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Abstract The use of slurry sampling as the procedure for
sample preparation provides simplicity, speed, and low
consumption of reagents in analytical methods. In this
paper, a method based on slurry sampling for the
determination of iron in samples of fortified milk powder
by high-resolution continuum source flame atomic absorp-
tion spectrometry was developed. Multivariate design
techniques were applied for the optimization of experimen-
tal conditions of the method for a sample mass of 100 mg,
final volume of slurry of 10 mL, and using the absorbance
signal as response. Initially, a two-level full factorial design
was used for the preliminary evaluation of the variables
involved in slurry preparation: concentration hydrochloric
acid, Triton X-100 concentration, and sonication time.
Then, the Doehlert matrix was applied for the determination
of the critical conditions: 2.5 mol L−1 hydrochloric acid and
sonication time of 20 min. External calibration technique
with aqueous standard was used for the quantification of
iron. This way, the method allowed iron determination with
limits of detection and quantification of 0.9 and 3.0 μg g−1,
respectively. The precision expressed as the relative
standard deviation was evaluated under repeatability and
reproducibility conditions, being 3.2% and 4.0%, respec-
tively. Addition/recovery test was used for assessing the
accuracy of the method, and the recovery values achieved
were in the range of 90–110%. The method was applied for
iron determination in eight samples of fortified milk

powder, and the obtained concentrations varied from 95.4
to 295.6 μg g−1. The results were compared with those
obtained after acid digestion, and no significant difference
was observed applying t test at the 95% confidence level.
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Introduction

Iron is among the nutrient elements more important to
the human diet. It is required for the transport of
oxygen and is an essential constituent of numerous
enzymes involved in diverse metabolic functions, in-
cluding the production of metabolic energy, protein and
DNA metabolism, collagen synthesis, and metabolism of
β-carotene (Saman 2007; Sharma and Singh 2009). Due
to their wide metabolic activity, iron deficiency causes
serious health problems. The most severe and common
form of iron deficiency is anemia, which is associated with
weakness and eventually heart failure. Furthermore, iron
deficiency is among the most prevalent forms of malnu-
trition worldwide, and it represents a high overall cost to
society (Saman 2007; Kosse et al. 2001; Martínez-
Navarrete et al. 2002; Moy 2006). Thus, fortification
programs of foods have been created in numerous
countries, being an effective means for reducing the
prevalence of iron deficiency (Kosse et al. 2001; Martínez-
Navarrete et al. 2002; Lamonier et al. 2010).

However, for fortification programs of food to be
effective, a consistent and uniform addition of iron
compounds to appropriate food vehicles is required, such
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as flour and milk powder, which are widely consumed by
the target population, mainly children (Kosse et al. 2001;
Martínez-Navarrete et al. 2002). This way, the development
of simple and reliable analytical methods for accurate
quantification of iron in fortified foods is of great relevance.
Nevertheless, food matrices are complex and usually
require a decomposition or extraction step for its
analysis, such as milk powder (Soylak et al. 2004;
Saracoglu et al. 2007; do Nascimento et al. 2010).
Because of this, most of the existing methods for iron
quantification in fortified foods are often complicated,
time-consuming, and involve the use of potentially
hazardous reagents (Kosse et al. 2001). In recent years,
the slurry sampling technique has become an interesting
alternative for minimizing the manipulation step of
samples and reducing the operational work, the analysis
time, and the risk of contamination, apart from minimizing
or avoiding the loss of volatile analytes and using
hazardous reagents (Magalhães and Arruda 1998; Ferreira
et al. 2010). Slurry sampling has been successfully applied
for the determination of metals and metalloids in a broad
range of complex matrices, and several spectrometric
techniques have been employed for the detection, such
as inductively coupled plasma (ICP) optical emission
spectrometry (dos Santos et al. 2010), ICP mass spec-
trometry (Hsiao et al. 2011), hydride generation atomic
absorption spectrometry (AAS; Macedo et al. 2010),
electrothermal AAS (Saleh et al. 2009), and flame atomic
absorption spectrometry (FAAS; Brandao et al. 2010).

Multivariate design techniques have been widely applied
for the optimization of analytical methods in recent years.
These allow the simultaneous study of several variables and
present advantages such as reduction of the number of
required experiments, assessment of the statistical signifi-
cance of variable effects studied, as well as evaluation of
the interaction effects between the variables and the
determination of the critical conditions of these variables,
being more cost-effective than traditional univariate
approaches (Ferreira et al. 2004; Tarley et al. 2009).
Multivariate techniques have been extensively used for
the optimization of analytical methods involving proce-
dures of preconcentration, sample digestion, ultrasonic-
assisted extraction, and microwave-assisted extraction
(Soylak et al. 2007; Ferreira et al. 2007; Shah et al. 2009;
Khajeh and Sanchooli 2010; Khajeh et al. 2010). However,
its use for the optimization of analytical strategies based on
slurry sampling has been rarely explored (de Amorim et
al. 2011).

Considering all the matters discussed above, this
work proposes the development of an analytical method
based on slurry sampling for iron determination in
fortified milk powder by high-resolution continuum
source FAAS (HR-CS FAAS) and application of multi-

variate design techniques for the optimization of the
experimental conditions.

Experimental

Instrumentation

For iron determination, a high-resolution continuum source
flame atomic absorption spectrometer model ContrAA 700
from Analytik Jena (Jena, Germany) equipped with a xenon
short-arc lamp XBO 301 with a nominal power of 300 W
operating in a hot spot mode as a continuum radiation
source was used. An air–acetylene flame was used for the
atomization of iron at a flow rate of 60 L h−1 using a burner
height of 6 mm. All measurements of absorbance were
performed in triplicate for blanks, analytical solutions, and
samples using the primary line of iron at 248.3270 nm,
considering 5 pixels. An Ultrasonic Benchtop Cleaner
VWR model 75 D (Cortland, New York, USA) was used
for slurry preparation.

Reagents, Solutions, and Samples

All reagents were of analytical grade unless otherwise
stated. Ultrapure water was obtained from a Milli-Q system
(Millipore, Bedford, MA, USA). Nitric, hydrochloric and
sulfuric acids, Triton X-100, and hydrogen peroxide were
of suprapur quality obtained from Merck (Darmstadt,
Germany). Laboratory glassware was kept overnight in
10% (v/v) nitric acid solution. All glassware was rinsed
with deionized water and dried in a dust-free environment
before use.

A 50 μg mL−1 iron solution was prepared from
1,000 mg L−1 iron stock solution (Merck) by appropriate
dilution with 1% (v/v) hydrochloric acid solution. Calibra-
tion solutions in final concentrations of 0.5–3.0 μg mL−1

were prepared by appropriate dilution from 50 μg/mL iron
solution with 2.5 mol L−1 hydrochloric acid and 0.1% (w/v)
Triton X-100.

The samples of fortified milk powder with iron (whole
and skimmed) were locally available brands, purchased in
supermarkets from Salvador City, Brazil. The samples were
stored in polyethylene pots decontaminated previously and
kept in a desiccator.

Procedure for Slurry Preparation

A sample mass of 100 mg was directly weighed in 10-mL
volumetric flask. A volume of 1.0 mL of 1% (w/v) Triton X-
100 solution was added and the mixture diluted with
2.5 mol L−1 hydrochloric acid solution to 10 mL. Then, the
slurries were sonicated for 20 min in an ultrasonic bath;
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afterwards, the slurries were aspirated directly through the
nebulizer for iron determination by HR-CS FAAS. All the
samples were analyzed in triplicate, and blank solutions
were prepared containing all the reagents used for slurry
preparation. External calibration technique was used for
iron quantification, and the analytical curves were established
using aqueous standards.

Procedure for Digestion of Milk Powder

A sample mass of 100 mg was directly weighed in a
digestion tube. About 1.0 mL of concentrated sulfuric acid
and 1.0 mL of concentrated nitric acid were added and the
mixture heated to 180 °C for 1 h in a digester block. Then,
a volume of 1.0 mL of 30% (v/v) hydrogen peroxide was
added and the mixture was again heated for 30 min. After
cooling to room temperature, the residual solution was
transferred to a volumetric flask with ultrapure water and
diluted to 10 mL.

Strategy for Optimization of the Method

The optimization of the experimental conditions for slurry
preparation was performed using a two-level factorial
design and Doehlert matrix involving the following
variables: hydrochloric acid concentration, Triton X-100
concentration, and sonication time. The absorbance signal
was used as analytical response and the experimental data
were processed using the STATISTICA program. All
experiments were carried out in random order using a
sample mass of 100 mg for a final volume of slurry of
10 mL. Triplicate of the central point was performed for
experimental error evaluation. The slurries were prepared
from a sample of fortified whole milk powder with iron
content of 132.9±7.0 μg g−1 (n=3, 95% confidence level).

It is important remember that the samples were purchased
already fortified by the manufacturer.

Results and Discussion

Optimization of Experimental Conditions for Slurry
Preparation

Initially, a two-level factorial design was applied for the
preliminary evaluation of the variables involved in the
slurry preparation: hydrochloric acid concentration (AC),
Triton X-100 concentration (TC), and sonication time (ST).
The matrix of the factorial design with the obtained results
for each experiment is shown in Table 1. The maximum and
minimum levels for each variable as well the central point
are presented in coded and real values. The result of this
design, as Pareto chart (Fig. 1), demonstrates that only
hydrochloric acid concentration and sonication time are the
variables statistically significant for the slurry preparation

Table 1 Matrix of the factorial design with the absorbance results for
each experiment

Exp. ST (min) AC (mol L−1) TC (w/v) Absorbance

1 30 (+1) 2.5 (+1) 0.1 (+1) 0.08019

2 30 (+1) 2.5 (+1) 0.02 (−1) 0.08668

3 30 (+1) 0.5 (−1) 0.1 (+1) 0.03546

4 30 (+1) 0.5 (−1) 0.02 (−1) 0.03617

5 10 (−1) 2.5 (+1) 0.1 (+1) 0.08606

6 10 (−1) 2.5 (+1) 0.02 (−1) 0.07941

7 10 (−1) 0.5 (−1) 0.1 (+1) 0.03072

8 10 (−1) 0.5 (−1) 0.02 (−1) 0.03094

9 20 (0) 1.5 (0) 0.06 (0) 0.07502

10 20 (0) 1.5 (0) 0.06 (0) 0.07375

11 20 (0) 1.5 (0) 0.06 (0) 0.07482

-0.40

0.56

-4.44

5.89

-6.55

-7.06

103.06

p=0.05

Effect Estimate (Absolute Value)

(3)TC

2by3

1by2

(1)ST

1*2*3

1by3

(2)AC

Fig. 1 Pareto chart for the two-level factorial design

Table 2 Absorbance results for the Doehlert matrix with real and
coded values

Exp. AC (mol L−1) ST (min) Absorbance

1 3.0 (+1) 20 (0) 0.08046

2 2.5 (+0.5) 10 (−0.866) 0.08116

3 1.5 (−0.5) 10 (−0.866) 0.06975

4 1.0 (−1) 20 (0) 0.06771

5 1.5 (−0.5) 30 (+0.866) 0.07047

6 2.5 (+0.5) 30 (+0.866) 0.08000

7 2.0 (0) 20 (0) 0.08207

8 2.0 (0) 20 (0) 0.08191

9 2.0 (0) 20 (0) 0.08464
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into the experimental domains studied. Although the Triton
X-100 concentration was not a statistically significant
variable, it was observed that the presence of this reagent
in a concentration of 0.1% (w/v) provided better homoge-
neity and stability of the slurries. Thus, this variable was
fixed in their maximum level for further studies.

Afterwards, Doehlert matrix was applied for the deter-
mination of optimum experimental conditions. This exper-
imental design was chosen because it offers some
advantages in relation to central composite and Box–
Behnken designs. Doehlert matrix requires fewer experi-
ments, which are more efficient and can move through the
experimental domain. Furthermore, the number of levels is
not the same for all variables. This property allows a choice
of the variables to be assigned to a large or a small number
of levels, in accordance with specified criteria (Ferreira et
al. 2004). In this study, the HCl concentration was
evaluated at five levels and their experimental domain
was displaced for higher levels, considering that their effect
was higher and positive for slurry preparation. However,
the sonication time was evaluated only at three levels.
Table 2 shows the Doehlert matrix with the results obtained
for each experiment.

A quadratic model involving the two variables was
found to adequately describe the data in Table 3. An
analysis of variance (ANOVA) demonstrated that the model
does not suffer from lack of fit. Furthermore, the ANOVA
indicated that only the linear and quadratic terms for HCl
concentration were significant at the 95% confidence level.
The results of ANOVA are shown in Table 3.

Considering the real values, the relation between the acid
hydrochloric concentration, sonication time, and absor-
bance signal is described by the following equation:

Abs ¼ 0:007375þ 0:044773 ACð Þ þ 0:002310 STð Þ
� 0:008788 ACð Þ2 � 0:000053 STð Þ2

� 0:000094 ACð Þ STð Þ
This equation also describes a response surface, shown

in Fig. 2, which presents a critical point that it is maximum
for a hydrochloric acid concentration of 2.44 mol L−1 and a

sonication time of 19.5 min. This way, the experimental
conditions established for the method were: hydrochloric
acid concentration of 2.5 mol L−1, sonication time of
20 min, and Triton X-100 concentration of 0.1% (w/v).

Validation process

The concentration of Triton X-100 demonstrated to be a
robust variable for the interval of 0.02–0.1% (w/v) since
this variable was not significant according to the results
obtained from the two-level factorial design. Thus, a
robustness study was performed only involving hydro-
chloric acid concentration and sonication time applying a
two-level factorial design, considering a variation of ±20%
for each variable. The experimental data obtained for this
study are shown in Table 4. The Pareto chart obtained
(Fig. 3) demonstrates clearly that the hydrochloric acid
concentration and sonication time are robust variables for
the interval of 2.5±0.5 mol L−1 and 20±4 min, respectively.

Analytical curves were obtained for iron by the analyte
addition technique for a sample of fortified skimmed milk
powder with iron content of 103.1±6.6 μg g−1 and also for
a sample of whole milk powder not fortified with iron. The
slopes of these curves were compared with the slope of the
analytical curve obtained by external calibration technique
using aqueous standard solutions. All these results are
shown in Table 5, as confidence intervals. There were no
significant differences between the slopes obtained for both

Table 3 ANOVA for the data of
Doehlert matrix

L linear term, Q quadratic term

Factor Sum of squares Degree of freedom Mean square F value P

AC (L) 1.80E−04 1 1.80E−04 76.57 0.013

AC (Q) 9.27E−05 1 9.27E−05 39.49 0.024

ST (L) 4.84E−08 1 4.84E−08 0.02 0.899

ST (Q) 6.06E−05 1 6.06E−05 25.83 0.037

AC-ST 8.84E−07 1 8.84E−07 0.38 0.602

Lack of fit 1.12E−05 1 1.12E−05 4.76 0.161

Pure error 4.69E−06 2 2.35E−06

Fig. 2 Response surface obtained from Dohelert matrix
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systems. This means that the quantification of iron in milk
powder slurries can be carried out by external calibration
technique and analytical curve established with aqueous
standard solutions.

Mass curves were also obtained for samples of whole
and skimmed milk powder containing 132.9±7.0 and 103.1
±6.6 μg g−1 of iron, respectively. The sample mass was
studied in the range of 50–250 mg. The results demonstrat-
ed that a sample mass of up to 200 mg can be used for
slurry preparation, a linear relation between the absorbance
and sample mass being obtained (r>0.99). However,
slurries prepared with a sample mass of 250 mg caused
problems of obstruction in the nebulization system of the
spectrometer since less homogeneous and stable slurries
were obtained using this mass amount for both samples.

The limits of detection and quantification (LOQ),
calculated according IUPAC’s recommendation (IUPAC
1978), were 0.9 and 3.0 μg g−1, respectively. The blank
was prepared in the same way as the slurries, from a sample
of unfortified milk powder with iron content below the limit
of quantification of the proposed method.

The precision expressed as the relative standard devia-
tion (RSD) was evaluated under repeatability and repro-

ducibility conditions, being of 3.2% and 4.0%, respectively,
for a sample containing 187.1±3.9 μg g−1 of iron. The
accuracy was evaluated by the addition/recovery test for all
the analyzed samples, and recoveries in the range of 90–110%
were achieved.

Application

The method was applied for iron determination in eight
samples of fortified milk powder, and the results are
presented in Table 6, as confidence intervals. The samples
also were analyzed after the acid digestion procedure and
iron determined by HR-CS FAAS. A mixture of sulfuric
and nitric acid was required because milk powder has fat, a
higher temperature being necessary for their decomposition.
As the decomposition was performed in an open system
(digester block), it was necessary to use an acid with a high
boiling point, for example, sulfuric acid. The iron concen-
trations found in the samples varied from 95.4 to
295.6 μg g−1. Application of a t test at the 95% confidence
level demonstrated that there was no significant difference
between the results obtained by both methods. However,
three samples of different lots of the same manufacturer
presented iron contents below the limit of quantification of
the proposed method.

Table 4 Absorbance results achieved for the robustness study

Exp. AC (mol L−1) ST (min) Absorbance

1 3.0 (+1) 24 (+1) 0.09388

2 3.0 (+1) 16 (−1) 0.09371

3 2.0 (−1) 24 (+1) 0.09138

4 2.0 (−1) 16 (−1) 0.09325

5 2.5 (0) 20 (0) 0.09404

6 2.5 (0) 20 (0) 0.08920

7 2.5 (0) 20 (0) 0.09697

-0.217

0.260

0.377

p=0.05

Effect Estimate (Absolute Value)

(2)ST

1by2

(1)AC

Fig. 3 Pareto chart obtained for the robustness study

Table 5 Slopes of the analytical curves for analyte addition
technique and external calibration technique using aqueous standard

System Slope
(mL μg−1)

Correlation
coefficient (r)

Aqueous standards 0.0679±0.0042 0.9990±0.0033

Not fortified milk powder 0.0696±0.0019 0.9998±0.0015

Fortified milk powder 0.0697±0.0056 0.9990±0.0042

Table 6 Iron determination in fortified milk powder by slurry
sampling and acid digestion (n=3, 95% confidence level)

Sample Type Concentration (μg g−1)

Slurry sampling Acid digestion

1 Whole 95.4±5.5 90.5±5.9

2 Whole 156.1±8.4 153.0±4.3

3 Whole 187.1±3.9 181.6±19.2

4 Skimmed 295.6±5.0 296.9±13.3

5A Whole <LOQ <LOQ

5B Whole <LOQ <LOQ

5C Whole <LOQ <LOQ

6 Whole 106.3±5.3 104.7±7.1

LOQ=3.0 μg/g
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Conclusions

Employing the slurry sampling allowed the development of
an analytical method which is simple, rapid, and effective
for the determination of iron in samples of fortified milk
powder by HR-CS FAAS. Furthermore, the developed
method provides low risk of sample contamination, uses
less corrosive reagents, and involves less operational work.

The possibility of the iron quantification using reference
solutions for the calibration provides higher simplicity of
the method, which makes the method adequate for routine
analysis. The use of multivariate design techniques was
useful for suitable optimization of the experimental conditions
involved in the slurry preparation. The two-level factorial
design allowed evaluating the statistical significance of the
variables, while the Doehlert matrix allowed determining the
critical conditions for the appropriate preparation of slurries.

Finally, the proposed method was properly validated by
means of the assessment of analytical parameters, such as
limits of detection and quantification; precision as RSD,
under repeatability and reproducibility conditions; and
accuracy by the addition/recovery test and comparison
between methods. This fact is of great importance for the
development of methods involved in food analysis.
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