for mea-
surement and background correction, after the mea-
sured data have been stored [14].

The aim of this work was to investigate the feasibility
of the direct determination of cadmium in solid coal
samples using HR-CS AAS and calibration against

aqueous standards. It was possible to identify the
problems associated with this determination and to
establish a reliable method for this kind of analysis.

Experimental

Instrumentation

All method development work and the final determina-
tions were carried out using a prototype high-resolution
continuum source atomic absorption spectrometer, built
at ISAS, Department Berlin. The prototype is based on a
Model AAS 6 Vario (Analytik Jena AG, Jena, Ger-
many), from which the entire optical compartment
including detector and associated controls had been
removed and replaced by a high-resolution double
monochromator (DEMON), similar to the system de-
scribed by Heitmann et al [27]. The instrument, which
utilizes a high-intensity xenon short-arc lamp as a con-
tinuum source, and a linear CCD array detector with 512
pixels, among other features, has been described in detail
in previous publications [14, 24, 26, 27]. At 228.802 nm,
the main Cd absorption line, the resolution per pixel was
1.9 pm, and an intermediate slit width of 428 lm was
used, making possible the simultaneous evaluation of
200 pixels, corresponding to about ±0.2 nm around
the analytical wavelength. Cadmium absorption was
measured using the central pixel (CP) only, and
CP±1, in other words over a spectral interval of
about 6 pm. However, only the data obtained using
CP±1 are presented in this work due to the better sen-
sitivity and signal-to-noise ratio obtained under these
conditions; otherwise the difference between the two
modes of evaluation was of negligible influence on the
analytical results. The system was controlled by a
Pentium III, 1000 MHz personal computer, running an
in-house-developed data acquisition program.

A conventional transversely-heated graphite tube
atomizer system, supplied by Analytik Jena together
with the Model AAS 6 Vario, was used throughout. All
experiments were carried out using pyrolytic graphite-
coated solid sampling graphite tubes without a dosing
hole (Analytik Jena AG, Part No. 07-8130325), and the
samples were introduced on pyrolytic graphite-coated
solid sampling (SS) platforms (Analytik Jena AG, Part
No. 407-A81.312), using a pre-adjusted pair of tweezers,
which is part of the standard SSA 5 solid sampling
accessory. Solid samples were weighed directly onto the
platforms using an M2P microbalance (Sartorius, Göt-
tingen, Germany). All calibration or modifier solutions
were pipetted manually onto the platform. The sample
mass was used to calculate the ‘‘normalized integrated
absorbance’’ (the integrated absorbance calculated for
1 mg of sample) for each measurement.

Argon with a purity of 99.996% (White Martins, São
Paulo, Brazil) was used as the purge gas. The graphite
furnace temperature program used when treating the SS
platforms with the Ir permanent modifier is presented in
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Table 1. A total mass of 400 lg of the Ir modifier was
applied using ten injections of 40 lL each of modifier
solution (1000 mg L�1), executing the temperature pro-
gram in Table 1 after each injection. The optimized
graphite furnace temperature program used for Cd
determination in aqueous solutions and for direct solid
sampling is given in Table 2.

Reagents and reference materials

Analytical grade reagents were used unless otherwise
specified. Nitric acid (Carlo Erba, Milan, Italy, No.
4080150) was further purified by double sub-boiling
distillation using a quartz sub-boiling still (Kürner
Analysentechnik, Rosenheim, Germany). Water was
purified in a Milli-Q system (Millipore, Bedford, MA,
USA), resulting in water with a resistivity of 18 MX cm.
The cadmium stock standard solution, 1000 mg L�1,
was prepared from cadmium nitrate (Merck) in
0.5 mol L�1 HNO3. A 1000 mg L�1 Ir atomic absorp-
tion standard solution (Fluka, Buchs, Switzerland) was
used to treat the platforms with the permanent modifier.
The calibration solutions were prepared by serial dilution
of the stock standard solution with 5% (v/v) nitric acid.

The following reference materials were used in this
work: BCR No. 40 Trace elements in coal, BCR No. 180
Gas Coal and BCR No. 181 Coking Coal (Community
Bureau of Reference, Brussels, Belgium); SARM 20
Coal Sasolburg (South Africa Bureau of Standards,
Pretoria, South Africa); NIST SRM 1630a Trace Mer-
cury in Coal, SRM 1632b Trace Elements Coal, and
NIST SRM 1635 Trace Elements in Coal (National
Institute for Standards and Technology, Gaithersburg,
MD, USA). In addition, two real coal samples were
investigated, a Brazilian coal from the Candiota mine in

Rio Grande do Sul, termed ‘‘Candiota’’, and a coal from
Spitzbergen, Norway, termed ‘‘Spitzbergen’’. For all
experiments, the samples were ground manually in an
agate mortar to a particle size £50 lm.

Results and discussion

Pyrolysis and atomization temperatures

Two coal samples, SARM 20 and NIST 1630a, were
used for method development and optimization proce-
dures. Figure 1 shows the pyrolysis curves obtained for
the above-mentioned coal samples and for an aqueous
solution containing 2 lg L�1 Cd in 0.5% v/v HNO3,
with and without the use of thermally deposited Ir as
permanent modifier. The thermal stabilization provided
by the modifier is obvious for all samples, although for
NIST 1630a the pyrolysis curve obtained without mod-
ifier is rather similar to the one obtained with the per-
manent modifier. This suggests that the coal matrix
itself, in this specific case, contributes to stabilize cad-
mium at higher pyrolysis temperatures. The stabilization
effect provided by the modifier is noticeably higher for
Cd in aqueous solution, in which about 15% of the
analyte is lost at a pyrolysis temperature of 400 �C, and
much greater losses occur at higher temperatures. The
presence of iridium in this case allowed a pyrolysis
temperature of 700 �C to be used, which facilitated the
use of aqueous standards for calibration.

An interesting effect that occurred in the case of coal
samples is the very strong continuous background
absorption that preceded the analyte signal at pyrolysis
temperatures £ 600 �C, as shown in Fig. 2 for NIST

Table 1 Temperature program for deposition of iridium on the SS
graphite platform

Step Temperature
(�C)

Ramp
(�C s�1)

Hold
time (s)

Ar flow rate
(L min�1)

1 130 30 20 2.0
2 400 30 20 2.0
3 1000 100 10 0.0
4 2000 100 5 2.0

Table 2 Temperature program for the determination of cadmium
in coal by solid sampling HR-CS AAS using Ir as permanent
modifier and calibrating against aqueous standards

Stage Temperature
(�C)

Ramp
(�C s�1)

Hold
time (s)

Ar flow rate
(L min�1)

1. Drying 150 30 10 2.0
2. Pyrolysis 700 100 30 2.0
3. Auto Zeroa 700 100 1 0.0
4. Atomization 1500 2000 8 0.0
5. Cleaning 2100 1000 4 2.0

a Signal registration starts in this stage

Fig. 1 Pyrolysis temperature curves for Cd in aqueous solution
(2 lg L�1) (open diamonds) without modifier and (rotated triangles)
with Ir permanent modifier; SARM 20 coal (open squares) without
modifier and (filled upside-down triangles) with Ir permanent
modifier and NIST 1630a coal (open circles) without modifier and
(filled triangles) with Ir permanent modifier. Atomization temper-
ature: 1500�C

1837



1630a, using a pyrolysis temperature of 400 �C. The
signal registration in Fig. 2 starts with the Auto Zero
step (1 s prior to the atomization stage), and the clean-
ing stage starts at 9 s. At such low pyrolysis tempera-
tures, the matrix obviously cannot be eliminated
efficiently, and the remaining particles are vaporized in
the atomization stage, which generates smoke in the
graphite tube and, consequently, a great deal of scat-
tering of the radiation emitted by the source. This then
results in the pronounced baseline noise early in the
atomization stage that can be seen in Fig. 2, as only less
than 0.1% of the source radiation reaches the detector
under these conditions, a situation that cannot be han-
dled by any optical spectrometer. Although this back-
ground absorption and the analyte signal appeared at
different time periods during the atomization stage,
there was still some overlap between these two signals,
which resulted in a slight loss in the measured integrated
absorbance when the integration intervals were chosen
so as to exclude the extreme baseline noise. This effect
was most pronounced in NIST 1630a coal, and is
responsible for the lower absorbance values that are
measured when using pyrolysis temperatures <600 �C,
as can be seen in Fig. 1. A much more efficient matrix
elimination was achieved when a pyrolysis temperature
of 700 �C was used, resulting in a considerable reduction
in the continuous background for most samples, and in
a complete elimination of this background absorption
for the Candiota coal. The fact that Ir, applied as per-
manent modifier, allowed a pyrolysis temperature of
700 �C to be used for the coal samples, is yet another
example that proves that permanent chemical modifiers
can be applied successfully to direct solid sample anal-

ysis, although the sample is not in intimate contact with
the modifier. The action of the modifier in this case can
only be explained by a migration of the analyte from the
coal matrix to the modifier-treated platform at relatively
low temperatures (during the pyrolysis stage).

The temperature used for atomization is responsible
for another spectral event that can also be seen in Fig. 2.
At temperatures above 1600 �C, structured background
absorption, characteristic of the electron excitation
spectra of diatomic molecules with rotational fine
structure, appeared after the atomic signal. The identity
of the molecule(s) that is/are causing this absorption
spectrum is still under investigation, but a sulfur-con-
taining molecule is undoubtedly responsible for at least
part of this absorption. Nevertheless, the structured
background that is visible in Fig. 2 only appeared dur-
ing the cleaning stage at 2100 �C, as the atomization
temperature in this case was 1500 �C, and so this did not
interfere with the determination. A well-defined
absorption peak can also be seen during the cleaning
stage, which corresponds to a secondary iron line at
228.725 nm [28]; this obviously does not interfere with
the determination either, since this peak can easily be
separated from the atomic peak both temporally and
spectrally, although it might cause spectral interference
with deuterium background correction unless the tem-
perature program is optimized carefully.

The absorbance spectrum integrated over time, which
is shown in Fig. 3 for SARM 20 coal at an atomization
temperature of 1700 �C, exhibits an extremely dense
pattern of atomic and molecular absorption lines. The
Cd absorption line is barely resolved in wavelength from
the molecular absorption ‘‘lines’’, a situation that would
require least-squares background correction using a
model spectrum [24, 25] in the case where the atomic and
molecular absorption could not be separated in time,
although this was possible in the present case. Cadmium

Fig. 3 Wavelength-resolved absorbance spectrum for SARM 20
coal integrated over time in the vicinity of the cadmium resonance
line at 228.802±0.2 nm; atomization temperature 1700 �C

Fig. 2 Time- and wavelength-resolved absorbance spectrum for
cadmium in NIST 1630a coal at 228.802±0.2 nm, using 400 �C
pyrolysis temperature and atomization at 1500 �C
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is a relatively volatile element, which does not usually
require atomization temperatures above 1500 �C. This
was, in fact, the optimum temperature finally adopted
in this work, since the integrated absorbance signal
decreases at higher temperatures due to faster diffusion
and hence a shorter residence time of the atoms in the
absorption volume.

Correction for continuous spectral events

The automatic correction for any continuous spectral
‘‘event’’—any alteration in the radiation flux that affects
all of the pixels at the same time and to the same ex-
tent—is another feature of the HR-CS AAS system. The
fact that only a few pixels, typically three, are used to
measure analyte absorption makes it possible to use any
set of the remaining 197 pixels for correction purposes.
And as all pixels are illuminated and read out simulta-
neously, this feature results in kind of a simultaneous
double beam system and a simultaneous correction for
continuous background absorption and/or emission.
The effect of this specific type of correction is shown in
Fig. 4a and b. In Fig. 4a, at a low pyrolysis temperature

(400 �C), the background absorption reaches values well
above A=3, meaning that essentially no radiation
reaches the detector, as was already discussed in
connection with Fig. 2. After proper correction, which
occurs automatically, using a set of software-selected
pixels, a more effective distinction can be made between
the background absorption and the analyte signal,
although there is still some overlap between the baseline
noise (caused by the background absorption) and the
analyte signal. Using the optimum pyrolysis temperature
of 700 �C, which results in a much lower background
absorption (apparent in Fig. 4b) the correction for
continuous events not only eliminates the residual
background absorption, but also the lamp flicker noise,
resulting in a well-defined absorbance pulse with an
extremely low noise level.

Optimization of sample mass

One of the biggest difficulties involved in direct solid
sampling analysis is the micro-inhomogeneity of the
samples to be analyzed. To evaluate this specific prop-
erty, an optimization of the coal mass to be introduced
into the graphite furnace was performed using NIST
1630a and SARM 20, with masses ranging from 0.1 to
2.2 mg. The final signal obtained was normalized to
1 mg and the results for each of the two CRM separated
into eight groups of three masses each, which were
typically within 0.1 mg, except for sample masses
>1 mg, for which the mass range was greater. The rel-
ative standard deviation of the normalized signal for
each mass interval was evaluated, and the results are
shown in Fig. 5. For mass aliquots smaller than 0.6 mg,
relative standard deviations between 15 and 35% were

Fig. 4a–b Absorbance over time for cadmium in NIST 1630a coal
at the center pixel (228.802 nm) with and without the correction for
continuous background absorption: a 400 �C pyrolysis tempera-
ture and b 700 �C pyrolysis temperature, using iridium as
permanent modifier and atomization at 1500 �C

Fig. 5 Effect of the coal sample mass introduced into the graphite
furnace on the repeatability, evaluated by means of the relative
standard deviation, for cadmium in (filled triangles) NIST 1630a,
and (filled inverted triangles) SARM 20; pyrolysis temperature
700 �C and atomization temperature 1500 �C
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obtained, which shows that the micro-inhomogeneity of
the coal samples could become critical at lower mass
aliquots. Although higher masses, like those usually
introduced, result in better precision, it should also be
considered that adequate matrix elimination during the
pyrolysis stage is more difficult under these conditions,
necessitating a compromise between these two parame-
ters. In fact, mass aliquots higher then 1 mg for NIST
1630a resulted in such a considerable overlap between
the continuous background and the analyte signal that
the precision deteriorated severely, resulting in relative
standard deviations of around of 35% for mass aliquots
above 1.5 mg. Sample aliquots between 0.6 and 1.2 mg
were found to be optimum for all coal samples investi-
gated, resulting in good precision (RSD<10%) and
adequate matrix elimination at a pyrolysis temperature
of 700 �C.

Analytical results

The results obtained for the determination of cadmium
in the CRM and in the coal samples using solid sampling
and calibration against aqueous standards are shown in
Table 3. The determined values are in good agreement,
at a 95% confidence level, according to a Student t-test,
with the certified values (where available). Since certified
values are not available for Cd in SARM 20 and NIST
1630a, the results were compared to those obtained by
slurry sampling ETV-ICP-MS, following the procedure
described by Maia et al [29]. The determined concen-
tration of Cd in Candiota coal is also in good agreement
with the reference value determined by conventional GF
AAS after acid digestion [30], which indicates that the
method can be efficiently applied to ‘‘real’’ samples. No
reference value was available for the Spitzbergen coal
sample.

Figures of merit

A slope of 0.005 s pg�1 was obtained, along with a
correlation coefficient of 0.9992, for the calibration
curve established with aqueous standards. The same
characteristic mass of 0.4 pg was found for coal samples
and aqueous solutions, which suggests that calibration

against aqueous standards is feasible for determining Cd
in coal. This value is also considerably lower than the
characteristic mass of 1.3 pg usually obtained for Cd in
transversely heated graphite tube atomizers with Zee-
man-effect background correction [31], the only other
configuration that could potentially deal with this kind
of analytical task. Largely due to the complete absence
of dilution, which is certainly one of the most attractive
characteristics of direct solid sampling analysis, a
detection limit of 2 ng g�1 was achieved, calculated for
a sample mass of 1 mg, using the ‘‘zero mass response’’
[7]: three times the standard deviation of the signal
obtained for ten repetitive introductions and ‘‘atomiza-
tions’’ of an empty SS platform. This shows that the
method developed in this work is extremely sensitive and
adequate for the determination of the lowest trace levels
of cadmium in coal.

Conclusion

It has been shown in this work that the determination of
cadmium, a very volatile element, in coal, a complex
matrix, which is extremely difficult to bring into solution,
can be successfully carried out using direct solid sample
analysis and calibration against aqueous standards. This
is one more example that shows that the frequently
mentioned problem of calibration in direct solid sample
analysis is not as severe as often claimed. Obviously,
calibration against aqueous standards requires the com-
plete absence of any matrix effect, which, for a complex
matrix such as coal, can only be achieved through careful
optimization of the analytical procedure. This optimi-
zation has been facilitated dramatically in HR-CS AAS,
where the entire spectral environment becomes visible,
and optimization can be carried out using a stored set of
data. The fact that calibration against aqueous standards
in the determination of the same element in the same
matrix is often not possible using conventional line
source (LS) AAS might be due to the limited optimiza-
tion possibilities of the latter technique. However, as the
same graphite atomizer is used for both techniques, and
hence the same non-spectral interferences must be ex-
pected, it might be assumed that determinations by LS
AAS are in fact limited by spectral interferences, which

Table 3 Results (lg g�1)
obtained for the determination
of cadmium in CRM and coal
samples by solid sampling HR-
CS AAS, using iridium as
permanent modifier and
calibration against aqueous
standards (n=3)

a Values obtained by slurry
sampling ETV-ICP-MS
b Value from [30] after acid
digestion

Sample Found Certified Reference

NIST 1635 0.03±0.01 0.03±0.01 –
NIST 1632b 0.061±0.004 0.0573±0.0027 –
NIST 1630a 0.073±0.005 – 0.071±0.01a

BCR 40 0.10±0.02 0.11±0.02 –
BCR 180 0.216±0.006 0.212±0.011 –
BCR 181 0.052±0.010 0.051±0.003 –
BCR 182 0.051±0.010 0.057±0.004 –
SARM 20 0.05±0.01 – 0.03±0.01a

Candiota 0.06±0.01 – 0.085±0.002b

Spitzbergen 0.29±0.06 – –
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obviously do not exist, or can be controlled much more
easily in HR-CS AAS.

It might be expected that other difficult-to-determine
trace elements in coal could be determined in the same
way—using direct solid sample analysis and calibration
against aqueous standards—after careful selection of a
suitable modifier and program optimization using
HR-CS AAS.
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