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ABSTRACT: A low-cost, simple, and highly selective analytical
method was developed for sensitive visual detection of selenium
in human urine both outdoors and at home, by coupling hydride
generation with headspace solid-phase extraction using quantum
dots (QDs) immobilized on paper. The visible fluorescence from
the CdTe QDs immobilized on paper was quenched by H2Se
from hydride generation reaction and headspace solid-phase
extraction. The potential mechanism was investigated by using X-
ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) as well as Density Functional Theory (DFT). Potential
interferences from coexisting ions, particularly Ag+, Cu2+, and
Zn2+, were eliminated. The selectivity was significantly increased
because the selenium hydride was effectively separated from
sample matrices by hydride generation. Moreover, due to the high
sampling efficiency of hydride generation and headspace solid phase extraction, the sensitivity and the limit of detection (LOD)
were significantly improved compared to conventional methods. A LOD of 0.1 μg L−1 and a relative standard deviation (RSD, n
= 7) of 2.4% at a concentration of 20 μg L−1 were obtained when using a commercial spectrofluorometer as the detector.
Furthermore, a visual assay based on the proposed method was developed for the detection of Se, 5 μg L−1 of selenium in urine
can be discriminated from the blank solution with the naked eye. The proposed method was validated by analysis of certified
reference materials and human urine samples with satisfactory results.

S elenium (Se) is an essential trace element for human and
animals because it is one of the constituent elements of

antioxidant enzymes, which can protect cells against adverse
effects from free oxidative radicals generated from oxygen
metabolism. On the other hand, selenium can induce toxic
effects at relatively excess intakes.1−4 The concentration range
of selenium between harmful and beneficial to human is very
narrow (50−200 μg daily intake).5 Therefore, the accurate
determination of selenium in the human body has attracted
considerable interest.6 Compared to other body fluids, urine is
easy to access and analyze. Moreover, the Se-related
metabolites in urine such as Se-methylselenogalactosamine,
selenosugars, and trimethylselenium are helpful to understand
the health benefits ascribed to this element.7−15 Numerous
techniques have been developed to determine selenium
concentration in urine.2,16,17

Hydride generation (HG) atomic spectrometry is one of the
most widely used methods for selenium detection or speciation
analysis because of its unmatched sensitivity, efficient
separation of matrix and spectral interferences, high analyte

transport efficiency, and high selectivity. However, these
techniques usually require expensive and bulky atomic
spectrometric instruments, and the determination of selenium
cannot be accomplished at home or in the field.18−20 In order
to miniaturize the analytical systems, Bendicho et al. have
recently developed a quantum dots (QD)-based headspace
single-drop microextraction-microfluorospectrometric method
for sensitive and selective detection of Se (IV) in water.21,22

This method not only retained the advantages of HG but also
simplified the experimental setup, improved sensitivity, and
reduced QDs consumption. Nevertheless, a relatively expensive
microfluorospectrometer was still required. In addition, it is not
easy to reproduce a drop of several microliters in the headspace,
and requires experienced operators to achieve accuracy and
reproducibility. Therefore, it is of importance to develop a
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simple, inexpensive, sensitive, rapid, and equipment-free
method for Se detection in the field or at home.23

Recently, the paper analytical device (PAD) has drawn much
attention in analytical and clinical chemistry by virtue of its
versatility, high abundance, and low cost.23,24 Among various
detection methods used in PAD, visual detection based on an
enzymatic or chemical interaction has been widely used because
of its simplicity, rapidness, disposable, and visual detection with
the naked eye.25 Although many PAD assays were previously
developed to quantify biological molecule or toxic metal ions,
the use of nanomaterials for development of PAD assays is
rather limited24 besides gold nanomaterials used in PAD assays
for visual detection of ions, nucleic acid and cancer cells.26−30

Semiconductor nanocrystals, especially quantum dots, have
been confirmed as an attractive fluorophore for PAD because of
its broad absorption spectra, narrow, symmetrical and size-
tunable emission spectra as well as long photoluminescence
lifetimes (>20 ns), greater photostability and brightness than
organic fluorophores.31,32 Eychmüller et al. first used
glutathione capped CdTe quantum dots (QDs) and enzymes
encapsulated with poly(diallyldimethylammonium chloride)
(PDDA) via electrostatic attraction to form hybrid PAD for
the visual detection of phenol (catechol) and glucose.33

Recently, Krull et al. have presented a paper-based solid
phase assay for transduction of nucleic acid hybridization by
using immobilized quantum dots (QDs) as donors in
fluorescence resonance energy transfer (FRET).34−36 It is
noteworthy that almost all of these PAD assays were
accomplished by exposing the PAD to liquid samples without
any preconcentration. Therefore, the interferences from sample
matrices are inevitable and sensitivities are usually insignificant
to analyze real samples.
In this work, a method by coupling QDs based PAD assay

with HG for headspace solid phase extraction (HS-SPE) was
developed for visual detection of selenium in human urine with
the naked eyes. In the proposed method, a gas−solid reaction
between the paper supported CdTe QDs and the generated
H2Se occurred to quench the fluorescence of the QDs. Owing
to the advantages of efficient matrix separation from HG, the
interferences from sample matrices were eliminated, particularly
the serious interferences from transition and noble metal ions
(such as Ag+, Cu2+, and Zn2+), which can significantly and
rapidly quench the fluorescence via the cation exchange
reaction between QDs and metal ions.37 More importantly,
HS-SPE together with visual detection facilitates an easy,
sensitive, rapid, and portable detection.

■ EXPERIMENTAL SECTION

Chemicals. All reagents used in this work were of analytical
grade or higher. Cd(NO3)2·4H2O, KBH4, Na3C6H5O7·2H2O
from Kelong Reagent Factory (Chengdu, China) and Na2TeO3

from Aladdin Reagent Co. (Shanghai, China) were used to
prepare CdTe QDs. 3-mercaptopropionic acid (MPA),
mercaptosuccinic acid (MSA), L-cysteine (L-cys) and thio-
glycolic acid (TGA) (Aladdin Reagent Co., Shanghai, China)
were used as the capping agents for the QDs. High-purity
hydrochloric acid (HCl) and NaOH were from Kelong Reagent
Factory (Chengdu, China). The 100 mg L−1 of Se(IV) stock
solution and 1000 mg L−1 stock solutions of Cd2+, As3+, Sn4+,
Te4+, Sb4+, Bi3+, Zn2+, Hg2+ Na+, K+, Mg2+, Ca2+, Cr3+, Ag+,
Fe3+, Mn2+, and Cu2+ were from the National Research Center
for Standard Materials (NRCSM) of China. High-purity 18.2
MΩ cm deionized water (DIW) obtained from a Milli-Q water

system (Chengdu Ultrapure Technology Co., Ltd., Chengdu,
China) was used throughout this work.
The accuracy of the proposed method was validated by

analysis of Certified Reference Materials (CRMs) obtained
from National Research Center of China and National
Research Council Canada (NRCC), including human hair
powder (GBW07610a), sediment (GBW07311), urine
(GBW09102), and dogfish muscle (DORM-2). Microwave
digestion of GBW07610a, GBW07311 and DORM-2 was
undertaken according to previous work38 and briefly described
in Section 1 of the Supporting Information (SI). Six human
urine samples collected from healthy adult volunteers (22 to 30
years old) were used to evaluate this method on real sample
analysis.

Instrumentation. A commercial F-7000 spectrofluorom-
eter (Hitachi, Japan) equipped with a solid sensing cell was
used to measure fluorescence quenching of the QDs.
Absorption spectra were recorded on a UV−vis spectropho-
tometer (UV-1750, Shimadzu, Japan). High-resolution trans-
mission electron microscopy (HRTEM) images of the QDs
were obtained with a Tecnai G2F20 S-TWIN transmission
electron microscope at an accelerating voltage of 200 kV (FEI
Co., U.S.A.). Scanning electron microscopy (SEM) was
performed with a JSM-7500F scanning electron microscope
(JEOL, Tokyo, Japan). The powder X-ray diffraction (PXRD)
patterns were obtained from an X’Pert Pro MPD (Philips,
Netherlands) using Cu Kα radiation. X-ray photoelectron
spectroscopy (XPS, PHI-5000 Versa Probe, ULVAC-PHI) was
used to determine the valent state of the QDs obtained after
reaction. Fluorescence imaging was carried out with a gel image
analysis system (Beijing Liuyi Instrument Factory, WD-9413A)
equipped with a 365 nm reflected UV source. A commercial
two-channel hydride generation nondispersive atomic fluo-
rescence spectrometer (AFS-9600, Beijing Haiguang Instru-
mental Co., Beijing, China) fitted with a four-channel peristaltic
pump, a quartz gas/liquid separator (GLS), a quartz atomizer,
and a coded high intensity selenium hollow cathode lamp was
used for the detection of the intensity of the selenium atomic
fluorescence.

Synthesis of CdTe QDs. The CdTe QDs were prepared
according to a previously reported one-pot synthetic method.39

Briefly, 0.5 mmol of Cd(NO3)2·4H2O and 0.20 g of trisodium
citrate dehydrate were dissolved in 50 mL of water, followed by
instant addition of 52 μL of MPA (or 16.6 μL TGA, 29.1 μL L-
cys and 36.0 mg MSA). The pH of the solution was adjusted to
10.5, followed by the addition of 0.1 mmol Na2TeO3 and 50 mg
KBH4, and the resultant solution was refluxed for 1 h. The
obtained CdTe QDs solution was precipitated with n-propanol
and then centrifuged (11 000 rpm) to remove the supernatant.
The purified CdTe QDs were redispersed in double distilled
water (DIW). The size and concentration of the CdTe QDs
were estimated on the basis of Peng’s method.40 The UV−vis
absorption spectra and photoluminescence (PL) emission
spectra of the QDs are shown in Figure S1 of the SI.

Preparation of CdTe QDs Impregnated Paper. In order
to obtain good reproducibility of preparation of CdTe QDs
impregnated paper, the conditions used for preparation of the
CdTe QDs must be kept consistent. Meanwhile, chromatog-
raphy paper obtained from Whatman, U.K. was cut to circular
paper sheets with 1 cm in diameter. These paper sheets were
immersed in 0.4 μM CdTe QDs solution (10 mL/5 paper
sheets) for 30 min and dried in an oven at 40 °C for 30 min.
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Finally, the paper doped with QDs was then sealed in a plastic
bag and kept at 4 °C prior to use.
The fluorescence emission wavelength of CdTe QDs

impregnated paper was 650 nm and the quantum yield of the
CdTe QDs impregnated paper was evaluated to be 35%.41

Analytical Procedure. A schematic of the PAD assay
including QDs PAD, HG and headspace SPE is shown in
Scheme 1. The paper supported CdTe QDs was adhered to the
seal lid of a 25 mL headspace bottle (Hamai Reagent Co.,
Ningbo, China). Ten milliliters of standard solution of Se (IV)
containing 10% (v/v) HCl was added to the bottle and then the
bottle was sealed with the lid. One milliliter of 2% (m/v) KBH4

dissolved in 0.5% (m/v) KOH was injected into the bottle for
the generation of H2Se by HG reaction. The generated volatile
Se species were simultaneously headspace extracted and reacted
with the CdTe QDs on the paper. The paper was then
transferred to a UV test box with 365 nm UV light to
accomplish the visual detection of selenium. For the validation
of the proposed method on visual detection of selenium in
samples, the paper was put into solid sensing cells on a solid
sample holder, and their photoluminescence (PL) signals were
recorded with the fluorescence spectrometer after reaction and
HS-SPE.

■ RESULTS AND DISCUSSION

Mechanism of the Gas−Solid Reaction between CdTe
QDs and H2Se. As this is the first attempt to develop PAD
assay via a gas−solid reaction between QDs and volatile
analytes, the initial experiment was to evaluate the feasibility of
the proposed PAD assay on quantification of selenium. The
paper coated with the CdTe QDs before and after HG and HS-
SPE using 50 μg L−1 Se(IV) was analyzed by visual detection
and fluorescence spectrometric detection, respectively. Figure
1a shows that the fluorescence generated from the QDs with
365 nm UV irradiation is significantly decreased after HG
reaction and HS-SPE. The results (Figure 1b) obtained with a
commercial spectrofluorometer confirmed this fluorescence
quenching effect. In order to gain insight into the mechanism of
CdTe QDs fluoresce quenching by H2Se, characterizations of
the CdTe QDs reaction before and after the HG and SPE were
carried out by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and TEM, as shown in Figure 2. Figure 2a
shows that the XRD peaks of CdSe are found in the CdTe QDs
immobilized on the paper after the HG and HS-SPE, indicating
a reaction between the solid CdTe QDs and gaseous H2Se that
generated CdSe nanomaterials. According to the XPS analysis
(Figures 2b and 2c). A Se peak at 53.7 eV of binding energy
was observed after the HG and further confirmed the
generation of CdSe nanomaterials, which agrees with previous

works.42 The TEM images of the CdTe QDs and its products
after reaction indicated the spherical CdTe QDs (Figure 2d)
was changed to the random shape (Figure 2e). These
observations prove that the surface of CdTe QDs was
proportionally covered by CdSe and resulted in the
fluorescence quenching.
Density Functional Theory (DFT) calculations (See Section

3 of the Supporting Information) were also applied here to
demonstrate the strong binding affinity between CdTe and
H2Se in the reaction. The adsorption of H2Se on CdTe QDs
was studied by choosing the proper size of (CdTe)n cluster as a
model. Taking the computational efficiency into account,
(CdTe)n (n = 6, 9) were chosen and optimized. The structures
of these clusters are shown in Figure 3, similar to previous
studies.43,44 The configurations and adsorption energies are also
summarized in Figure 3. The adsorption energy for H2Se is
defined as the following:

= + −E E E Eads adsorbate cluster adsorbate/cluster

Eadsorbate is the energy of free H2Se, Ecluster is the energy of the
bare cluster, and Eadsorbate/cluster refers to the total energy of the
cluster with adsorbates H2Se. Therefore, the larger positive Eads
value, the higher adsorption energy. It should be noted that the
adsorption energies of H2Se on (CdTe)6 and (CdTe)9 are
11.70 and 13.24 kcal/mol, respectively, suggesting that H2Se
should have good binding affinity to the (CdTe)n clusters. The
analysis of mulliken atomic charges indicates that the charge
transfer occurred between the H2Se and the substrate. The

Scheme 1. Schematic Diagram of the Experimental Setup

Figure 1. (a) Change of fluorescence of the PAD before and after the
HG and SPE; (b) The change of photoluminescence emission spectra
of the PAD before and after reaction with 50 μg L−1 Se (IV).
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negatively charged Se and the positively charged Cd infer the
attraction between them, such an electrostatic interaction
promotes the formation of CdSe species to some extent. The
variation of bond lengths also agrees with this trend. After the
adsorption of H2Se, the bond lengths of Cd1−Te3 and Cd2−
Te4 are extended to 3.015 Å and 4.388 Å. At the same time,

bond lengths of Se1−Cd1 and Se2−Cd2 are 2.938 Å and 2.812
Å, respectively, possessing the properties of a single bond.
Previous studies reported45,46 that a Cd−thiol complex surface
layer was created as a shell around the CdTe QDs core to
occupy the surface sites and to passivate the QDs. In addition,
the binding force of Cd−Se bond was much greater than that of

Figure 2. Identification of the reaction in the CdTe PADs with H2Se. (a) The XRD pattern before and after the reaction; (b) the XPS pattern of the
CdTe PAD before (black) and after (red) the reaction; and (c) the Se 3d XPS spectra; The TEM images of CdTe QDs before (d) and after (e) the
reaction.

Figure 3. Structures of (CdTe)n clusters and the adsorption of H2Se on (CdTe)n clusters. The Cd, Te, Se, and H atoms are colored in orange, milk-
white, red, and white, respectively. The values in solid line rectangle indicate bond lengths. The values in dotted line rectangle indicate mulliken
charges. The bond lengths and the adsorption energies are given in angstrom and kcal/mol, respectively.
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Cd-thiol. Luminescence decay measurements were performed
in the absence and presence of Se(IV). A triexponential
luminescence decay (Figure S2) and a decrease of lumines-
cence lifetime with increasing Se(IV) were observed (Table
S1), indicating that the mechanism involved in the
luminescence quenching is dynamic, and this agrees with
previous works.22,47 On the basis of the above discussions and
the previous works,22,45 we assumed that the binding between
Cd in Cd−thiol complex and Se in H2Se on the surface of
CdTe QDs might cause the increase of surface defects thus
facilitate the nonradiative e−/h+ recombination in the QD
surface, which would eventually result in the fluorescence
quenching of the CdTe QDs.
Effect of HG Conditions. It is well-known that the HG

conditions, including the concentrations of HCl and KBH4,
strongly affect the generation efficiency of H2Se, thereby
influencing the transformation of the CdTe QDs coated on the
paper. Therefore, the effect of HCl and KBH4 concentration on
the response from 50 ng mL−1 of Se (IV) was evaluated in the
range of 1% to 30% (v/v) and 0.5% to 20% (m/v), respectively.
The results are summarized in Figures S3a and S3b of the SI.
The optimum concentrations of KBH4 and HCl were found to
be 2% (m/v) and 10% (v/v), respectively. Due to the fact that
this reaction occurred between gas (H2Se) and solid phase
(QDs), more time was required to complete this reaction.
Therefore, the effect of reaction time was also investigated, as
shown in Figure S3c. The results indicate a response plateau
after 10 min of reaction time.
Effect of CdTe QDs. The ligand has a great effect of the

stability in QDs synthesis. CdTe QDs with different ligands
such as MPA, MSA, TGA, and L-cys were thus used to
investigate this effect. Results in Figure S3d indicate that MPA
capped CdTe QDs had the highest sensitivity. In addition, the
effect of the concentration of CdTe QDs was investigated by
diluting the MPA-stabilized CdTe QDs solution to a range of
0.05 μM to 0.8 μM with DIW. A maximum signal was obtained
at the concentration of 0.4 μM. It was reported that QDs
usually exhibit size quantization effect, resulting in a red shift of
the corresponding fluorescence emission spectral peak with
increasing their size.45 In addition, the size may affect the QDs
distribution on the paper and influence the sensitivity of the
proposed method. Therefore, the effect of the CdTe QDs size
on the QDs distribution and sensitivity was investigated by
using the CdTe QDs with particle size in the range of 2−4 nm.
The results are shown in Figure S4a and Figure S4b, indicating
all the tested QDs with different size can be evenly distributed
on the paper and used to sensitively determine selenium. The
CdTe QDs doped paper with red fluorescence was chosen for
further work because of its better visuality and sensitivity.
Interference and Stability of CdTe QDs Immobilized

on Paper. One major shortcoming associated with the
conventional QDs-based methods for the determination of
analyte ions in liquid phase is the serious interferences from
coexisting ions because of the fluorescence quenching caused
by the cation exchange reaction between QDs and metal ions.
In this study, these effects were not expected to be an issue
because selenium was isolated from these ions prior to the
fluorescence quenching process. Other possible interferences
are from hydride-forming elements, which may cause gas-phase
interference during the quenching reaction. Therefore, the
effect of 17 diverse ions including hydride forming element ions
and transition and noble metal ions were tested, with the results
summarized in Table S2 of the SI. As expected, no significant

interference from the cation ions (Ag+, Cu2+, Zn2+, Fe3+, and
Mn2+) was detected, even for concentrations as high as 10 mg
L−1. The interferences from hydride-forming elements were
also not evident, including Cd, As, Sn, Te, Sb, Bi, and Hg. This
is probably because that H2Se is easier to react with Cd of the
Cd−thiol complex on the surface of CdTe QDs to form
CdSe.22

The batch-to-batch accuracy and precision of the assay were
also investigated by analyzing 20 μg L−1 of Se (IV) with the
QD-doped papers prepared from different batches of CdTe
QDs. As can be seen from Figure S5 of the SI, good accuracy
and precision were obtained.
The lifetime of the PAD was also investigated through the

comparison of the responses after reaction with H2Se obtained
from the fresh prepared PAD and the one dried at ambient
condition and stored at room temperature for one month,
respectively. The results in Figure S6 of the SI were measured
by the naked eye and a digital camera, which show that the
stability of the PAD was good for the detection of H2Se even
with the storage time as long as one month.

Analytical Figures of Merit. Under optimal conditions, a
series of standard solutions containing various concentrations
of selenium (0, 5, 10, 20, 50, and 100 μg L−1) were used to
evaluate the analytical performance of visual detection of
selenium with the proposed PAD assay under 365 nm UV
irradiation, as shown in Figure 4. Due to the excellent

fluorescent property of the CdTe QDs coated on paper and
high efficient preconcentration of HS-SPE, the fluorescence of
PAD was quenched gradually by increasing the concentration
of Se(IV). Fluorescence quenching was very sensitive, even at
the concentration as low as 5 μg L−1, which completely meets
the requirement of routine selenium analysis in urine. The
analytical figures of merit obtained by using a commercial
fluorospectrometer as the detector were established using the
Stern−Volmer equation:

= +I I K Q C/ [ ]0 SV (1)

where I0 is the fluorescence intensity of the CdTe QDs based
PAD in the absence of H2Se, I is the fluorescence intensity in
the presence of H2Se, KSV is the Stern−Volmer quenching
constant, which is related to the quenching efficiency, and Q is
the concentration of Se(IV). As shown in Figure 5, the
calibration curve was linear in the range of 5−100 μg L−1, with
a linear regression equation of I0/I = 0.0905C + 2.7692.
Precision of replicate measurements, expressed as a relative
standard deviation (RSD, n = 7), is better than 2.4% at a
concentration of 20 μg L−1. The limit of detection, defined as
the analyte concentration equivalent to 3s (standard deviation)
of 11 repeated measurements of a blank solution, is 0.1 μg L−1

(1.2 × 10−9 M), about 5-fold better than that obtained by the
QDs based headspace single-drop microextraction-microfluor-
ospectrometric method (6.3 × 10−9 M) and comparable to that

Figure 4. Fluorescence representing the quenching of H2Se with the
concentration of 0, 5, 10, 20, 50, and 100 μg L−1. The images are taken
under a 365 nm UV-lamp excitation with a digital camera.
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achieved by conventional ICP-MS. Table S3 summarizes
analytical figures of merit achieved using the proposed method
and compares with those of several other analytical methods.
The LODs of the proposed method are comparable to those
obtained by other techniques. Moreover, the proposed method
is straightforward, affordable, sensitive, rapid, and equipment-
free and enables its end users to conduct visual detection in the
field or at home.
Applications. The accuracy of the proposed method was

validated by analysis of four CRMs (human hair powder,
GBW07610a; urine, GBW09102; sediment, GBW07311; and
dogfish muscle, DORM-2) with visual detection and
fluorospectrometer, respectively. The results are summarized
in Figure 6 and Table 1, which demonstrate the proposed
method is capable of producing accurate results for visual
detection of selenium in CRMs. The t test shows that there is
no significant difference between the certified values and the
obtained values at the 95% level of confidence. It is worth to
note that good recoveries can also be achieved even the sample

contained high concentration of transition metal ions such as
Fe and Mn. This is probably because only 1 mL of 2% (m/v)
KBH4 solution was injected to react with 10 mL of sample
solution containing 10% (v/v) HCl and then the reaction
medium can remain at the state with high concentration of
inorganic acid to dissolve the metallic state or colloidal forms of
Fe and Mn, thereby eliminating their interferences. This
viewpoint was confirmed and summarized in Figure S7 of the
SI.
To further evaluate the potential application of this PAD

visual sensor for indicating the selenium status of the human
body, the proposed method was also applied for the detection
of Se (IV) in six human urine samples, as shown in Figure 6
and Table 2. The results obtained by fluorospectrometry agree
well with those obtained by atomic fluorescence spectrometry,
confirming the accuracy of the proposed method.

■ CONCLUSIONS

Hydride generation for headspace solid phase extraction with
CdTe quantum dots-immobilized on paper can be used for
sensitive visual detection of selenium. Selemium (IV) in human
urine can be easily and sensitively detected by the proposed
method. This method is straightforward, affordable, sensitive,
rapid, and equipment-free and enables its end users to conduct
visual detection in the field or at home in the future.
Furthermore, this proposed method could be applied in rapid
screening analysis biological sample for trace selenium for
diagnosing selenium related disease. In addition, it is
worthwhile to note that selective determination of the Se-
related metabolites can be accomplished in the future when
they are separated from other selenium compounds and
converted to Se(IV) prior to their analysis by the proposed
method.

Figure 5. Photoluminescence emission spectra and the corresponding
calibration curve of CdTe PADs in the presence of various
concentrations of Se(IV).

Figure 6. Fluorescence quenching of CdTe PADs for Se(IV) in
certified reference samples and human urine samples.

Table 1. Analytical Results for Selenium in Certified
Reference Materials

sample
certified valuea

(μg g−1)
detecteda

(μg g−1) recovery (%)b

DORM-2 1.40 ± 0.09 1.48 ± 0.08 105

hair (GBW07610a) 0.60 ± 0.04 0.57 ± 0.03 95

sediment
(GBW07311)

0.20 ± 0.06 0.18 ± 0.07 90

urine (GBW09102) 33.7 ± 2.3c 31.5 ± 1.6c 93
aMean ± SD (n = 3). bCalculated by the ratio of detected value and
certified value. cμg L−1

Table 2. Analytical Results for Selenium in Human Urine
Samples Compared with Those by HG-AFS

sample
detected by HG-AFSa

(μg L−1)
detected by PADsa

(μg L−1)
recovery
(%)b

1 22.6 ± 0.3 20.7 ± 1.4 92

2 29.3 ± 1.3 28.9 ± 1.2 99

3 42.5 ± 0.2 40.0 ± 4.1 94

4 32.6 ± 2.0 30.4 ± 3.2 93

5 20.8 ± 0.1 18.3 ± 0.8 88

6 21.3 ± 1.0 22.6 ± 0.4 106
aMean ± SD (n = 3). bcalculated by the ratio of the value obtained by
PADs and those by HG-AFS.
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