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A procedure has been developed for the determination of bioavailable concentrations of selenium and
arsenic in estuarine sediments employing inductively coupled plasma optical emission spectrometry
(ICP OES) using a concomitant metals analyzer device to perform hydride generation. The optimization
of hydride generation was done in two steps: using a two-level factorial design for preliminary evalua-
tion of studied factors and a Doehlert design to assess the optimal experimental conditions for analysis.
Interferences of transition metallic ions (Cd%*, Co%*, Cu?*, Fe?* and Ni2*) to selenium and arsenic signals

{-(Ie;/c‘l/:iodrgsg:eneration were minimized by using higher hydrochloric acid concentrations. In this way, the procedure allowed
1CP OES the determination of selenium and arsenic in sediments with a detection limit of 25 and 30 pgkg!,

respectively, assuming a 50-fold sample dilution (0.5 g sample extraction to 25 mL sample final volume).
The precision, expressed as a relative standard deviation (% RSD, n=10), was 0.2% for both selenium and
arsenic in 200 g L~ solutions, which corresponds to 10 wg g~ in sediment samples after acid extraction.
Applying the proposed procedure, a linear range of 0.08-10 and 0.10-10 wgg~' was obtained for sele-
nium and arsenic, respectively. The developed procedure was validated by the analysis of two certified
reference materials: industrial sludge (NIST 2782) and river sediment (NIST 8704). The results were in
agreement with the certified values. The developed procedure was applied to evaluate the bioavailability
of both elements in four sediment certified reference materials, in which there are not certified values
for bioavailable fractions, and also in estuarine sediment samples collected in several sites of Guanabara
Bay, an impacted environment in Rio de Janeiro, Brazil.
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1. Introduction negative impact on the environment, as it can generate severe tox-

icological effects to both vegetation and animal organisms [4,5].

Determination of selenium and arsenic in sediments is of
concern because it can reveal the degree of environmental con-
tamination and its possible ecotoxicological effects. Selenium and
arsenic are trace elements existing in multiple chemical forms in
the environment, including different oxidation states and organic
metalloid compounds that may be interconverted through chemical
and biological activity [1].

Inorganic compounds are much more hazardous than organic
compounds. Selenium is toxic at elevated concentrations [2,3];
however, when present in low concentrations, selenium is an essen-
tial element for living organisms. Arsenic contamination has a
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Discharge of arsenic compounds in the environment is associated
with a variety of industrial processes: production of glasses, plas-
tics, chemical and pharmaceutical products; semiconductor and
electronic materials; mining; and the use of pesticides and herbi-
cides based on arsenic compounds [6].

Sediments are normally considered a sink for trapping trace
elements due to the presence of several geochemical phases (e.g.,
sulfides, oxides, and organic matter) that can bind to these species.
In anoxic sediments, sulfides are perhaps the most important geo-
chemical phases where selenium and arsenic can be found [7,8].

Selenium and arsenic are normally found in low concentrations
inenvironmental samples. Thus, their direct determination by spec-
trometric techniques using pneumatic nebulization is not adequate
because the limits of detection are relatively high for both elements.
Sensitivity can be improved by one or two orders of magnitude
by applying hydride generation (HG) sample introduction systems.
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This enhancement is due to the high efficiency of analyte transport
under the form of gaseous hydride to the atomizer [9]. HG is usually
coupled with detection techniques such as atomic absorption spec-
trometry [10-17], inductively coupled plasma mass spectrometry
[18-21], atomic fluorescence spectrometry [22-25] and inductively
coupled plasma optical emission spectrometry [26-28].

Hydride generation efficiency in a concomitant metals analyzer
(CMA®) is dependent on a number of factors, including: flow rate
and concentration of reagents (HCI and NaBHy4); pressure of neb-
ulizer gas; and sampling flow rate. Moreover, the oxidation state
of the element in solution, matrix constituents, and presence of
interfering transition metals such as copper, nickel, cobalt, iron and
cadmium can also influence the effectiveness of hydride generation.
In order to obtain maximum efficiency using the hydride generation
technique and guarantee the best figures of merit for the method,
it is necessary to optimize all of these factors before determination
of the elements of interest.

In the optimization of an analytical method, it is necessary to
adjust several factors in order to establish optimal analysis con-
ditions. This process can demand time, reagents and hard work if
the univariate optimization method were to be utilized. Another
drawback of the univariate optimization strategy is the neglect
of interactions between the different factors that may affect the
results [29]. In the past few decades, application of multivariate
techniques for method optimization in analytical chemistry has
increased substantially, owing to its economic and efficiency advan-
tages. In addition, the method allows for simultaneous optimization
of multiple factors [30-32].

This work describes the application of multivariate techniques
(two-level factorial design and Doehlert matrix) in the optimization
of a method for the determination of bioavailable concentrations of
selenium and arsenic. A concomitant metals analyzer as a hydride
generator and an ICP OES detector were applied for studying sele-
nium and arsenic distribution in estuarine anoxic sediments.

2. Experimental
2.1. Instrumental

The sequential inductively coupled plasma optical emission
spectrometry instrument used in all experiments was a Jobin Yvon
(Longjumeau, France) Ultima 2 equipped with radial viewing and
automatic sampler AS 421. Analyst JY 5.2 software was employed
for data acquisition.

A concomitant metals analyzer (CMA®), also furnished by Jobin
Yvon, was used as a hydride generator. CMA is a modified cyclonic
chamber developed by Jobin Yvon to measure both elements (form-
ing and non-forming hydrides) simultaneously in a single run. For
nebulized samples that do not go directly to the ICP torch (drops
higher than 10 um), a small cup located at the bottom of the cyclonic
chamber allows for mixing of the sample with sodium borohydride
and hydrochloric acid solutions before it is drained. Both solutions
are delivered to the bottom of this small cup using a peristaltic
pump and Teflon tubes (0.8 mm ID) in transmitting lines. A third
line may be used for adding other solutions [33]; however, for this
task (use of CMA only for hydride generator), the nebulization gas
(argon) was used only as a carrier gas for hydride transport to the
plasma. The inlet sample in the Meinhard nebulizer was closed off.
The sample solution was inserted into the cyclonic chamber in the
same way for both NaBH4 and HCI solutions, using a Minipuls 3
multichannel peristaltic pump furnished by Gilson (Villiers le Bel,
France).

Selenium and arsenic determinations were performed under
the following conditions: power (1.2kW), plasma gas flow
(12.0Lmin~1), auxiliary gas flow (OLmin~1!), sheath gas flow
(0.2Lmin~'), nebulizer gas pressure (245KkPa), integration time

(45), stabilization time (10s) and view height (15 mm). The ana-
lytical wavelengths (nm) used were: Se (196.026) and As (193.695).

A DGT-100 Plus (Provecto Analitica, Brazil) pressurized diges-
tion system assisted by microwave radiation was used for sample
treatment according to the US EPA 3051A method (0.5 g of sample
extracted with 10 mL concentrated HNOs3) [34]. This digestion sys-
tem was also used for the determination of the total concentration
by employing the US EPA 3052 method (0.5g of sample decom-
posed with 9 mL concentrated HNO3, 3 mL concentrated HCl and
3 mL concentrated HF) [35].

2.2. Reagents

All reagents were prepared using ultra-pure water obtained
from a purification system (Elix and Sinergy, Millipore, Bedford,
MA, USA) and analytical quality chemicals. Nitric acid (Suprapur,
Merck, Germany), hydrochloric and hydrofluoric acids (analytical
grade, Merck, Brazil) were used as-is. Laboratory glassware was
kept overnight in a 10% (v/v) nitric acid solution. Before use, the
glassware was rinsed with ultra-pure water and dried in a dust free
environment (laminar flow hood class 100).

Selenium and arsenic solutions were prepared by diluting
1 mgmL-! standard solutions (SPEX, Metuchen, USA).

For the interference study, copper, cadmium, iron, nickel and
cobalt solutions were prepared from 10 or 1mgmL-! stock stan-
dard solutions (SPEX, Metuchen, USA and Ultra Scientific, USA).
The 2% (m/v) sodium tetrahydroborate solution (Vetec, Brazil) was
prepared fresh every day by dissolving NaBH, in 0.5 mol L-! NaOH
(Merck, Germany) and then filtered before use.

2.3. Optimization

The optimization process was carried out using multivariate
methodologies. A two-level full factorial design [36,37] was applied
for preliminary evaluation of the significance of the factors involved
in the analytical system. The Doehlert design [38] was performed
in order to determine the optimum conditions to perform the anal-
ysis. NaBHy, HCl and sample flow rates along with the nebulizer
pressure were regarded as factors. The experimental data were pro-
cessed using STATISTICA® software version 6.0 (StatSoft, Brazil). All
experiments in this step were carried out in random order using
200 wgL-! selenium and arsenic solutions.

In this work, selenium and arsenic responses are obtained as the
corresponding net emission signal for each element. Both responses
present a similar profile, which is an indication that there is the
same tendency to a common optimal region. In order to obtain the
conditions that simultaneously satisfy the hydride generation for
both elements, the overall response equation was adopted (OR):

R(Se) R(As)
where R (element) is the analytical signal for that element in a par-
ticular experiment and HS (element) is the higher signal in the set
of experiments for that element.

2.3.1. Two-level full factorial design

This procedure was carried out using the experimental condi-
tions described for each experiment (see matrix in Table 1). The
maximum and minimum levels of each factor were established
considering previous experiments. Replicates of all experimental
points were performed to evaluate the pure error.

2.3.2. Doehlert design

The Doehlert design was used as the experimental matrix for
the response surface methodology. The experimental conditions for
NaBH,4 flow rate, HCI flow rate, sample flow rate, and nebulization
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Table 1

Full two-level factorial design and responses (net emission intensity for duplicate analysis) for screening of principal factors that affect the determination of selenium and

arsenic by HG ICP OES.

Factors Low level (—1)

High level (+1)

(a) Studied factors and levels

V1, sample flow rate (mLmin~1) 1.0 1.5

V2, pressure of nebulizer (bar) 2.1 2.8

V3, NaBH, flow rate (mLmin~1) 1.1 1.8

V4, HCl flow rate (mLmin~") 0.5 0.8

Vi V2 V3 V4 Net emission intensity (countings=') Overall response
Se As
(b) 24 full factorial design

-1 -1 -1 -1 135,158 116,648 97,876 81,218 0.92 0.77
+1 -1 -1 -1 270,073 269,807 155,671 156,092 1.62 1.62
-1 +1 -1 -1 223,703 176,307 96,742 88,704 1.16 0.98
+1 +1 -1 -1 260,899 242,926 116,271 115,499 1.37 1.32
-1 -1 +1 -1 111,755 124,589 110,479 111,523 0.92 0.96
+1 -1 +1 -1 151,455 153,207 139,787 126,044 1.20 1.12
-1 +1 +1 -1 143,147 145,905 64,502 63,718 0.76 0.76
+1 +1 +1 -1 131,733 138,989 126,088 112,306 1.07 1.01
-1 -1 -1 +1 213,908 184,420 116,494 114,254 1.24 1.15
+1 -1 -1 +1 357,875 327,175 157,578 149,181 1.87 1.74
-1 +1 -1 +1 143,309 172,275 70,690 70,228 0.79 0.87
+1 +1 -1 +1 310,552 275,854 112,608 110,007 1.49 1.38
-1 -1 +1 +1 119,987 101,360 115,070 116,139 0.97 0.93
+1 -1 +1 +1 191,663 187,158 180,866 177,783 1.54 1.51
-1 +1 sl = 77,247 69,269 103,612 104,528 0.79 0.77
+1 +1 +1 +1 155,862 210,018 151,146 159,163 1.27 1.47

gas pressure were established considering the values required by
the Doehlert matrix and are presented in Table 2a and b.

2.4. Extraction of bioavailable fractions of Se and As from
sediments

To extract the bioavailable fractions of selenium and arsenic
from sediment samples and certified reference materials, the US
EPA 3051A method that employs concentrated nitric acid and
microwave-assisted extraction was utilized [34]. The microwave-
assisted acid extraction was performed at a temperature of 175°C.
Sediment samples (500 mg) to be evaluated were weighed in the

Table 2

perfluoralkoxy (PFA) vessels of the microwave oven. Concentrated
HNO3 (10mL) was added to the samples as the extractor reagent.
Six vessels were used simultaneously in each extraction cycle.
Microwave digestion of the samples was carried out using a six-
step program: 1 min at 100W; 1 min at 200W; 1 min at 300W;
1 min at 400 W; 6 min at 500 W; and finally 30 min of ventilation.
This heating program provided a temperature increase up to 175°C
in 4.5 min, and the temperature remained at 175°C for 5.5 min in
accord with the US EPA method 3051A [34].

Ablank was carried out to evaluate the contamination possibili-
ties for each analytical sample. After the vessels cooled down inside
the microwave oven, the digested material was filtered (Macherey-

Doehlert designs and responses for optimization of selenium and arsenic determination by HG ICP OES. Coded values are presented in parentheses.

Factors (mLmin~")

Net emission intensity (countings—!)

Overall response

NaBH,4 flow rate HCl flow rate As

(a) Optimization of NaBH4 and HCl flow rates
1.7 (+1.0) 1.1(0) 32,411.0 34,569.5 1.67
1.4 (+0.5) 0.5 (—0.866) 6,068.0 10,373.0 041
1.4 (+0.5) 1.7 (+0.866) 21,044.5 21,016.5 1.05
1.1(0) 1.1(0) 40,092.0 40,153.0 2.01
1.1(0) 1.1(0) 40,139.0 40,135.0 2.01
1.1(0) 1.1 (0) 40,115.5 40,144.0 2.03
0.8 (-0.5) 0.5 (—0.866) 10,647.0 12,292.0 0.57
0.8 (-0.5) 1.7 (+0.866) 6,552.5 5,614.0 0.30
0.5 (-1.0) 1.1(0) 9,451.0 9,131.5 0.46

Factors

Net emission intensity (countings—1)

Overall response

Sample flow rate (mLmin~") Nebulization gas pressure (bar) Se As

(b) Optimization of sample flow rate and nebulization gas pressure
2.5 (+1.0) 2.45(0) 89,238.0 94,041.0 2.00
2.0 (+0.5) 2.10 (—-0.866) 81,695.0 80,725.0 1.77
2.0 (+0.5) 2.80(+0.866) 69,086.5 78,180.5 1.61
1.5 (0.0) 2.45(0) 80,221.0 82,103.4 1.77
1.5 (0.0) 2.45(0) 80,004.0 82,305.3 1.78
1.5 (0.0) 2.45(0) 80,112.5 82,000.5 1.75
1.0 (-0.5) 2.10 (—0.866) 37,221.0 42,383.0 0.87
1.0 (-0.5) 2.80 (+0.866) 27,456.5 34,797.0 0.68
0.5 (-1.0) 2.45(0) 8,197.0 8,287.0 0.18
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Variables and interactions

Effect Estimate (Absolute Value)

Fig. 1. Pareto chart of standardized effects for four variables studied. V1, sample flow
rate (mLmin~'); V2, pressure of nebulizer (bar); V3, NaBH4 flow rate (mLmin~1);
V4, HCl flow rate (mLmin~").

Nagel quantitative paper filters), transferred to 25 mL volumetric
flasks, and filled to volume with ultra-pure water. The sample solu-
tions were stored at 4°C in polyethylene bottles until analysis.

2.5. Interference study

According to Pohl and Zyrnicki [39], transition metal ions cause
serious interferences in hydride generation in the liquid phase. In
this study, an evaluation of five such transition metal ions was per-
formed. To each of the 200 gL' Se and As solutions, increasing
amounts of interferent ions (Cd2*, Co%*, Cu2*, Fe3* and Ni%*) were
added in the following proportions: 1:10, 1:50, 1:100, 1:500 and
1:1000. These solutions were then analyzed using the optimized
conditions.

Interference minimizations were tried with the obtained results
by employing complexing agents such as thiourea, ortophenatro-
line, potassium iodide (0.1 mol L-1) and HCl (3.0-6.0 mol L-1).

3. Results and discussion
3.1. Factorial design

Table 2 shows the experimental design matrix, the results
obtained from each duplicate run for selenium and arsenic deter-
mination, and the overall response which represents the sum of
normalized signals for each element. Considering an analysis of
variance (ANOVA), the results demonstrate that all four studied fac-
tors are statistically significant. As expected, the Pareto Chart (Fig. 1)
clearly shows that sample flow rate provides the most significant
effect on the response. The HCI flow rate has a less significant effect.
As the four variables present significant effects, the Doehlert design
for two factors was applied for the optimization of the following
pairs: (1) NaBH,4 and HCI solution flow rates and (2) sample flow
rate and nebulizer gas pressure.

3.2. Doehlert design 1: NaBH, and HCI solution flow rates

In this design, the optimized variables were NaBH4 and HCl solu-
tion flow rates. The sample flow rate and nebulizer gas pressure
were setat 1.5 mLmin~! and 2.45 bar, respectively. The seven exper-
iments required by the Doehlert design are presented in Table 2a.
The NaBH,4 solution flow rate (fi,;) was studied over five levels
from 0.5 to 1.7 mLmin~!. The HCl solution flow rate (fyc;) was stud-
ied over three levels and varied from 0.5 to 1.7 mLmin~!. The HCI
and NaBH, concentrations were fixed at 2.5 mol L~ and 2.0% (m/v),

Q
g
2
3
%
[}
2
®

Fig. 2. Response surfaces (overall response) obtained for (a) HCI flow rate x NaBH4
flow rate and (b) sampling flow rate x pressure of nebulizer.

respectively. The sample flow rate and nebulizer gas pressure were
fixed according to the procedure recommended by Tyler [40].

The data obtained were used in the Doehlert matrix, and the
following equationillustrates the relationship between f,q;, fc) and
general response:

OR = —5.11(£0.05) + 5.75(£0.06 )fpor — 2.65 (£0.03)fp0r >
+6.15(£0.05)fyyc — 3.00(£0.02)fyyqr> + 0.70(£0.02)fporfirct
(2)

The response surface described by this equation (Fig. 2a) shows a
maximum point that was calculated using the following equations:

F)
gg‘;{ =(5.75 = 5.30)fy0r + 0.70fiyc; = O (3)
)
% = (6.15 — 6.00)fycy + 0.70f0r = 0 (4)
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Solving this system of equations, the optimum values were found
to be fior = 1.3 mLmin~! and fyc =1.2 mLmin~1.

3.3. Doehlert design 2: sample flow rate and nebulizer gas
pressure

In this design, the experimental conditions for f,,, and fyq
were fixed in agreement with the optimal values found in Doehlert
design 1 (1.3 and 1.2mLmin"!, respectively). The seven exper-
iments required by this design are described in Table 2b. The
sample flow rate (fsmpie) Was studied over five levels from 0.5 to
2.5mLmin~!. The nebulization gas pressure (pyep, ) was studied over
three levels and varied from 2.10 to 2.80 bar.

The data obtained were used in the Doehlert matrix, and the
following equation illustrates the relationship between fgmpie, Pneb
and general response:

OR = —18.2(£0.5) + 2.8(0.1)fsample — 0.68(£0.01fsampie”
+14.8(£0.4)ppep — 2.98(£0.09)ppep?
+0~04(i0~04)fsample Pneb (5)

As can be seen by the standard error, the interaction term (fsample
Dneb) is not significant and can be excluded from the equation. These
resultsindicated that there was a maximum surface response which
can be calculated by the following system of equations:

o,
—on = (28 = 1.36 ampie = 0 (6)
)
8”8‘;’ — (14.3 — 5.96)pyep = O )

Solving this system of equations, the optimum values were found
t0 be foample =2.2mLmin~! and ppep, =2.4 bar.

3.4. Interference study

It is essential that the developed method tolerates the presence
of transition metal ions (normally interferents in the liquid phase)
for the selenium and arsenic hydride generation, as the sediment
samples chosen for analysis often have these elements in higher
concentrations; this is especially true in environmental sites that
are anthropogenically impacted. Thus, it is very important to eval-
uate the influence of potentially interfering ions such as cadmium,
cobalt, copper, iron and nickel on the analytical signals of sele-
nium and arsenic. Table 3 shows the results obtained when using
a solution containing 10 wgmL~! of each interfering ion (Cd, Co,
Cu, Fe and Ni) in the presence of 200 g L~! of Se and As (50 times
relationship interferent/analyte species), by using hydride genera-
tion and HCl concentrations of 2.5molL~1. As can be seen in the
table, the interference is of concern for all ions except Co on Se
and Cd on As. According to Pohl and Zyrnicki [39], the interfering
ions react with the borohydride ions and precipitate in the form of
metal-borohydride species. The precipitates then adsorb hydrides

Table 3

Decreasing of analytical signal of selenium and arsenic (200 pgL-!) in HG ICP
OES caused by the presence of 10,000 ugL~! interferent transition metal ion using
2.5molL-! HCL

Transition metallic ion Decrease of analytical signal (%)

Se As
Cd 45 5
Co 0 55
Cu 90 8
EE 66 20
Ni 53 90

(a) 120
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100

80 1

60 A
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Concentration of interfering specie (Ug mL ™)

Fig. 3. Effect of several HCl concentrations on minimization of (a) copper, (b) iron
and (c) nickel interferences on the analytical signal of arsenic by using HG ICP OES.
Legend for HCl concentrations: ¢ =6molL-'; M=5molL~'; A=4molL-'; and X
=3mol L. Concentration of As: 200 pgL~!.

and cause their decomposition. Hence, the formation of volatile
hydrogen selenate and arsine is suppressed, and a signal decrease
is observed for both responses [41].

It is well documented that the use of thiourea [42],
ortophenantroline [43] and potassium iodide [44] can solve these
interferences; however, in the chemical conditions used in this
work and employing these reagents, these interferences could not
be suppressed successfully.

According to Welz and Schubert-Jacobs [45], an increase
in the hydrochloric acid concentration improves the range of
interference-free determination for both selenium and arsenic in
the presence of transition metals. In this way, with the aim of
verifying the range of the application of this methodology in
contaminated anoxic sediments, the study of the effect of HCl con-
centrations on the minimization of the interferences caused by Co,
Cu, Ni and Fe were assayed.

The effects of several HCI concentrations (3-6molL~1) were
studied for solutions containing between 2 and 200 g mL~! of each
of four metallic species. These results can be seen in Figs. 3 and 4.
Clearly, the best conditions for interference-free selenium and
arsenic determination were obtained using a HCI concentration of
6molL-1.
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Fig. 4. Effect of several HCl concentrations on minimization of (a) copper, (b) iron
and (c) nickel interferences on the analytical signal of selenium using HG ICP
OES. Legend for HCI concentrations: 4 =6molL~; B=5molL~; A=4molL~; and
x=3molL~!. Concentration of Se: 200 wgL~'.

As can be seen in Figs. 3 and 4, an increase in concentration of
these metallic species (copper, nickel, and iron) results in a decrease
of the analytical signals between 0% and 90% for selenium and 5%
and 90% for arsenic. It was observed that cobalt did not cause inter-
ference on selenium response and that nickel presented the more
severe interference for both elements.

From the obtained results, it can be concluded that the use of
hydrochloric acid in concentrations as high as 6 molL~! is more
effective in the suppression of metallic ion interferences from iron,
nickel and copper than the use of thiourea, ortophenantroline and
potassium iodide.

Table 4

The proposed methodology is able to provide accurate results
when analysing anaerobic, impacted sediments containing as much
as 1.5% Fe; O3, whichiscommon in estuarine degraded environmen-
tal areas.

3.5. Analytical features

The proposed procedure using a concomitant metals analyzer
(CMA®) as hydride generator and inductively coupled plasma
optical emission spectrometry (ICP OES) showed linearity within
the concentration range of 0.014-10pgg~! for selenium and
0.013-10 wgg~! for arsenic, considering a sample dilution of 50
times. The precision expressed as relative standard deviation (RSD)
was 0.2% for selenium and arsenic both at a concentration of
10 pg g~ 1. The limits of detection (LD) and quantification (LQ) were
determined following the IUPAC recommendation [46]. For sele-
nium, the LD and LQ were 0.006 and 0.030 ug g, and for arsenic
the LD and LQ were 0.0055 and 0.025 pgg'.

An analysis of the certified reference materials (industrial
sludge, NIST 2782, and Buffalo River sediment, NIST 8704) demon-
strates that the proposed procedure is accurate and that it can be
used for selenium and arsenic determination in sediment samples.
These certified reference materials were chosen because selenium
and arsenic are certified for sample pretreatment using the US EPA
3051A method. The results obtained for the two certified reference
materials are shown in Table 4.

3.6. Application

The proposed method was applied to the determination of
bioavailable concentrations of selenium and arsenic in the certi-
fied reference materials and real sediment samples collected from
several sites of Guanabara Bay, Rio de Janeiro, Brazil. Guanabara Bay
is a eutrophic body of water that receives discharge from a drainage
basin affected by over 7.8 million inhabitants, and evidence of trace
metal contamination in anoxic sediments has been reported in the
last decades [7,8,47].

The analysis results for four CRM sediments and for real sed-
iment samples are shown in Table 5. According to the certified
values, the total selenium content varies from 0.193 to 4.95 ugg-1,
and the total arsenic content varies from 6.23 to 45.3 pgg~!. As can
be seen, the bioavailable concentrations for these species represent
a small percentage of the total mass in these samples. Bioavailable
concentrations in the range of 0.11-1.2 and 2.8-22.2 ugg~! were
obtained for selenium and arsenic, respectively. The bioavailable
percentage varied from 13% to 57% for selenium and 45% to 58%
for arsenic. The analyte addition method was also applied to vali-
date the developed method. The obtained results demonstrate that
there are no significant differences between these two data sets,
indicating that the proposed method could be satisfactorily used for
the determination of bioavailable concentrations of selenium and
arsenic in sediment samples. The developed procedure was applied
to determine the bioavailable selenium and arsenic concentrations
in five sediments samples collected from Guanabara Bay (Table 5).
As can be seen, selenium presented bioavailability between 16% and
65% and arsenic presented bioavailability in the range of 31-41%.

Results of analysis of two certified reference materials after samples digestion following US EPA 3051A method.

Certified reference material

Certified value (ugg1)

Found value (pgg")

Se As Se As
NIST 2782 (industrial sludge) 0.44+0.11 166 +20 0.48 + 0.05 167 £ 1
NIST 8704 (Buffalo River sediment) - 172 0.30 + 0.04 172 £ 04

2 Informed value.



1282 W. da Luz Lopes et al. / Talanta 79 (2009) 1276-1282

Table 5

Evaluation of bioavaliable concentration and spiked tests of several sediments certified reference materials and real sediments samples collected in Guanabara Bay, Rio de

Janeiro, Brazil.

Samples Total concentration

Bioavailable concentration Bioavailable concentration Bioavailable

(ngeg™) found by external calibration found by analyte addition fraction (%)
(ngg™) method (pgg™")
Se As Se As Se As Se As
Certified reference materials
NIST 1646a (estuarine sediment) 0.193 + 0.028 6.23 + 0.21 0.11 + 0.01 28 +£04 0.12 + 0.02 29+03 57 45
NIST 2702 (inorganic in marine sediments) 0.72 + 0.05 212 £ 11 0.31 + 0.02 123 £ 0.5 0.28 + 0.03 12.7 £ 0.2 43 58
NRCC MESS-3 (marine sediments) 0.92 + 0.22 262 + 15 0.12 + 0.03 11.8 £ 0.8 0.11 + 0.01 12.2 £ 0.1 13 45
NRCC PACS-2 (harbour sediments) 4.95 + 0.462 453 £ 1.8 1.2+ 03 222+ 11 1.3 +£0.1 226 £ 0.2 24 49
Guanabara Bay samples
1 0.69 + 0.05 8.2+ 0.9 0.23 + 0.02 3.0 £0.1 - - 33 37
2 0.43 + 0.02 6.0 +£ 0.4 0.18 £+ 0.06 24 +03 - - 42 40
3 0.40 + 0.03 8.7 £ 0.6 0.26 + 0.02 27 +£0.2 - - 65 31
4 0.71 £+ 0.04 75 £ 0.2 0.11 + 0.06 2.90 + 0.02 - - 16 39
5 0.54 + 0.05 131 £ 0.3 0.20 + 0.03 53+ 0.7 - - 37 41

a Reference value.

4. Conclusions

An application of full factorial designs and Doehlert matrices
allowed for the efficient optimization of a procedure for the deter-
mination of selenium and arsenic concentrations by ICP OES using
a concomitant metals analyzer as hydride generator. Interference
from transition metal ions such as cobalt, copper, iron and nickel can
be avoided by using highly concentrated HCI solutions (6 mol L~1).
The proposed procedure was shown to be accurate, precise and have
limits of detection and quantification adequate for the determina-
tion of bioavailable concentrations of selenium and arsenic in real
sediment samples.

Acknowledgements

The authors acknowledge grants and fellowships from Conselho
Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq),
Fundagdo Carlos Chagas Filho de Amparo a Pesquisa do Estado do
Rio de Janeiro (FAPER]) and Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES).

References

[1] K. Wrobel, J.A. Caruso, Anal. Bioanal. Chem. 381 (2005) 317.
[2] J. Neve, Experientia 47 (1991) 187.
[3] L. Friberg, G.F. Nordberg, V.B. Vouk, Handbook on the Toxicology of Metals in
Specific Metals, Elsevier, Amsterdam, 1982.
[4] J. Angerer, K.H. Schaller, Analysis of Hazardous Substances in Biological Mate-
rials, Willey-VCH, Weinheim, 1991.
[5] C.M. Barra, R.E. Santelli, ].J. Abrdo, M. de la Guardia, Quim. Nova 23 (2000) 58.
[6] M. Burguera, J.L. Burguera, ]. Anal. At. Spectrom. 8 (1993) 229.
[7] W. Machado, M.F. Carvalho, R.E. Santelli, J.E.L. Maddock, Mar. Pollut. Bull. 49
(2004) 89.
[8] J.E.L. Maddock, M.F. Carvalho, R.E. Santelli, W. Machado, Water Air Soil Pollut.
181 (2007) 193.
[9] A.D. Campbel, Pure Appl. Chem 64 (1992) 227.
[10] B.Welz, M. Sperling, Atomic Absorption Spectrometry, Willey-VCH, Weinheim,
1999.
[11] ML.E. Sigrist, H.R. Beldomenico, Spectrochim. Acta B 59 (2004) 1041.
[12] N. Erdem, E. Henden, Anal. Chim. Acta 505 (2004) 59.
[13] N.M.M. Coelho, A.C. Silva, C.M. Silva, Anal. Chim. Acta 460 (2002) 227.
[14] A.N. Anthemidis, E.K. Martavaltzoglou, Anal. Chim. Acta 573 (2006) 413.

[15] LB. Karadjova, L. Lampugnani, ]. Dedina, A. D'Ulivo, M. Onor, D.L. Tsalev, Spec-
trochim. Acta B 61 (2006) 525.

[16] K. Loska, D. Wiechula, Microchim. Acta 154 (2006) 235.

[17] A.Pechova, L. Pavlata, ]. Illek, Acta Vet. Brno 74 (2005) 483.

[18] Z.C. Chen, SJ. Jiang, ]. Anal. At. Spectrom. 21 (2006) 566.

[19] K.X. Yang, L. Husain, Spectrosc. Lett. 39 (2006) 187.

[20] D.Layton-Matthews, M.I. Leybourne, ].M. Peter, J.M. Peter, S.D. Scott, J. Anal. At.
Spectrom. 21 (2006) 41.

[21] Z.Hu, S. Gao, S. Hy, H. Yuan, X. Liu, Y. Liu, J. Anal. At. Spectrom. 20 (2005) 1263.

[22] W.B. Zhang, W.E. Gan, X.Q. Lin, Talanta 68 (2006) 1316.

[23] X.D. Tang, Z.R. Xu, J.H. Wang, Spectrochim. Acta B 60 (2005) 1580.

[24] Z.Liu, H. Sun, S. Shen, L. Li, H. Shi, Anal. Chim. Acta 550 (2005) 151.

[25] C.M. Barra, M.L. Cervera, M. de la Guardi3, R.E. Santelli, Anal. Chim. Acta 407
(2000) 155.

[26] E.Pena-Vazquez, A. Bermejo-Barrera, P. Bermejo-Barrera, J. Anal. At. Spectrom.
20 (2005) 1344.

[27] C.A. Suarez, M.F. Gine, ]. Anal. At. Spectrom. 20 (2005) 1395.

[28] M. Grotti, C. Lagomarsino, R. Frache, J. Anal. At. Spectrom. 20 (2005) 1365.

[29] T.Lundstedst, E. Seifert, L. Abramo, B. Thelin, A. Nystrom, J. Pettersen, R. Bergman,
Chemom. Intell. Lab. Syst. 42 (1998) 3.

[30] A.C. Ferreira, M.G.A. Korn, S.L.C. Ferreira, Microchim. Acta 146 (2004) 271.

[31] M.A. Bezerra, RE. Santelli, E.P. Oliveira, L.S. Villar, L.A. Escaleira, Talanta 76
(2008) 965.

[32] R.E. Bruns, LS. Scarminio, B. de Barros Neto, Statistical Design—Chemometrics,
Elsevier, Amsterdam, 2006.

[33] G.Tyler, A. Cosnier, S. Velasquez, A. Bartha, M. Ball6k, Concomitant Metals Anal-
yser for Improving Productivity of an ICP-OES, Feature Article 38 English Edition
No. 7 JY Division Information. http://www.horiba.com/uploads/media/RE07-
08-038.pdf (accessed on 01.05.2009).

[34] US EPA, Microwave Assisted Acid Digestion of Sediments, Sludges, Soils and
Qils, Method 3051A, 1998.

[35] US EPA, Microwave Acid Digestion of Siliceous and Organically Based Matrices,
Method 3052, 1996.

[36] M. Soylak, I. Narin, M.A. Bezerra, S.L.C. Ferreira, Talanta 65 (2005) 895.

[37] S.L.C. Ferreira, W.N.L. dos Santos, C.M. Quintella, B.B. Neto, ].M. Bosque-Sendra,
Talanta 63 (2004) 1061.

[38] R.E. Santelli, M.D. Bezerra, O.D. de SantAna, RJ. Cassella, S.L.C. Ferreira, Talanta
68 (2006) 1083.

[39] P. Pohl, W. Zyrnicki, Anal. Chim. Acta 468 (2002) 71.

[40] G. Tyler, Parameters and Effects of Operation a Concomitant Metals Analyser
(CMA) for both Hydride Forming and “Normal” Elements in ICP OES, Jobin Yvon,
France, 2000.

[41] D.Q. Hung, O. Nekrassova, R.G. Compton, Talanta 64 (2004) 269.

[42] H.Uggerud, W. Lund, J. Anal. At. Spectrom. 10 (1995) 405.

[43] P.Ek, S.T. Hulden, Talanta 34 (1987) 495.

[44] A. Morrow, G. Wiltshire, A. Hursthouse, At. Spectrosc. 10 (1997) 23.

[45] B. Welz, M. Schubert-Jacobs, ]. Anal. At. Spectrom. 1 (1986) 23.

[46] TUPAC, Spectrochim. Acta B 33 (1978) 241.

[47] W. Machado, R.E. Santelli, D.D. Loureiro, E.P. Oliveira, A.C. Borges, V.K. Ma, L.D.
Lacerda, J. Braz. Chem. Soc. 19 (2008) 569.



