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Abstract
In general, research experimentation is often used mainly when new
methodologies are being developed or existing ones are being improved.
The characteristics of any method depend on its factors or components. The
planning techniques and analysis of experiments are basically used to
improve the analytical conditions of methods, to reduce experimental labour
with the minimum of tests and to optimize the use of resources (reagents,
time of analysis, availability of the equipment, operator time, etc). These
techniques are applied by the identification of variables (control factors) of a
process that have the most influence on the response of the parameters of
interest, by attributing values to the influential variables of the process in
order that the variability of response can be minimum, or the obtained value
(quality parameter) be very close to the nominal value, and by attributing
values to the influential variables of the process so that the effects of
uncontrollable variables can be reduced. In this central composite design
(CCD), four permanent modifiers (Pd, Ir, W and Rh) and one combined
permanent modifier W + Ir were studied. The study selected two factors:
pyrolysis and atomization temperatures at five different levels for all the
possible combinations. The pyrolysis temperatures with different permanent
modifiers varied from 600 ˚C to 1600 ˚C with hold times of 25 s, while
atomization temperatures ranged between 1900 ˚C and 2280 ˚C.
The characteristic masses for As were in the range of 31 pg to 81 pg.
Assuming the best conditions obtained on CCD, it was possible to estimate
the measurement uncertainty of As determination in water samples. The
results showed that considering the main uncertainty sources such as the
repetitivity of measurement inherent in the equipment, the calibration curve
which evaluates the adjustment of the mathematical model to the results and
the calibration standards concentrations, the values obtained were similar to
international interlaboratorial comparison results.
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As measurement in water samples by GFAAS

1. Introduction

The application of statistical techniques to chemical problems
is not restricted to merely analysing data but involves designing
experiments in which such data are collected. The design
may contribute towards optimizing the magnitudes of interest,
determining the factors which influence such magnitudes and
their interactions, thereby improving the performance of a
given methodology or process [1]. It can help researchers to
study different factors, reducing the number of experimental
runs per factor and thus reducing the time involved.

Three main varieties of central composite design (CCD)
are available in most statistical software programs: face-
centred, rotatable and inscribed. Many experimenters are
uncertain as to which is the most suitable to use in any
given study. To make the right selection, the experimenter
must first understand the differences between the varieties in
terms of the desired area of experimentation and the region of
operability.

In analytical chemistry, the introduction of new analysis
technologies and the development of instruments with a rapid
response have led to the generation of a great amount of
data. Factorial design has therefore become an important
yet simple statistical tool for the experimental design [2–4]
and treatment of results. In atomic spectrometry, or more
precisely, graphite furnace atomic absorption spectrometry
(GFAAS), it is important to optimize the pyrolysis and
atomization temperatures as these are factors which influence
the signal of the analyte of interest. Normally, this study
is first performed with a fixed atomization temperature and
a variable pyrolysis temperature. Next, the best pyrolysis
temperature is fixed and the atomization temperature is
varied. In such a context, factorial design can help by
reducing the number of experiments and the time taken to
optimize the experimental conditions when the performance
of different chemical modifiers on an analyte needs to be
assessed.

Chemical modifiers, initially called matrix modifiers [5],
are reagents that are used to retain the analyte at
higher temperatures during pyrolysis to remove unwanted
constituents or improve its atomization. Later, the term
permanent modifier [6] was introduced, where the vaporization
surface of the graphite atomizer tube is modified with
high-melting carbides. Several benefits observed from
the use of these modifiers were diminution of the time
consumed or sample dispensing, leading to simpler and faster
heating programmes for GFAAS; lowering modifier blanks
due to elimination of volatile impurities during graphite
treatment with better detection limits; longer signal term
stability, reducing the number of recalibrations during routine
analysis, remarkably improving the tube lifetime and lowering
analytical costs [7]. Many examples of permanent modifiers
are found in the literature [8–11]. To determine the arsenic in
samples taken from the environment, the graphite tube was
covered with Zr [12], by the coprecipitation of zirconium
hydroxide. Other variants are the addition of Ir to the tube
covered with Zr or W [13] as used by Tsalev et al [13], and
Rh [14] as a modifier for slurries. Modifiers such as Pd [15,16]
and Ru [17] are also cited in the literature for the thermal
stabilization of arsenic.

Table 1. Temperatures for the treatment of the platforms with
permanent modifiers.

Time/s
Argon flow/

Step Temp/˚C Ramp Hold ml min−1

1 120 5 25 250
2 150 15 10 250
3 1000 20 10 250
4 2000 1 1 250

Table 2. Coded levels of the design factors

Design factors −1.414 −1 0 +1 +1.414

Pyrolysis 675 800 1100 1400 1524
Atomization 1720 1800 2000 2200 2280

Table 3. Design matrix of the CCD.

Experiments Pyrolysis Atomization

1 −1 −1
2 +1 −1
3 −1 +1
4 +1 +1
5 0 0
6 −1.414 0
7 +1.414 0
8 0 −1.414
9 0 +1.414

Table 4. Temperature programme for As measurement.

Time/s
Argon flow/

Step Temp/˚C Ramp Hold ml min−1 Read

1 110 1 15 250
2 130 5 10 250
3 Pyrolysis 10 25 250
4 Atomization 0 5 0 X
5 2450 1 3 250

The aim of this study is to use experimental design to
improve the analytical methodology for arsenic measurement
by graphite furnace atomic absorption spectrometry. In this
CCD, permanent modifiers (Pd, Ir, W and Rh) and a combined
permanent modifier (W + Ir) were studied. The study selected
two factors: pyrolysis and atomization temperatures at five
different levels for all the possible combinations.

2. Experimental

2.1. Apparatus

All the measurements were performed in a Perkin Elmer
Atomic Absorption model Analyst 800 spectrometer, equipped
with a Zeeman-effect background correction system. An
Arsenic Electrodeless Discharge Lamp (Perkin Elmer) was
used as a light source at a wavelength of 193.7 nm.
Standard transversely heated graphite atomizers (THGA)
with an integrated L’Vov platform (Perkin Elmer, Part No
B050-4033) were used for atomization. The spectrometer
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Effect Estimate (Absolute Value)
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Figure 1. Pareto Chart of Standardized Effects—without modifier.
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Figure 2. Fitted surface—without modifier.

was equipped with an AS-800 autosampler and the whole
system was controlled by means of an AA Winlab control
software system (Perkin Elmer) running on Microsoft
Windows. All measurements were based on integrated
absorbance.

2.2. Reagents and solutions

A standard As solution of 9.941 mg g−1 in 2% HNO3 (SRM
3103a) was diluted with 2% HNO3 solution by a gravimetric
method to obtain 100 µg kg−1. This solution was used for
calibration ((25–75) µg kg−1). The deionized water used in
all the operations was prepared using a Millipore-Q system
(Millipore) with 18.2 M� cm receptivity at 25 ˚C.

The permanent chemical modifiers utilized were solutions
of 1 g L−1 Ir (Perkin Elmer), 1 g L−1 W (Merck) and ICP

standard 1 g L−1 Rh (Merck). The 1 g L−1 Pd solution
was obtained by diluting a 10 g L−1 Pd solution (Merck) in
water.

2.3. Platform treatment

To impregnate the THGA tubes with the different permanent
modifiers, 50 µL of each modifier was applied five times,
followed by the temperature programme shown in table 1,
bringing the total to 0.25 mg modifier. This temperature
programme has four steps and was adapted from the studies
performed by Iwamoto et al [18], Lima et al [19] and
Pereira-Filho et al [20].

The platform was treated with two modifiers, W and Ir. In
this case, a mixture of equal volumes of a solution of 1 g L−1

W and Ir each was used.
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Effect Estimate (Absolute Value)
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Figure 3. Pareto Chart of Standardized Effects—Rh.
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Figure 4. Fitted surface—Rh.

2.4. Statistical experimental design

In a CCD [21] where the variables are investigated at two
levels, it is normal to code them using (+) and (−). These
signs are attributed to upper or lower levels randomly and do
not interfere with the performance of the experiments or the
interpretation of the results, and they also make it possible
to use a design based on planning matrices. In this study, a
CCD was used with two design factors, namely pyrolysis and
atomization temperatures. The coded levels and values of the
factors set in this statistical experiment are shown in table 2.

The design matrix of the CCD chosen for both
optimization parameters selected is shown in table 3.

Table 4 shows the temperature scale used in the
optimization experiments. In all the experiments, 20 µL
solution of 50 µg kg−1 arsenic was used.

The calculations were performed with the aid of statistics
software.

3. Results and discussion

The effects of Pd, Ir, Rh, W and W + Ir on the thermal
stabilization of As (III) were studied by applying CCD.
For this optimization, nine experiments were performed,
simultaneously varying the pyrolysis and atomization
temperatures. It should be noted that these experiments were
conducted randomly, so as to avoid any systematic errors.

To determine As (III) in the absence of a modifier, the
study showed that pyrolysis is the step that most influences
the analyte signal, as shown in figures 1 and 2. As
expected, the pyrolysis temperature (600 ˚C) was extremely
low compared with the temperatures obtained with other
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Figure 5. Fitted surface—W.

Table 5. Optimal pyrolysis and atomization temperatures for As
measurement with different permanent modifiers and respective
characteristic masses.

Temperature/˚C

Modifier Pyrolysis Atomization mo/pg

Without 600 2280 37
Pd 1370 1920 81
Ir 1080 2130 36
Rh 750 2200 65
W 1600 1900 75
W + Ir 1390 2000 31

permanent modifiers. According to McAllister [22], this
fact has been attributed to compounds such as As4O6.
When rhodium was used as a modifier, the Pareto Chart
of Standardized Effects, figure 3, shows that there was no
particular effect caused by either the pyrolysis temperature or
the atomization temperature, and the pyrolysis temperature did
not differ greatly from that obtained for the measurement with
no modifier, figure 4. The surface graph, figure 5, obtained
from the nine experiments using W as a modifier, shows two
areas of greater response. In this case, the highest pyrolysis
temperature and lowest atomization temperature were chosen,
given that the matrix undergoes greater destruction under such
conditions. Even with a high pyrolysis temperature (table 5),
W alone did not afford an increase in signal magnitude relative
to the other modifiers. According to the literature [6, 13] Ir
may be used as a permanent modifier in determining hydride
generating metals. In this study, this was confirmed for
determining arsenic by the 36 pg characteristic mass obtained,
which shows atomization to be an important step in the
resulting signal, as shown in figure 6. The characteristic mass
(mo) is the mass of analyte that would yield 1% absorption,
which is 0.0044 A-s [23].

The optimization conditions for As using Pd and W + Ir as
permanent modifiers showed similar behaviour, as in figure 5.
In the Pareto Chart of Standardized Effects (figures 7 and

8), with these modifiers, there was no predominant effect
on the signal of the analyte resulting from the pyrolysis
temperature or the atomization temperature. Table 5 shows
the optimum pyrolysis and atomization temperatures obtained
for determining arsenic with the permanent modifiers studied,
derived from the CCD applied. The pyrolysis and atomization
temperatures were similar when Pd and W + Ir were the
modifiers, yet the characteristic masses of 81 pg and 31 pg,
respectively, show that there was far greater sensitivity when
W + Ir was present. Figure 9 shows the calibration curve
obtained for As with different permanent modifiers studied and
the most sensitive one was from the use of W combined with Ir.

Of the modifiers studied, Pd and Ir are considered to
belong to the group of high-boiling noble metals [24] by
which As(III) stabilization is obtained by the formation of
intermetallic compounds [15]. Both stabilized As(III) at
similar temperatures, but the characteristic mass obtained for
Ir was much greater than for Pd, as seen in table 5. Therefore,
it is possible to determine As(III) by using a mixture of W + Ir
as a permanent modifier.

After statistical analysis, the coefficients of the
mathematical models generated were obtained according to
equation (1), as shown in table 6. The optimal pyrolysis
and atomization temperatures can be obtained from the
mathematical models for the different modifiers used.

Abs = A + BTpyrolysis + CT 2
pyrolysis + DTatomization

+ET 2
atomization + FTpyrolysisTatomization. (1)

In order to estimate the measurement uncertainty based
on the EURACHEM/CITAC Guide Quantifying Uncertainty
in Analytical Measurement [25], the most relevant sources
of measurement uncertainty that contributed to the arsenic
concentration in water were identified using a permanent
modifier W + Ir (the sizes of different contributions are in
table 7).

The main uncertainty sources considered are: the repeti-
tivity of measurement, inherent in the equipment; the calibra-
tion curve, which evaluates the adjustment of the mathematical
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Effect Estimate (Absolute Value)
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Figure 6. Pareto Chart of Standardized Effects—Ir.
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Figure 7. Pareto Chart of Standardized Effects—Pd.

model to the results; and the calibration standards concentra-
tions (SRM 3103a). For further details about uncertainty cal-
culation, consult EURACHEM [25] and ISO GUM [26].

This procedure was validated and applied according to
the Harmonized Guidelines for Single-Laboratory Validation
of Methods of Analysis [27] and a relative standard deviation
equal to 1.4% was observed. The limit of detection (LOD)
was determined based on equation (2) and was equal to
0.38 µg kg−1.

LOD = 3s

β1
, (2)

where s is the standard deviation based on ten measurement
results and β1 is the slope of the calibration curve.

The method was statistically validated with a standard
reference material SRM 1640 (26.67 ± 0.41) µg kg−1;
comparing the measurement results obtained in the Inorganic
Laboratory of the Chemical Metrology Division at Inmetro
(26.4 ± 1.6) µg kg−1 with the certified value, the bias was
0.86%, and comparing SRM 1643e (58.98 ± 0.70) µg kg−1

and that obtained at Inmetro (58.94 ± 1.0) µg kg−1, the bias
was 0.07%.

4. Conclusions

It is clear that the CCD can be naturally split into two
subsets of points: the first subset estimates linear and two-
factor interaction effects, while the second subset estimates
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Figure 8. Pareto Chart of Standardized Effects—W + Ir.
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Figure 9. Calibration curves for arsenic with the different permanent modifiers.

Table 6. Regression coefficients.

Regression coefficients

Without modifier Pd Ir Rh W W + Ir

A −0.736 426 08 −2.393 268 28 −3.740 432 97 −1.314 381 69 −2.038 908 97 −4.348 686 49
B 0.000 121 62 0.001 152 68 0.000 563 69 0.000 575 07 0.000 298 86 0.001 207 81
C 0.000 000 26 −0.000 000 10 −0.000 000 06 −0.000 000 08 0.000 000 04 −0.000 000 05
D 0.000 673 12 0.001 769 40 0.003 338 86 0.001 016 75 0.001 839 17 0.003 653 73
E −0.000 000 04 −0.000 000 30 −0.000 000 73 −0.000 000 18 −0.000 000 39 −0.000 000 73
F −0.000 000 40 −0.000 000 46 −0.000 000 21 −0.000 000 22 −0.000 000 19 −0.000 000 53

curvature effects. This methodology was efficient, providing
much information on the experiment’s variable effects and
the overall experimental error from a minimum number of
required runs.

The CCD was found to be an important, simple statistical
tool for optimizing pyrolysis and atomization temperatures,
reducing the number of experiments, providing more analytical
information and facilitating the study.

Of the modifiers studied, Ir and W + Ir were the most
effective in preventing the loss of As(III) with As(III)
stabilization at 1080 ˚C for Ir and 1390 ˚C for W + Ir. It is

recommended that a combination of W and Ir be used to
stabilize As(III) as it was found to be more sensitive.

Assuming the best conditions obtained on CCD, it was
possible to estimate the measurement uncertainty of As
determination in water samples. The results showed that
considering the main uncertainty sources such as the
repetitivity of measurement inherent in the equipment,
the calibration curve which evaluates the adjustment of
the mathematical model to the results and the calibration
standards concentrations, the values obtained were similar
to international interlaboratorial comparison. The use of an
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Table 7. Different contributions to uncertainty measurement of
arsenic in water.

SRM 1640/ SRM 1643e/
µg kg−1 µg kg−1

Contribution of repetitivity 0.21 0.42
measurement (u(Rep))

Contribution of calibration 0.75 0.12
curve (u(Calib))

Contribution of certified 0.15 0.15
reference materials used on
calibration curve (u(ref))

Combined uncertainty 0.78 0.52
(u(Comb))

Coverage factor (k, 0.05) 2 2
Expanded uncertainty 1.6 1.0

experimental design may contribute to a good relation of cost
and benefit and also permit the analyst estimates the optimal
conditions to guarantee quality assurance, including precision
and trueness.
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