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A multicommutated flow system was designed and evaluated for the determination of selenium by

hydride generation atomic absorption spectrometry (HG-AAS). It was applied to the determination of

total selenium in samples of cow’s milk (fluid and powder) and infant formulae. Linearity was

satisfactory in the range up to 27.5 mg L�1 (h ¼ 0.082 C + 0.0033, h ¼ peak-height, absorbance,

C ¼ concentration in mg L�1, r2 ¼ 0.999). Detection (3s) and quantification (10s) limits in solution were

LD ¼ 0.08 mg L�1 and LQ ¼ 0.27 mg L�1, corresponding to LD ¼ 3.2 mg kg�1 and LQ ¼ 10.8 mg kg�1

in solid samples, and to LD ¼ 0.8 mg L�1, LQ ¼ 2.7 mg L�1 in fluid milk samples. Trueness was

verified by analysis (n ¼ 5) of two reference materials (NIST 1549, Non-fat Milk Powder and NIST

1846 Infant Formula). At the 95% significance level, results were statistically equivalent to the certified

values. Instrumental precision (sr(%), n¼ 5) was in the range 1.4% to 11.7%, analytical precision (sr(%),

n ¼ 5) being 4.2 and 9.3% respectively for the determination of the above mentioned reference

materials. The sampling frequency of the system was 160 hour�1.
Introduction

In the last few decades considerable interest has arisen con-

cerning the role of some trace elements in relation to nutrition

and health. It has been proposed that selenium deficiencies are

related to some medical conditions such as the Keshan Disease

(a heart affection), the Kashin-Beck Disease (an osteo-

arthropathy) and Myxedematous Endemic Cretinism.1,2

Selenium is an essential component of enzymes such as gluta-

thione peroxidase which is found in human tissues.3

The RDA (Recommended Dietary Allowance) accepted value

in the USA ranges from 20 mg/day for children under 3 up to

55 mg/day for adults. These values can be increased to 60 mg/day

for pregnant women and 70 mg/day during lactation.1 These

nutritional requirements should be satisfied by food and water

ingested by the individual. Milk is especially important among

foods because of its contribution in the nutrition of infants and

young children.

Selenium content in cow’s milk samples is in the mg L�1 range.

For instance, an investigation involving milk from 15 countries

produced values ranging from 3 to 40 mg L�1 with a mean value

of 10 mg L�1.4

The determination of total selenium in milk at the trace and

ultra trace levels is often carried out by electrothermal atomic

absorption spectrometry (ET-AAS).5,6 Another popular

technique is hydride-generation atomic absorption spectrometry

(HG-AAS).7 This technique is preferable since it provides a degree

of separation of the analyte from the matrix thus reducing the

effects of a number of interferences. Hydride generation (HG) can
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also be coupled to atomic fluorescence spectrometry (AFS) when

lower detection limits are required, however AFS detection

systems are less readily available in many laboratories.

Hydride generation can be carried out batch-wise, or alter-

natively mechanised or even automated employing different flow

techniques. Continuous-flow analysis employing a multichannel

peristaltic pump has been used in several commercial hydride-

generation accessories. Its main advantage is its inherent

simplicity, but it also suffers from a high consumption of sample

and reagents, which are fed continuously as long as the pump is

on. However it is routinely used by many researchers.8 Flow

injection analysis (FIA)9,10 is a useful automation technique that

can be used for hydride generation. Several papers have been

published dealing with the use of FIA for the generation of

selenium hydride in HG-AAS,11,12 HG-AFS13 and to a lesser

extent to atomic emission spectrometry (HG-ICP-OES).14,15 The

subject of interfacing FIA and other flow techniques to different

atomic spectrometric techniques, some of them involving hydride

generation has also been the subject of two books.16,17

Multicommutated flow analysis (MCFA)18–21 is an emerging

flow technique based on flow networks built around solenoid

valves which can be commutated independently under computer

control in order to perform specific tasks. The literature reflects

the usefulness of the technique that has been applied to the

determination of different analytes in a range of matrixes.22–28

However the authors so far have not found evidence of

previous work on the application of multicommutated flow

analysis for the generation of selenium hydride. Given the

advantages presented by this technique, an analytical system was

designed for the determination of selenium by hydride generation

atomic absorption spectrometry. The method was validated and

applied to the determination of samples of milk, milk powder

and milk-based infant formula.
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Experimental

Reagents

Sodium tetrahydroborate (Hydride-Generation grade) was

obtained from Fluka. A 0.5 % (w/v) solution was prepared daily

by dissolving the solid in 0.05% (w/v) NaOH. All other reagents

were of analytical reagent grade.

Purified water (ASTM Type I) was obtained from a Millipore

(São Paulo, Brazil) Simplicity 185 purifier fed with glass-distilled

water.

A 1000 mg L�1 selenium standard solution was prepared from

selenium metal (Aldrich, 99.99%) dissolved in nitric acid and

made up to volume with 10% (v/v) hydrochloric acid. An inter-

mediate standard solution (0.8 mg L�1) was prepared daily by

stepwise dilution with 1.5% (v/v) hydrochloric acid. Calibration

solutions were prepared by dilution of the intermediate solution.
Samples

Samples of fluid milk, milk powder and infant formulae repre-

sentative of the local market were obtained locally.
Materials

All glassware was soaked overnight in 10% (v/v) nitric acid and

then rinsed exhaustively with distilled water.

The flow system (Fig. 1) was based upon a Gilson (Villiers-le-

Bel, France) Minipuls 2 multichannel peristaltic pump fitted with

either Tygon or Viton tubing.

Two 3-way 12 V solenoid valves (NResearch, West Caldwell,

NJ, USA, model 161T031), were used for fluid control. These

valves were driven by a lab-made interface built around

a ULN-2803 integrated circuit which in turn was controlled by

a personal computer via the LPT1 parallel port.

Connections and doubly-helical mixing coils were made from

0.8-mm internal diameter Teflon PFA tubing.

A U-shaped glass gravitational gas-liquid phase separator was

built in the laboratory.
Fig. 1 a: Flow system for the determination of total Se by multi-

commutated-flow HG-AAS. P: peristaltic pump. V1, V2: solenoid valves.

R: reactor coil. PS: phase separator. QC: quartz cell. W: waste. S: sample,

7.2 mL min�1. HCl: 5% (v/v) HCl solution, 3.2 mL min�1. NaBH4: 0.5%

(w/v) solution in 0.05% (w/v) NaOH, 1.7 mL min�1. b: Time sequence of

activation of the solenoid valves V1 and V2 for one measurement cycle.

140 | Anal. Methods, 2009, 1, 139–143
Nitrogen (dried and purified by a combined Drierite/molecular

sieve trap) was used as carrier gas.

Measurements were carried out with a Perkin-Elmer

(Norwalk, CT, USA) model 5000 atomic absorption spectrom-

eter fitted with a 10-cm burner (air-acetylene flame) and

a T-shaped quartz atomisation cell (Precision Glassblowing,

Centennial, CO, USA) and operated at the 196.0 nm analytical

line. The light source was a Photron (Narre Warren, Australia)

Superlamp intensified emission hollow cathode lamp operated as

recommended by the manufacturer.

The analytical signal (absorbance) was obtained from the

analogue output connector of the spectrometer (1 V full scale)

and digitised via a Measurement Computing, (Norton, MA,

USA) 12-bit analogue to digital interface (model USB 1208LS)

connected to a USB port and operated at a sampling rate of 1 s�1.

For the operation of the system, a programme was compiled in

Visual Basic 6.0 (Microsoft) using the Softwire 3.1 (Measure-

ment Computing) graphic programming environment. The

programme controlled the timing and the activation of the

solenoid valves using the parameters set up before the beginning

of the analysis. This programme also handled the data acquisi-

tion. Analytical signals were presented on-screen in real time,

scaled and saved to hard disk in ASCII format. Raw-data files

were later processed with the Peak Simple programme (SRI,

Torrance, CA, USA), which provided signal smoothing, baseline

correction, peak-height measurement and hard copy printout.

Operation of the system (Fig. 1b) begins with the activation of

V2 (NaBH4) for a total period of 15 s. 5 s after the activation of

V2, V1 is activated for 5 s in order to introduce the sample

segment and then turned off. Thus it is ensured that the NaBH4

solution flows before the beginning of the sample segment and

after its end so that excess NaBH4 is available. When V2 is turned

off, an additional period (7 s) with both valves off is allowed for

the signal to return to the baseline. The total length of the

analytical cycle is 22 s. The 5% (v/v) hydrochloric acid solution

used to provide the acidic pH circulates continuously.
Calibration

Calibration solutions in the range 1.0 to 10.0 mg L�1 were

prepared by accurately measuring 0.05, 0.1, 0.2, 0.3 and 0.4 mL

aliquots of the 0.8 mg L�1 intermediate standard solution, to

which 20 mL of water and 10 mL of concentrated hydrochloric

acid was added. The mixture was heated on a hot plate for 1 hour

at gentle boiling to carry out the pre-reduction of Se(VI) to

Se(IV), then cooled down to room temperature and diluted to

30.0 mL with water.
Sample preparation

Samples of milk powder or infant formula were prepared as

follows: 0.50 g of milk powder was accurately weighed in a 30-mL

screw-capped Teflon PFA vessel (Savillex, Minnetonka, MN,

USA). Then 6 mL of concentrated nitric acid was added, the

vessel was loosely capped, placed in a modified polypropylene

‘‘fast cooker’’ and heated in a household microwave oven (Aris-

ton model MO991B). The microwave energy pattern of the oven

was determined in previous work described elsewhere.29 The

cooker was modified in order to vent all acid vapours and other
This journal is ª The Royal Society of Chemistry 2009



Fig. 2 Signal (peak height, absorbance) variation with nitrogen flow

rate.

Fig. 3 Typical signal (absorbance) obtained for triplicate injections of

a calibration curve (10, 8, 5 and 2 mg L�1), blank (Blk) and 5 samples
gases via a piece of tubing to a flask containing sodium hydroxide

solution which acted as a trap for acidic vapours. The oven was

programmed to heat for 5 minutes at 30% and then for 3 minutes

at 40% of the maximum power. It was then cooled down to room

temperature, 1 mL of 30% hydrogen peroxide was added and the

vial (loosely capped) was heated again for 2 minutes at 40%

power. Afterwards the contents of the vial was transferred

quantitatively to a 50-mL Erlenmeyer flask containing 10 mL of

10% (w/v) sulfamic acid solution and 10 mL of concentrated HCl,

the pre-reduction step was carried out by heating at gentle boiling

on a hot plate for 1 hour, and then cooled down to room

temperature and diluted with water to 20.0 mL.

Samples of fluid milk (2.0 mL) were mixed in a 50-mL Erlen-

meyer flask with 5 mL of aqua regia (HCl/HNO3 3 + 1 by

volume), diluting to 10.0 mL with water and sonicating for

20 minutes. Afterwards pre-reduction was carried out by adding

10 mL concentrated HCl, 0.5 mL of butanol (antifoam agent),

10 mL of 10% (w/v) sulfamic acid solution and heating the

mixture at gentle boiling on a hot plate for 1 hour, then cooling

down to room temperature and diluting with water to 20.0 mL.

The resulting solution was filtered by a 25-mm diameter, 0.45-mm

PTFE membrane filter.

Standard additions on fluid-milk samples were carried out on

2.0-mL aliquots of the sample by adding 0.1 mL of a 0.8-mg L�1

selenium standard solution, 5 mL of aqua regia and diluting with

water to a final volume of 10.0 mL. The mixture was then pro-

cessed as described in the preceding paragraph.

In order to estimate the contamination introduced by the sample

preparation process, reagent blanks were measured alongside the

samples in all mineralisation and pre-reduction steps.
(S1 to S5).
Results and discussion

Optimisation

The influence of three variables (concentration of HCl and

NaBH4 and length of the mixing coil R) was studied by means of

a three-level central composite design. Maximum sensitivity

(calibration slope), good precision and linearity were found when

using 5% (v/v) HCl, 0.5% (w/v) NaBH4 and a 100-cm coil.

Optimisation of flow rates was carried out by a second exper-

imental design where the influence of 2 variables (NaBH4 and

HCl flow rates) was studied at 3 levels. Optimum values were

1.7 mL min�1 (NaBH4 solution) and 3.2 mL min�1 (HCl solution).

The influence of the carrier gas flow rate was studied in the

range 0.21 to 1.6 L min�1 (Fig. 2). A value of 0.32 L min�1 was

adopted as it provided maximum signal and precision.

Sample volume was selected by varying the sampling time.

Response (peak height, absorbance) increased from 0.061 to

0.106 when increasing the sample size from 0.24 to 0.60 mL, and

did not vary significantly when increasing the sample volume to

1.20 and 2.40 mL. Thus a sample volume of 0.6 mL (corre-

sponding to a sampling time of 5 seconds) was chosen because it

allowed the highest sampling frequency, which was, under the

final operating conditions, 160 hour�1.

In order to minimise the carryover when changing samples,

a purge routine was devised using software.

Typical signals (calibration curve, blank and samples) can be

seen in Fig. 3.
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Interferences

Transition metals, especially those belonging to the fourth period

may interfere with the determinations of Se by HG-AAS. The

influence of concomitants affects either the efficiency of the

hydride generation or the release of the hydride. Besides,

concomitants are usually in large excess with respect to the

analyte.

Of the potentially interfering elements, only copper, iron and

zinc can be found at significant levels in milk and infant

formulae. An experiment was carried out to verify possible

interferences.

Two different Se (VI) standard solutions (1 and 10-mg L�1)

were prepared with and without the potential interferents

(Cu 0.13 mg L�1, Fe 1.6 mg L�1, Zn 1.5 mg L�1), prereduced and

injected in the system. These concentrations correspond to those

produced by typical samples of Infant Formula processed

according to the procedure used in this work and were chosen

because this is the most unfavourable conditions set, as fluid milk

and milk powder have lower concentrations of the three metals.

The experiment was repeated with 10 times higher concen-

trations of Cu, Fe and Zn. Reagent blanks were also run. Vari-

ations in net signal amplitude were in all cases less than 8%

compared to the standard Se solutions. This figure is non-

significant when compared to the repeatability precision of the

method, thus no evidence of this kind of interference was found.
Anal. Methods, 2009, 1, 139–143 | 141



Validation

For the evaluation of linearity, a blank and 8 standard solutions

in the range 1–27.5 mg L�1 were measured (n ¼ 5) and the results

were plotted as a function of the concentration. Linearity of the

resulting curve (h ¼ 0.082 C + 0.0033, h ¼ peak-height, absor-

bance, C¼ concentration in mg L�1, r2¼ 0.999) was confirmed by

visual inspection of the plot and analysis of residuals.

Detection (LD, 3s) and quantification (LQ, 10s) limits were

estimated by measuring (n ¼ 10) the dispersion of the blank

signal and referring the measurements to the calibration curve.

Estimated limits were LD ¼ 0.08 mg L�1 and LQ ¼ 0.27 mg L�1.

These values correspond to LD¼ 3.2 mg kg�1, LQ¼ 10.8 mg kg�1

in solid samples and LD ¼ 0.8 mg L�1, LQ ¼ 2.7 mg L�1 in fluid

milk samples.

In order to establish the trueness and precision of the method,

two different standard reference materials, namely NIST 1549

(Non-Fat Milk Powder) and NIST 1846 (Infant Formula) as well

as 7 samples of fluid milk were analysed 5 times each. Results

obtained for the reference materials (Table 1) were statistically

equivalent to the certified values.

Since reference materials or alternative reference values were

not available for the fluid milk samples, it was decided to

investigate the possible existence of multiplicative interferences

by comparing the slope of the calibration curve with that of the

standard additions curve by means of statistical hypothesis

testing. It was found that some of the samples showed significant

differences in the slopes, suggesting the existence of interferences.

For this reason it was decided that for all fluid milk samples

without exception the calibration would be made by means of the

standard additions method.

Having decided this issue, the trueness of the method was

verified for fluid milk samples by a spike/recovery approach. Each

one of seven samples of fluid milk was spiked with Se(VI) addi-

tions at two different levels (equivalent to about 30 and 60 mg L�1

in the sample), processed as explained under ‘‘Sample prepara-

tion’’ above and injected 5 times in the flow system. Percent

recoveries (100 � found/added) were calculated. Mean percent

recovery� standard deviation for the 7 samples was 97.8 � 5.2%

for the first spike and 102.2 � 5.3% for the second one. These

values were compared with the nominal value of 100% by means

of the Student’s t-test, finding t-values of 1.112 and �1.116 for

the two spike levels. The value of t(0.05,6) is 2.447, thus it may be

concluded that at the 95% significance level recoveries do not

differ significantly from 100% and the trueness of the method is

ensured for fluid milk samples.
Table 1 Total selenium contents (dry basis) found in standard reference
materials and comparison with certified values by Student’s t-test. s ¼
standard deviation. t(0.05,4) ¼ 2.78

SRM
Certified value
(mg kg�1)

Found (mean � s)
(mg kg�1) (n ¼ 5) t value

NIST 1549
(Non-Fat Milk Powder)

0.11 � 0.01 0.1109 � 0.0045 0.48

NIST 1846
(Infant Formula)

0.08a 0.0821 � 0.0075 0.58

a NIST Information Value.
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Precision (sr(%)) was estimated by both instrumental and

analytical repetition. Repeatability (n ¼ 5) for the various levels

of a calibration curve (1.4–27.5 mg L�1) was in the range 1.4%

(for the highest concentration) to 11.7% (for the lowest one).

Analytical repeatability (sr(%)) for the analysis of the reference

materials (n ¼ 5) was 4.2% for NIST 1549 and 9.3% for NIST

1846.

With the operating conditions chosen the sampling frequency

was 160 hour�1.
Sample mineralisation

For the digestion of solid samples two approaches were investi-

gated, namely heating using a dry block heater and using

a microwave oven.

For the first approach, 1 g of sample was digested with 6 mL

HNO3 in a Kjeldahl tube placed in a dry block heater set at

120 �C. When brown fumes appeared, 2 mL of H2O2 were added

and digestion continued until a clear digest was obtained. This

process required about 6 hours. The sample was then ready for

pre-reduction.

Digestion in a microwave oven was carried out as described

under ‘‘Sample preparation’’ above.

Both procedures allowed recoveries close to 100% to be

attained but the use of microwave heating was much faster, hence

it was adopted for the digestion of solid samples.

Given the low Se concentrations, none of these procedures was

appropriate for mineralisation of fluid milk samples, as they

would require inordinately large amounts of sample and

reagents, producing projections and other problems during the

digestion. For this reason a different procedure using ultrasound,

based on work by Cava-Montesinos et al.13 was used for fluid

milk samples. This procedure is described under ‘‘Sample prep-

aration’’.

The literature30 mentions the interference on the generation of

hydrides produced when using HNO3 during the digestion step.

This interference has been attributed either to the HNO3 itself, or

more recently to nitrogen oxides generated during the digestion

step. The existence of this interference was confirmed in this work

and reflected in poor recoveries. With the aim to reduce

that interference, the addition of sulfamic acid as proposed by

Lopes Nunes et al.30 was investigated. Recoveries close to 100%

were obtained, thus this reagent was adopted for use during sample

preparation.
Application to commercial samples

The method was applied to the determination of selenium in

samples of fluid milk (10 samples), milk powder (17 samples) and

infant formulae (6 samples). Mean values for fluid milk were

19.6 mg L�1 (range 11.5–34.1 mg L�1) and for milk powder

73.6 mg kg�1 (range 31–130 mg kg�1) expressed on the dry basis.

Commercial samples of milk-based infant formulae of six

different brands representative of the Uruguayan market were

purchased locally, four of them for infants from 0–6 months and

6–12 months and two generic ones. Results obtained for these

samples ranged from 42 to 138 mg kg�1 (dry basis) and are pre-

sented in Table 2. These results were in agreement within 10%

with the label claims.
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Table 2 Selenium contents in six samples of infant formulae found in the
Uruguayan market (dry basis). ND: not declared (these samples do not
contain added Se). s: standard deviation

Total Se
(mg kg�1)

Sample

A B C D E F

Label claim 150 150 ND ND 40 120
Found � s 138 � 10 135 � 3 84 � 6 56 � 14 42 � 2 116 � 3
Relative

difference (%)
8 10 — — 4.8 3.3
Comparison with other methods

The proposed method based on the multicommutated flow

system was compared with other popular methods/techniques

used for the determination of selenium in milk, namely ET-AAS,

continuous flow HG-AAS and FIA-HG-AAS.

Detection limits in whole milk (fluid) found in this work

(0.8 mg L�1) are similar or better with those found by ET-AAS5,6

(2.5 mg L�1, 0.35–0.70 mg L�1) and HG-AAS8 (0.95 mg L�1).

Analytical throughput (sampling frequency ¼ 160 samples per

hour) is much higher than that attainable by ET-AAS and

comparable to FIA-HG-AAS. The method can be run in a flame

AAS spectrometer that is less expensive and more easily found in

laboratories than a graphite furnace (ET-AAS) spectrometer.

When compared with continuous flow HG-AAS and

FIA-HG-AAS, the use of multicommutation provided several

advantages such as low reagent and sample consumption

(0.05 mL concentrated HCl, 2.5 mg NaBH4 and 0.6 mL of sample

per measurement) and less generation of chemical residues.

Conclusion

Multicommutated flow analysis could be successfully used for

the generation of selenium hydride and applied to the determi-

nation of selenium by HG-AAS in samples of cow’s milk (fluid

and powder) and infant formulae. The method based on such

a system was validated and found to be accurate and precise

enough for the determination of total selenium content in that

type of sample.

This technique is very fast, and flexible since several modifi-

cations can be carried out simply by changing parameters in the

control software without physical modifications of the system.

For example, the sample volume can be easily changed by

modifying the time a given solenoid valve is energised thus

allowing for different concentration ranges.

The sample preparation procedures developed were fast and

simple.

The system was applied to the determination of total selenium

in samples of cow’s milk (fluid and powder) from the Uruguayan

market. Results found were in agreement with those published in

the literature for samples from other countries. The method

could be used for the quality control of infant formulae.
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