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Abstract Tungsten permanent modifier with coinjection of
Pd(NO3), and W—Ru permanent modifiers are proposed for
the direct and simultaneous determination of As, Bi, Pb, Sb,
and Se (group 1) and Co, Cr, Cu, Fe, and Mn (group 2),
respectively, in milk by graphite furnace atomic absorption
spectrometry. The performance of modifiers was evaluated
by means of thermal behavior of analytes, sensitivity,
atomic signal profile, repeatability, graphite tube lifetime,
and background intensity. An air-assisted pyrolysis step
was necessary to quantitative elimination of the organic
matter. After methods optimization, 14 commercial milk
samples were analyzed. The found concentrations of As,
Bi, Pb, Sb, Se, Co, and Cr were lower than their limit of
detection (2.13, 2.21, 1.49, 1.63, 2.05, 1.0, and 1.2 pg L_l,
respectively). Concentrations of Cu, Fe, and Mn were in the
1.58-5.74 ug L', 9.79-49.3 pg L', and 2.25-4.08 pg L'
intervals, respectively. The limits of detection for Cu, Fe,
and Mn were 1.7, 5.3, and 2.0 ug L', respectively. The
accuracy of methods was checked after analysis of two milk
standard materials. Results for Cr, Cu, Fe, Mn, Pb, and Mn
were in agreement with certified values of SRMs at the
95% confidence level. Accuracy was also evaluated by
addition—recovery tests and recoveries in the 86-127%
range were obtained for all elements. The use of pretreat
platform of graphite tubes with W or W-Ru allowed
enlarging the lifetime of atomizer in 750 heating cycles.
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Introduction

The determination of trace heavy metals and nutrient elements
in environmental, biological, and food samples is relevant for
toxicology and healthy (Soylak et al. 2004, 2005). Inorganic
contaminants are usually present in foodstuffs at trace levels,
requiring then sensitive analytical techniques for their
accurate determination. Among main techniques for elemen-
tal analysis are atomic fluorescence, electrothermal atomic
absorption spectrometry, inductively coupled plasma mass
spectrometry, inductively coupled plasma optical emission
spectrometry, voltammetry, or neutron activation analysis
(Garcia et al. 2005; Rademeyer et al. 1995). Electrothermal
atomic absorption spectrometry (ET AAS) is a suitable and
widely used technique for elemental determination at trace
levels due to its selectivity, relative simplicity, high sensitivity,
and, mainly, its capability for direct determination of several
analytes in a sort of complex matrices. The applicability of ET
AAS has been further extended with the possibility of
simultaneous and multielement determination. The direct
and simultaneous determination is particularly advantageous
for laboratories dealing with large-scale analysis of routine
due to the minimum sample preparation and saved time
(Volynsky and Wennrich 2001; Kopysc et al. 2003)

The ET AAS is a useful and powerful analytical technique
for trace and ultratrace analysis of different samples such as
urine and blood (Campillo et al. 2000; Luna and Campos
1999; Zhang et al. 2007). Conventional and permanent
modifications for simultaneous ET AAS are similar to those
occurring in monoelementar mode. However, the use of
permanent modifier plus coinjection for real samples is
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mostly employed for monoelementar determination (Ortner
et al. 2002; Correia et al. 2002; Welz et al. 1992)
Simultaneous multielement determination is particularly
challenging due to the necessity of careful optimization of
the compromise conditions to be established, since the
modifier and atomizer heating program are common for all
analytes (Lima et al. 2004, Pereira et al. 2006; Freschi et al.
2006; Harnly and Radziuk 1995). This is not an easy task
and makes the selection of the modifiers a critical step and,
sometimes, a difficult job (Nomura et al. 2004). The use of a
graphite platform coated with permanent modifier may
improve the thermal behavior of analyte or lifetime of
atomizer (Volynsky 2004). Coinjection of conventional
modifier with samples may improve the performance of a
permanent modifier. Tungsten or Zr-coated platform with
coinjection of Rh solution was exploited for direct analysis
of milk by graphite furnace atomic absorption spectrometry
(Zanao et al. 2002). This strategy is interesting for analysis
of complex samples that require better interaction between
modifier and analyte and/or accelerate deabrasion of graphite
tube (Freschi et al. 2006, 2008). This study reports on new
methods for the direct and simultaneous determination of As,
Bi, Pb, Sb, and Se (group 1) and Co, Cr, Cu, Fe, and Mn
(group 2) in milk by ET AAS employing, respectively, W
permanent modifier with coinjection of Pd(NOj), and
W-Ru permanent modifiers, and transversely heated
graphite atomizer and longitudinal Zeeman effect back-
ground correction.

Experimental
Instrumentation

A PerkinElmer SIMAA™ 6000 simultaneous multielement
atomic absorption spectrometer, equipped with longitudinal
Zeeman effect background corrector and AS-72 autosampler,
was used (PerkinElmer Life and Analytical Sciences, Shelton,
CT, USA). The end-capped PerkinElmer transversely heated
graphite furnace atomizer (THGA™) with integrated platform
was used throughout. PerkinElmer electrodeless discharge
lamps were employed for As (193.7 nm), Se (196.0 nm), and
Sb/Bi (217.6 nm/223.1 nm). A PerkinElmer Lumina™ hollow
cathode lamp was used for Pb (283.3 nm), Co (242.5 nm), Cr
(3579 nm), Cu (324.8 nm), Fe (248.3 nm), and Mn
(279.5 nm). Lamps were operated at following currents:
380 mA (As), 290 mA (Se), 380 mA (Sb/Bi), 10 mA (Pb),
30 mA (Co, Fe, Mn), and 25 mA (Cr, Cu). High-purity argon
(99.999%, White Martins, Sao Paulo, Brazil) was used as the
purge gas at a flow rate of 250 mL min . A PerkinElmer
USS-100™ ultrasonic slurry sampler with titanium tip was
used to guarantee the homogeneity of diluted milk samples
during sampling.
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Reagents and Analytical Solutions

High-purity water was obtained using a Millipore RiOs™ 5
reverse osmosis system. A Millipore Milli-Q™ academic
deionizer system (resistivity 18.2 MQ cm; Millipore
Corporation, Bedford, MA, USA) and Suprapur® nitric
acid (Merck, Darmstadt, Germany) were used to prepare all
solutions.

Permanent modifier solutions (1.00 gL ") were those used
as stock solutions for W (H,WO,4-2H,0O; Merck) and Ru
(RuCl3-3H,0; Fluka Gmbh, Buchs, Switzerland). Chemical
modifier solution containing 0.05% (w/v) Pd + 0.03% (w/v)
Mg(NO;), was prepared by appropriate dilution of 10 gL'
Pd and 10 gL™' Mg(NOs), stock solutions (Merck,
Darmstadt, Germany).

Arsenic, Bi, Co, Cr, Cu, Fe, Mn, Pb, Sb, and Se stock
standard solutions were prepared from 1 gL~ solutions by
diluting the Normex™ standards (Carlo Erba, Milan, Italy)
in 1,000 mL water. Antimony(IIl) stock standard solution
(1 gL™") was prepared by dissolving 2.7385 g K(SbO)
C4H404'1/2 HyO (Aldrich, St. Louis, MO, USA) in 1 M
HCI. Multielement working standard solutions in the 5.0—
50.0-mg L™ concentration range were prepared daily by
appropriate dilution of respective stock solutions.

All solutions were stored in high-density polypropylene
bottles (Nalgene®, Rochester, NY, USA). Plastic bottles,
autosampler cups, and glassware were cleaned by soaking
in 10% (v/v) HNOj. Before using, all materials were rinsed
thoroughly in deionized water.

Preparation of Platforms of Graphite Tube with Permanent
Modifiers

Graphite tube platforms were coated with W and W—Ru by
sequential deposition of 50 pL of 1.00 gL' Ru and W
solutions onto platform and applying the program published

Table 1 Heating program for the simultaneous determination of two
groups of analytes in milk with different modifiers

Step  Temperature (°C) Ramp time (s) Hold Argon flow,
time (s)  (mL min~")

1 110 5 25 250

2 130 10 30 250

3 600 10 20 250 (air)

4 40 1 40 250

5 1,200* 10 10 250
1,300°

6 2,100° 0 5 0 (read)
2,400°

7 2,600 1 5 250

#Group 1

° Group 2
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Table 2 Results of the simultaneous determination for Co, Cr, Cu, Fe,
and Mn (n=3) in commercial diluted milk samples using W—Ru as
permanent modifier

Samples Found values (ug L)
Cu Fe Mn

1 5.74+0.33 11.9+0.8 3.19+0.11
2 5.23£0.10 15.6+1.4 2.59+0.04
3 <1.58 9.79+0.8 3.08+0.03
4 2.28+0.62 242+14 2.98+0.05
5 5.00+0.09 14.2+1.1 2.49+0.07
6 2.20+0.14 13.2+£0.4 2.50+0.05
7 <1.58 21.8+0.5 4.08+0.04
8 2.31+0.04 18.8+1.2 2.93+0.03
9 <1.58 21.4+1.5 2.83+0.06
10 2.37+0.02 14.3+0.7 3.09+0.05
11 2.8+0.16 49.3+£3.8 3.67+0.15
12 2.91+0.12 26.7+1.1 2.25+0.04
13 <1.58 41.1+1.0 2.47+0.13
14 <1.58 38.9+0.9 2.89+0.09

elsewhere (Freschi et al. 2008). For Ru and W coating, the
injection and program were run 10 and five times, respectively.

Sample Preparation

Milk samples were purchased at a local market in Araraquara
city, Sdo Paulo state, Brazil, and were diluted 1+9 (v/v) in 1%
(v/v) nitric acid before analysis. This dilution was selected
after taking into consideration the need for quantitative
removal of carbonaceous residue from atomizer and required
sensitivity for all analytes.

Procedure

Simultaneous determinations of As, Bi, Pb, Sb, and Se
(group 1) and Co, Cr, Cu, Fe, and Mn (group 2) were
carried out at the main line of each element. All measure-
ments were carried out by injecting onto treated platforms
20 uL of samples plus 5 uL of 0.05% (w/v) Pd solution.
The optimized heating program of atomizer is listed in

Table 1. A first air-assisted pyrolysis step was used to help
the oxidation/elimination of organic materials from atomizer.
All measurements were carried out using the stabilized
temperature platform furnace conditions including Zeeman
effect background correction. All blanks, standards and
samples were acidified to 1% (v/v) HNO;. Accuracy was
checked after analysis of two milk standard reference
materials (SRM 11549 and SRM 8435) from the National
Institute of Standards and Technology (Gaithersburg, MD,
USA). These SRMs were diluted (1:10 v/v) in 1.0% (v/v)
HNOj;. Accuracy was also evaluated by recovery tests using
samples spiked 10 pg L' (analytes of group 1) and
25.0 ug L' (analytes of group 2). The limit of detection
(LOD) and limit of quantification for all analytes were
calculated according to the TUPAC recommendation
(Currie 1999).

Results and Discussion

The selected analytes (groupl: Sb, As, Bi, Pb, and Se;
group 2: Co, Cu, Cr, Fe, and Mn) were selected taking
into consideration their importance in toxicology and
healthy studies. A systematic study for their simulta-
neous determination may result in a useful database for
implementation of the internal standardization in atomic
absorption spectrometry (Correia et al. 2004). The
studies of electrothermal behaviors and direct and simul-
taneous determination of As, Bi, Pb, Sb, and Se and Co,
Cr, Cu, Fe, and Mn in milk were done with W+Pd (group 1),
W coating plus Pd coinjected, and W—Ru (group 2) permanent
modifiers (Table 2).

Among the modifiers tested, the lowest characteristic
masses for most elements (As, Co, Cu, Mn, and Se)
were observed for W-coated platform with coinjection
of Pd. Indeed, this modifier furnished the best precision
and the narrowest peak profile for all elements. The
main figures of merit were evaluated such as integrated
absorbance, atomic peak profile (appearance time and
restoration time to baseline), repeatability, and the W-
coated with coinjection of Pd and W—Ru modifiers were
selected because furnished the best sensitivity for As,
Co Pb, Se, and Cr.

Fig. 1 Atomization curves
employed standard (a) and
end-capped (b) tubes for As
(empty squares), Bi (empty
circles), Pb (filled triangles), Sb
(filled circles) and Se (empty
triangles) in 1+9 (v/v) diluted
milk using 250 pug W plus 5 pg
Pd coinjected
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Fig. 2 Atomization curves

employed standard (a) and end- a 3
capped (b) tubes for Co (empty
squares),Cr (empty circles), Cu
(filled triangles), Fe (filled
circles), and Mn (empty trian-
gles) in 1+9 (v/v) diluted milk
using 250 pg W plus 500 pg Ru
coating onto platform tube
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Evaluation of End-Capped Tubes on the Thermal Behavior
of Analytes

Initial tests with standard THGA showed an important
reduction in atomic signals for Pb (50%) and Bi (70%)
when the optimum atomization temperature for As and Se
(2,200 °C) was used (Fig. 1). This was attributed to Pb and
Bi losses by diffusion along the atomizer. The end cap
design for THGA atomizers is interesting to improve
sensitivity for volatile elements such as Bi and Pb and
was evaluated to improve the sensitivity for Pb and Bi.
Analysis of Fig. 1 showed the efficiency of the end cap
configuration for Bi and Pb in comparison to standard THGA.
The thermal behavior of elements in group 2 using end cap
and standard configurations is depicted in Fig. 2. For this
group, a slight improvement in Mn absorbance at 2,500 °C
atomization temperature was observed when the end cap tube
was used. For the group 2, both tube configurations could be
used with similar analytical performance.

Evaluation of Milk Matrix on the Thermal Behavior
of Analytes Using Permanent Modifiers

The air-assisted pyrolysis (step 3, Table 1) of the heating
program of the atomizer was essential to eliminate all
carbonaceous residues from the tube. It should be com-
mented that the maximum pyrolysis temperature when air is
used as auxiliary gas is 600 °C, otherwise the atomizer is
ashed. So, the air must be removed previously the next
pyrolysis at higher temperature. Two sequential pyrolysis
steps (air—argon) were important to avoid the formation of

2000
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these residues and improve precision and accuracy in the
direct analysis of milk by ET AAS.

Preliminary tests involving sample dilution (1+4, 1+6,
and 1+9, v/v) suggested that larger dilution favored the
elimination of carbonaceous residues from atomizer without
significant loss in sensitivity. Then, the dilution 1+9 (v/v)
was adopted for further experiments.

The matrix effects were studied by building calibration
curves in different medium: diluted nitric acid, nonfat milk,
low-fat milk, and whole milk. A large difference in slopes
between aqueous and milk calibration was observed,
suggesting that matrix-matching calibration is mandatory.
On the other side, slopes for calibration curves employing
milk medium were close. Taking into consideration
occurrence of clogging of the autosampler pipette, the
matrix-matching calibration was done with nonfat milk for
the direct and simultaneous determination of As, Bi, Pb, Sb,
and Se and Co, Cr, Cu, Fe, and Mn in milks.

Simultaneous Determination of Analytes

The accuracy was also checked using two standard reference
materials of milk (SRM 1549—mnonfat milk powder; SRM
8435 whole-milk powder). Table 3 summarizes the found
values of analytes, which are in agreement with certified
values at 95% confidence level. SRMs have only certified
values for Pb and Se. Accuracy was also evaluated by
addition/recovery tests in different milk slurries containing
10 ug L' (analytes of group 1) and 25.0 ug L™ (analytes of
group 2). A volume of 20 uL of samples was injected into
graphite tube W coating with injected 5 ug L' Pd solution

Table 3 Comparative results

(£sd, n=3) of the simultaneous Elements NIST 1549 (mg kg ') NIST 8435 (mg kg')

determination of Pb and Se

using W+Pd and Cr, Cu, Fe, and Certified Found Certified Found

Mn using W—Ru in standard

reference materials (SRM 1549; Cr 0.0026+0.0007 ND 0.500* ND

SRM 8435) by the proposed Cu 0.70+0.10 0.668+0.120 0.46+0.08 0.4720.034

method Fe 1.78+0.10 1.58+0.091 1.80+1.10 1.69+0.12
Mn 0.26+0.06 0.239+0.033 0.17+0.05 0.158+0.052
Pb 0.019+0.003 ND 0.11+0.050 0.119+0.012

D ot detected Se 0.110=0.010 0.109+0.019 0.131+0.014 0.121=0.023

?Only informative
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for first group determination and W—Rh coating tube for the
second group. The results showed recoveries within 86% and
108% for As, 88% and 115% for Bi, 90% and 120% for Pb,
94% and 120% for Sb, 93% and 116% for Se, 93% to 113%
for Co, 115% and 127% for Cr, 88% and 107% for Cu, 93%
and 116% for Fe, and 87% and 99% for Mn.

The method was then applied to the simultaneous determi-
nation of As, Bi, Pb, Sb, and Se and Co, Cr, Cu, Fe, and Mn in
14 different commercial milks was carried out using W+Pd
(group 1) and W-Ru (group 2). Samples were prepared
directly in the autosampler cups. The found concentrations of
As, Bi, Co, Cr, Pb, Sb, and Se in samples were lower than the
LOD. The content of Cu, Fe, and Mn varied from 1.58 to 5.74,
9.79 to 49.3, and 2.25-4.08 ug L™ intervals, respectively.
Limits of detection of the method, considering the dilution
factor were 21 pug L' As, 22 pg L' Bi, 15 ug L' Pb,
16 pg L' Sb, 21 pg L' Se, 10 ug L' Co, 12 ug L' Cr,
17 ug L' Cu, 53 pug L' Fe, and 20 ug L' Mn. However,
these LODs were lower than the maximum allowed level by
Brazilian legislation. Tungsten and W—Ru permanent modi-
fier provided an excellent lifetime graphite tube (about 750
firings). Relative standard deviations for all analytes using W
+Pd and W-Ru were always <6%, indicating the good
repeatability of the proposed method.

Conclusion

This work presents a new strategy for direct and simultaneous
determination of As, Bi, Pb, Sb, and Se (group 1) and Co, Cr,
Cu, Fe, and Mn (group 2) in milks samples by graphite furnace
atomic absorption spectrometry. The use of W- or W—Ru-
coated platforms allowed to enlarge the lifetime of graphite
tubes atomizer in ca. three times in comparison to only
conventional modifier. The “dilution and shoot” procedure is
attractive for large-scale analysis of milk due to the minimum
sample preparation involved.
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