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Abstract Construction and optimisation of a hyphenated
analytical system for high performance liquid chromatogra-
phy with hydride generation atomic absorption spectrometry
detection system are described together with results of its
use for investigation of food products. The use of anion-
exchange chromatographic column permitted separation of
inorganic selenium species Se(IV) and Se(VI) at the limit of
detection of 10 ng mL−1 for both species. The analytical
system was used for determination of selenium species in
dietary supplements available on the Polish market. The
content of inorganic selenium species was found not to
exceed 50% of its total content, and in the majority of
products, the dominant species was Se(IV). In the majority
of products, the total contents of selenium were close to
those declared by the producers.
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Introduction

According to the Polish law, the dietary supplements are not
medical therapy drugs. Although they are available mostly
in the chemists’, they are not subjected to such a strict
control as pharmaceutical products. They cannot include
substances harmful for human health but their potential
beneficial effect does not have to be documented. The

consumer knowledge of the contents of dietary supplements
is based on declarations of the producers. Selenium in
animal tissues is mainly present in the form of selenome-
thionine or selenocysteine. In dietary supplements, most
often selenomethionine is used as it is not synthesised in
human organism. Over 90% of this compound is absorbed
by the same mechanism as methionine itself (Institute of
Medicine 1997). As for the reasons for diet supplementation
in selenium, it should be mentioned that the intake of
selenium above the recommended level can be a protection
against neoplasmic diseases. Selenium is engaged in a num-
ber of functions, it is an antioxidant, it is involved in the
metabolism of thyroid hormones, in redox reactions and in
functioning of the immune system. Many diseases such as
cancer, circulatory system diseases, asthma and others have
been related to a low level of selenium (Thomson 2004).
According to the epidemiological data, elevated levels of
antioxidants can protect against chronic diseases so a proper
level of antioxidants (ascorbic acid, alpha-tocopherol, beta-
carotene, selenium and coenzyme Q10) can be a factor
preventing many diseases. The use of vitamin supplements
has been proved to be related to a lower risk of cardiovas-
cular diseases (Wolters et al. 2006). Supplementing dietary
with selenium also seems beneficial in animals. The exper-
imental study that lasted for 504 days, in which sheep and
lambs were administered dietary supplement with sodium
selenate, has shown that this element can be used as a
component of sheep diet to a higher degree than hitherto
believed and its maximum level in the organism can reach
2 mg/kg body weight (Davis et al. 2005). Stomach and
intestine dysfunctions reduce the absorption of selenium
leading to its deficiency. The natural sources of selenium
are: beer yeast, wheat germs, butter, garlic, sunflower seeds,
Brazilian nuts, raisins, liver, kidneys, freshwater and sea
fish.
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The subjects of concern of speciation studies have been
mainly organic selenium species because of their physiological
significance (Guerin et al. 1999). In the hyphenated systems,
detection has been performed mainly by the spectrometric
methods from among which the ICPMS systems were most
often used (Hill et al. 2003; Pedersen and Larsen 1997;
Łobiński and Szpunar 1999). Determination of inorganic sele-
nium species can be also performed with detection performed
by AFS or AAS systems in combination with hydride gener-
ation after preliminary on-line reduction of the Se(VI) species
(Wallschlaeger and Bloom 2001; Bermejo et al. 2001).
Moreover, on-line mineralisation of organoselenium
compounds permits determination of organic species of sele-
nium also in HGAAS systems (Marchante-Gayón et al. 1996).

In this study, determinations of inorganic species of seleni-
um (Se(IV) and Se(VI)) were carried out for selenium con-
taining dietary supplements available in Poland. The
determinations were performed using the hyphenated HPLC-
HG-AAS system newly arranged and optimised.

Experimental

Instrumentation

The hyphenated high performance liquid chromatography
with hydride generation atomic absorption spectrometry

detection (HPLC-HG-AAS) system has been constructed
in previous work (Niedzielski 2005) and is shown in Fig. 1.

The HPLC system consisted of a Shimadzu liquid chro-
matograph (LC-10A) equipped with a HPLC pump (LC-
10AT), vacuum degasser unit (GT-104) and anion-exchange
column Supelco LC-SAX1 (250 mm, 4.6 mm i.d., resin
particle size 5 μm) thermostatted by column oven (CTO-
10ASvp). The chromatographic run was isocratic at
3 mL min−1 with an injection volume of 200 μL. PEEK
transfer tubing of the eluent from the LC column to the
hydride generation unit was inserted into a Tygon sleeve.
The continuous hydride generation system (VGA-77,
Varian) consisted of a manually controlled, four channel
peristaltic pump with Tygon tubing (0.6 mm i.d.), one
reaction coil (PTFE tubing 0.8 mm i.d., 75 cm length) and
three-way connectors. The gas–liquid separator was made
from glass and the interior dead volume was 3 mL. All
measurements were performed with a Model SpectraAA
220FS spectrometer (Varian, Australia). For the atomization
of the selenium hydrides (detected at 196.0 nm), a heating
controller, electrothermally heating mantle and a quartz tube

Fig. 1 Component diagram of the elaborated HPLC-HG-AAS system (follow (Niedzielski 2005), changed)

Table 1 Optimized analytical system conditions

Mobile phase Phosphate buffer 3 mL min−1

Analytical column Supelco LC-SAX 1; sample loop 200 μL

Prereduction 0.5 mol L−1 thiourea in 10 mol L−1 HCl
100 cm loop; temperature 100 °C

Hydride generation 3%NaBH4 in 1%NaOH

AAS detection Atomization 900 °C; Selenium HCL lamp
196.0 nm; current 10 mA; slit 0.5 nm Fig. 2 Prereduction with different thiourea concentration in 10 mol L−1

HCl
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(ETC-60, Varian) heated to 900 °C were used. The chroma-
tograms were displayed on the screen of a personal comput-
er by using the signal graphics option of the AAS software
(Varian), and as a separate print out of the screen. Peak areas
or height were calculated by the AAS software. The instru-
mental operating conditions for the HPLC and HG-AAS are
listed in Table 1.

Reagents

Compressed argon gas of N-50 purity (99.999%) obtained
from BOC GAZY (Poland) was employed as the carrier gas
for selenium vapour to the quartz cell without further puri-
fication. Water was redistilled and further purified with aMilli-
Q water purification system (Millipore, USA). Standard sol-
utions (1,000 mg Se L−1) of selenite and selenate were pre-
pared by dissolving appropriate amounts of sodium selenite
(Na2SeO3) and sodium selenate (Na2SeO4), respectively,
obtained from Sigma-Aldrich (USA). The standard stock
solutions were stored in glass bottles at 4 °C in darkness. Low
concentration standards obtained by dilution of the stock
solutions were daily prepared. Sodium tetrahydroborate (III),
used as reducing solution, was daily prepared, by dissolving
NaBH4 (Merck, Germany) in high-purity water and stabiliz-
ing with 1% (w/w) NaOH (Merck) solution to decrease its rate
of decomposition. The solution was used without filtration.

The HCl solution was of the highest quality grade (Suprapure,
Merck). Thiourea of analytical quality grade was obtained
from Merck. The buffered mobile phase was prepared by
mixing of disodium hydrophosphate (Na2HPO4) and potassi-
um dihydrophosphate (KH2PO4·2H2O) obtained fromMerck.

Samples

The dietary supplements studied are commercially available
and were purchased at the chemists’ shops. The study was
performed for a unit dose of the preparation, e.g. for a tablet.
Tablets of each preparation were weighted. Solutions for
extraction of selenium compounds were chosen so that they
would imitate the conditions in the alimentary system. The
stage of dissolving in the stomach was reproduced with the
use of hydrochloric acid, while the conditions of absorption
in the intestines were reproduced with the use of phosphate
buffer. One tablet of each preparation was dissolved in
25 mL of HCl with a concentration of 100 mmol L−1, while
another 1 in 25 mL of phosphate buffer solution of pH 6.0,
containing 10 mmol L−1 of Na2HPO4 and 45 mmol L−1 of
KH2PO4. The tablets were dissolved at 37 °C. For each
preparation, the extraction was three times repeated. The
extracts were analysed in the HPLC-HG-AAS system,

Fig. 3 Influence of prereduction temperature on analytical signal

Fig. 4 Influence of mobile phase pH on retention time of selenium
species

Fig. 5 Influence of mobile phase concentration (as phosphates at
pH 5.5–6.0) on retention time of selenium species

Fig. 6 Influence of separation column temperature on retention time
of selenium species
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during the short time after extraction. The forms of selenium
concentration in the extracts were stable for 1–2 days, the
long-time stability studies have been not performed.

The hydrochloric acid extracts were subjected to miner-
alisation with nitric acid. A portion of 5 mL of the extract
was supplemented with 15 mL of nitric acid and the mixture
was heated under reflux up to about 90 °C for 2 h. Similar
procedures of mineralisation were performed for the tablets
of the preparations. One tablet of each preparation was
dissolved in 20 mL of nitric acid heating up the mixture to
about 90 °C for 2 h. The mixtures were filtered off and the
filtrate was subjected to determination of the total content of
selenium using the HG-AAS method.

Results and Discussion

Optimisation of the Hyphenated Analytical System

Preliminary Reduction

Selenium species Se(VI) does not form volatile hydride, so
in order to get an analytical signal in the HG-AAS system, it
was necessary to perform preliminary reduction of Se(VI) to

Se(IV). The reduction was carried out on-line by heating the
sample with the reducing agent. The eluate from the chro-
matographic column was joined with the stream of the
reducing agent (flow rate 1 mL min–1 from the peristaltic
pump) through a T-shape coupling and directed to the
polyethylene capillary loop (inner diameter 0.82 mm) heated
on a water bath. The capillary loop outlet was connected to the
hydride generation system. In preliminary measurements,
hydrochloric acid was used as a reducing agent, what had
been applied by the other authors (Wallschlaeger and Bloom
2001; Bermejo et al. 2001); however no analytical signal of Se
(VI) was obtained. Only the addition of thiourea to 10mol L−1

of hydrochloric acid permitted successful reduction of Se(VI)
to Se(IV). The analytical signal, measured as the area under
the peak, increased for the thiourea concentration up to
0.5 mol L−1; but for higher thiourea concentrations, the signal
assigned to Se(VI) species decreased, see Fig. 2.

The next objective was to establish the temperature depen-
dence of the reduction process, in the range of 20–100 °C. An
increase in the yield of Se(VI) reduction with increasing
temperature was observed (Fig. 3), although it was accompa-
nied by a decrease in the analytical signal assigned to Se(IV)
most probably caused by reduction of selenium to elemental
form.

Fig. 7 Typical chromatogram demonstrating the separation of inorganic selenium species: first peak Se(IV) and second peak Se(VI)

Table 2 Characteristic of analytical method (n06)

Selenium form Retention
time (s)

Linearity
(ng mL−1)

Slope Correlation
ceoficient

Detection
limit (ng mL−1)

Max RSD
100 ng mL−1 (%)

Recovery
100 ng mL−1 (%)

Se(IV) 109.5±1.8 DL-1000 0.0076 0.9904 10 10.2 96.4±3.9

Se(VI) 166.9±2.6 DL-1000 0.0016 0.9960 10 10.5 95.3±4.4

DL detection limit
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Separation of Selenium Species

The next stage of the study was optimisation of the con-
ditions of chromatographic separation of selenium species,
including the concentration and pH of the eluent (phosphate
buffer). By changing the ratio of disodium hydrophosphate
to potassium dihydrophosphate in the buffer, pH values
were varied in the range (4.5–7.0) at the buffer concentration
(measured as the concentration of phosphates) of 15–
20 mmol L−1. The limited range of pH changes followed from
the fact that it was impossible to ensure a constant concentra-
tion of the buffer at pH higher than ~7 or lower than ~4.5,
which would imply the necessity of taking into account the
changes in buffer concentration on the chromatographic

separation. In the pH range from 4.5 to 7.0, the retention time
of Se(IV) species varied from 170 to 100 s (Fig. 4), but the
effect of pH changes in the above range on the retention time
of Se(VI) species was much more pronounced, it varied from
460 to 100 s.

A similar study was performed for the eluent concentra-
tion (expressed as a content of phosphates). The range of its
variation was 10–60 mmol L−1, while pH was maintained in
the range 5.5–6.0 and the concentration ratio of disodium
hydrophosphate to potassium dihydrophosphate as 1:10. For
Se(IV), small changes in the retention time were observed in
the range 170–120 s; while for Se(VI) with increasing
concentration of the eluent, the retention time decreased
from 390 to 155 s (Fig. 5).

No significant changes in the retention time of both
selenium species were observed no changing the tempera-
ture of the chromatographic column from 10 °C to 80 °C
(Fig. 6). With regard to this fact, further chromatographic
separations were performed for the column temperature
stabilised at 20 °C.

Further analytical works were conducted in the condi-
tions specified in Table 1, ensuring well separation of the
peaks assigned to Se(IV) and Se(VI) species, in a relatively
short time of analysis not exceeding 200 s for determina-
tions in environmental samples (Fig. 7).

Characterisation of the Analytical Method

The content of selenium was proportional to the area under
the peak and to the peak height, which were measured in
each experiment. However, because of the asymmetry and
variation in the peak shape (dispersion) in practice only the
area under the peak was taken into account. A number of
validation parameters characterising the analytical method
were determined (Table 2). The limits of detection and the
scatter of results (measured as RSD) are comparable with
those reported by other authors also when using other sys-
tems of sample separation (column–eluent; Guerin et al.
1999). As it was impossible to estimate the measurement
traceability because of the lack of any certified reference

Table 3 Results of selenium species determination in dietary
supplements

Dietary supplements

1 2 3 4 5 6

Se(IV)

μg/L in solution

Buffer extraction <10 13.5 276 72 <10 229

Acid extraction <10 11.0 183 <10 <10 212

Max RSD% (n03) x 15 5 5 x 5

μg in tablet

Buffer extraction <0.2 0.3 6.9 1.79 <0.2 5.7

Acid extraction <0.2 0.3 4.6 <0.2 <0.2 5.3

Max RSD% (n03) x 15 5 5 x 5

Se(VI)

μg/L in solution

Buffer extraction <10 <10 <10 <10 <10 365

Acid extraction <10 <10 <10 <10 <10 194

Max RSD% (n03) x X x X x 15

μg in tablet

Buffer extraction <0.2 <0.2 <0.2 <0.2 <0.2 9.1

Acid extraction <0.2 <0.2 <0.2 <0.2 <0.2 4.8

Max RSD% (n03) x X x X x 10

Table 4 Comparison of deter-
mined total selenium with man-
ufacturer declaration

Dietary
supplements

Se(IV)+Se(VI) Total selenium

Buffer extraction (μg/tablet) Acid extraction Mineralisation Declaration

1 <0.2 <0.2 18±2 30

2 0.3±0.1 0.3±0.1 43±5 50

3 6.9±1.0 4.6±0.8 26±4 –

4 1.8±0.2 <0.2 28±4 40

5 <0.2 <0.2 89±10 10

6 14.8±1.5 10.2±1.1 27±4 25
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materials for determination of inorganic selenium species,
the recovery of each selenium species was measured upon
addition of a standard to the environmental sample. The
recovery of each species (Table 2) was sufficient so
the analytical method HPLC-HG-AAS is suitable for
determination of inorganic species of selenium: Se(IV)
and Se(VI).

Analysis of Dietary Supplements

Results of determinations of the inorganic species of
selenium in dietary supplement samples are presented
in Table 3. In samples 1–5, no Se(VI) species was
found; while in sample 6, this species was present in
a greater amount than Se(IV) and the contribution of the
former was over 60% of total inorganic selenium. The
inorganic compounds were easier released from the dietary
supplement samples studied to phosphate buffer. The results
of determinations of inorganic selenium species and total
content of selenium in the dietary supplement products are
given in Table 4 together with the contents declared by the
producers.

In all dietary supplement products, selenium was present
mainly in the form of organic species (Amoako et al. 2009;
Alzate et al. 2007; Infante et al. 2005; Dumont et al. 2005). In
two samples (samples 1 and 5), no inorganic selenium species
were detected. In the other samples, the inorganic selenium
species made from nearly 1% to over 50% (sample 6) of the
total content of selenium. The total content of selenium was
close to that declared by the producer (in declaration has been
no information about selenium forms in supplements), except
for sample 5 in which the content of selenium was about 9
times greater than the declared amount.

Conclusion

Determination of the content of selenium, and in particular,
the contents of its species in the food products or dietary
supplements has gained importance in view of the fact of
increasing appearance of selenium-enriched products on the
market. Although organic selenium species are dominant in
selenium-enriched products, in the dietary supplement prod-
ucts studied, the inorganic selenium species were also
found, mainly Se(IV) but in one sample also Se(VI). The
results obtained for only a few preparations indicate that
caution must be exercised in their use. The hyphenated
system used for the analytical studies HPLC-HG-AAS was
proved to permit determination of inorganic selenium spe-
cies in samples of different types. This hyphenated method is
much cheaper and easier in exploitation than the commonly

used for this purpose HPLC-ICP-MS and may deserve
attention among those working in analytical chemistry.
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