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ABSTRACT

A united method for speciation analysis of Se (IV) and Se (VI) in environmental water samples was
developed using nano-sized TiO, colloid as adsorbent and hydride generation atomic fluorescence spec-
trometry (HG-AFS) as determination means. When the pH values of bulk solution were between 6.0 and
7.0, successful adsorption onto 1 mL nano-sized TiO, colloid (0.2%) was achieved for more than 97.0% of
Se (IV) while Se (VI) barely got adsorbed. Therefore, the method made it possible to preconcentrate and
determine Se (IV) and Se (VI) separately. The precipitated TiO, with concentrated selenium was directly
converted to colloid without desorption. Selenium in the resulting colloid was then determined by HG-
AFS. The detection limits (30) and relative standard deviations (R.S.D) of this method were 24 ng/L and
42 ng/L, 7.8% (n=6) and 7.0% (n=6) for Se (IV) and Se (VI), respectively. This simple, sensitive, and united
method was successfully applied to the separation and speciation of ultra-trace Se (IV) and Se (VI) in

environmental water samples.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Selenium is a metalloid element that naturally occurs in the
environment. It can assume four valence states (—II, 0, IV, and VI),
each with varying reactivity, toxicity, and bioavailability [1]. Selen-
ites and selenates are usually water soluble, and the most frequent
species in the water samples are inorganic Se (IV) and Se (VI) [2-4].
Acid and reducing conditions reduce inorganic selenite to elemen-
tal selenium, whereas alkaline and oxidizing conditions favour the
formation of selenate [5,6]. Selenium is essential yet toxic, and it
exhibits a narrow window between essential and toxic concentra-
tions [7]. The toxicity of the different species for selenium differs, in
which the toxicity of Se (IV) is stronger than that of Se (VI) [8-10].
Therefore, it is more meaningful to analyze selenium speciation
than to determine the total concentration of inorganic selenium
in water samples. Sensitive methods for selenium analysis include
graphite furnace atomic absorption spectrometry (GFAAS) [3,11],
inductively coupled plasma atomic emission spectrometry (ICP-
AES) [12] and HG-AFS. Among these methods, only HG-AFS can
selectively determine Se (IV) from Se (IV)-Se (VI) mixture, and
the concentration of Se (VI) can be calculated by the difference
between total inorganic Se and Se (IV) [13,14]. The background
values of selenium in some groundwater and surface water, and
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selenium in tapwater samples from public water supplies around
the world, are usually present at trace levels [1]. Concentrations of
selenium in natural water systems range from tens to hundreds of
ng/L with inorganic Se (IV) and Se (VI) species dominating [8,15,16].
Such trace analyte levels lead to difficulties in quantifying individ-
ual species by HG-AFS. Therefore, methods using preconcentration
coupled with a highly sensitive detector are usually applied to the
speciation of Se (IV) and Se (VI). Adsorption is one of the methods
used to preconcentrate and separate selenium species, which has
been proven efficient. Several adsorbents have been successfully
applied to preconcentrating selenium species, including activated
carbon [16-18], alkyl silica [19], resin [20,21], cross-linked chi-
tosan [22,23], and nano-sized TiO, powder [24,25]. However, a
desorption procedure is indispensable when using all the adsor-
bents above, which makes the operation complex and redundant.
Our research group has been working on the analysis of ultra-
trace metal ions by using nano-sized TiO, colloid as adsorbent
coupled with HG-AFS and GFAAS [26,27]. Nano-sized TiO, colloid
has a smaller particle radius and a larger specific surface area than
its powder. Also, the colloid is more stable and dispersive in water
without agglomeration. The advantage of using nano-sized TiO,
colloid coupled with HG-AFS is that it can dispense with desorption.
Although slurry sampling does not require desorption procedure
either, stabilizers like agar and surfactant are usually needed and
success of the slurry sampling technique depends on many param-
eters such as the sample particle size, stabilizer ratio etc. [28,29].
The method proposed here is much simpler than the conventional
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methods with slurry sampling. The precipitated TiO, with con-
centrated analytes can be directly converted to colloid by adding
some HCl aqueous solution. The resulting colloid samples can be
determined by HG-AFS directly.

In this work, a method for speciation of Se (IV) and Se (VI) in envi-
ronmental water samples was developed using nano-sized TiO,
colloid as adsorbent and HG-AFS as determination means. Under
optimum conditions, the adsorption efficiency for Se (IV) reached
higher than 97.0% in a short time, while the adsorbent barely
adsorbed Se (VI). Therefore, unlike using HG-AFS alone, Se (IV) and
Se (VI) could be determined respectively by this method due to
the apparent difference of the adsorption affinity. The developed
method was simple, fast, sensitive, with no filtration or desorption
steps, and it possessed low detection limits for Se (IV) and Se (VI).
It was applied to selenium speciation analysis in environmental
water samples with satisfactory results.

2. Experimental
2.1. Equipments

A PF6-2 non-dispersive atomic fluorescence spectrometer
(Beijing Purkinje General Instruments Co., Ltd., Beijing, China),
equipped with an HAF-2 selenium hollow cathode lamp, was
used for selenium determination. The instrumental conditions of
HG-AFS were listed in Table 1. pH values were measured with
the Mettler-Toledo 320-S pH meter (Mettler-Toledo, Greifensee,
Switzerland). An LD5-2A centrifuge (Beijing Medical Centrifuge
Factory, Beijing, China) was applied to separating the suspensions.
Particle size was determined by transmission electron microscope
(JEM-100CXIl, JEOL). The zeta potential of TiO, colloids was deter-
mined using a ZetaSizer 3600 (Malvern Instrument, UK).

2.2. Reagents, materials, and solutions

Ultrapure water was used to prepare all solutions. 2.0% (w/w)
nano-sized TiO, colloid was supplied by Infrared Academy of
Wuhan University (Wuhan, China), and was diluted 10 times to
0.2% (w/w) for use. The carrier liquid for AFS was prepared by 1.5%
(w/w)KBH,4 and 2.0% (v/v) HCL. Ar (99.99%) was used as carrier gas.
HNO3; and NaOH aqueous solutions were used to adjust the pH.
Selenium powder (99.98%) was used to prepare Se (IV) standard
stock solution (0.1 g/L). Se (VI) standard stock solution (1.0 g/L) was
prepared by using Na;SeO4-10H, 0 as metal ions precursor. A series
of standard working solutions were prepared by diluting standard
stock solution. The environmental reference material (GSBZ 50031-
94) was purchased from Institution for Environmental Reference
Materials of Ministry of Environmental Protection (Beijing, China).
Environmental water samples were from Donghu Lake (Wuhan,
China) and Yangtze River. All salts used to prepare solutions were
AR grade or higher.

2.3. Principle of HG-AFS

The carrier liquid for AFS consists of HCl and KBH4, which can
react to generate hydrogen. Se (IV) in the solution reacts with
hydrogen to form H,Se. H,Se is separated from mother liquor and
carried into the atomizer by argon. H,Se is atomized into hydrogen
and selenium atom at the temperature of 170 °C. With the selenium
hollow cathode lamp as excitation source, selenium atom can emit
fluorescence and the concentration of selenium can be determined
from the fluorescence intensity. Considering that HG-AFS cannot
detect Se (VI) directly, Se (VI) has to be reduced to Se (IV) first.

2.4. Reduction process of Se (VI) to Se (IV)

A certain volume of concentrated HCl was added into solution
containing Se (VI), to obtain a HCl concentration of 3-4 mol/L. The
processed solution was kept boiling for 30 min.

2.5. Determination of adsorption efficiency for Se (IV)

10 mL working solution (0.2 mg/L) of Se (IV) and about 70 mL
ultrapure water were well mixed in a centrifuge tube (120 mL).
The mixture was added with a certain dosage of nano-sized TiO,
colloid and was adjusted to a certain pH value with HNO3 and
NaOH aqueous solutions. The resulting solution was subjected to
centrifugation under 4500 rpm for 20 min. After centrifugation, the
supernatant was transferred to a volumetric flask (100 mL) and
5 mL conc. HCl was added. The solution was then diluted to 100 mL.
The Se (IV) concentration of the supernatant was determined by
HG-AFS. The fluorescence obtained was compared with that of Se
(IV) working solution (20 pg/L) without adsorption to calculate the
adsorption efficiency of nano-sized TiO, colloid for Se (IV).

2.6. Determination of adsorption efficiency for Se (VI)

2 mL working solution (1 mg/L) of Se (VI) was added into a cen-
trifuge tube containing about 40 mL ultrapure water. The same
treating steps with Se (IV) were taken, namely the addition of nano-
sized TiO, colloid, adjustment of pH, and centrifugation. Since only
Se (IV) will generate the hydride, Se (VI) needs to be reduced to Se
(IV) in order to obtain an analytical signal for HG-AFS. After cen-
trifugation, supernatant was transferred to a beaker (250 mL). Se
(VI) in the supernatant was converted to Se (IV) by the reduction
process. The resulting solution was then diluted to 100 mL. The flu-
orescence of the above solution was compared with that of Se (IV)
working solution (20 pg/L) to calculate the adsorption efficiency
for Se (VI).

2.7. Preconcentration and determination of Se (IV), Se (VI) and
total inorganic Se in water samples

All the vessels were washed with HCI (1:1) before use. Water
samples were collected in an Erlenmeyer flask after air pumping
filtration (0.45 pm nitrocellulose). 100 mL water sample was col-
lected in a centrifuge tube and 1 mL nano-sized TiO, colloid (0.2%)
was added. The pH of the solution was adjusted within a range
from 6.0 to 7.0. The solution was then centrifuged for 20 min with
4500 rpm. After centrifugation, 50 mL of the supernatant was trans-
ferred into a beaker (250 mL) for the analysis of Se (VI). The residual
supernatant was discarded. A small amount of 2.0% (v/v) HCl was
added to the precipitated TiO, to make it into colloid again. The col-
loid was transferred to a colorimetric tube and diluted to 5 mL by
2.0% (v/v) HCL Se (IV) in the resulting colloid was then determined
by HG-AFS.

20 mL conc. HCl was added into the above mentioned beaker
filled with 50 mL supernatant. The mixed solution was kept boiling
for 30 min to convert Se (VI) to Se (IV). When the solution got cool,
1 mL nano-sized TiO, colloid (2.0%) was added and pH value was
adjusted to 6.0-7.0. The following treating steps were the same
with that of Se (IV). The fluorescence of the obtained colloid sample
was determined by HG-AFS and the concentration of Se (VI) was
gained.

Another 50 mL water sample was prepared for the determi-
nation of total inorganic Se. The water sample was determined
by following the same treating steps of Se (VI). The concentra-
tions of Se (IV), Se (VI) and total inorganic Se were all calculated
by standard calibration curve method. The standard curve was
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Table 1
Instrumental conditions of HG-AFS for the determination of Se (IV).

Negative high voltage (V) Flow rate of Ar (mL/min)

Lamp current (mA)

Atomization T (°C) Atomizer H (mm)

Main

Auxiliary

280 500 45

45 170 8

Fig. 1. TEM images of nano-sized TiO, colloid: (a) original group; (b) control group.

obtained with the samples determined in colloid state, with an R?
0f 0.999.

2.8. Particle size determination of nano-sized TiO, colloid

The original group of nano-sized TiO, colloid was prepared by
directly diluting 0.5 mL nano-sized TiO; colloid (2.0%) to 10 mL with
ultrapure water. As for control group, about 80 mL ultrapure water
and 0.5 mL nano-sized TiO; colloid (2.0%) was added into a cen-
trifuge tube. The pH value of the mixture was adjusted to 6.0-7.0.
After centrifugation at 4500 rpm for 20 min, the precipitated TiO,
was converted to colloid with 2.0% HCl. The obtained colloid was
diluted with ultrapure water to 10 mL for testing. The particle size
of nano-sized TiO, colloid in each group was determined by means
of TEM.

3. Results and discussion
3.1. Particle size of nano-sized TiO, colloid

Two groups of nano-sized TiO, colloid were prepared for TEM
test and their results are shown in Fig. 1a and b. Seen from the
results of original group (Fig. 1a), the particles of nano-sized TiO,
colloid were coralloid and dispersed well. The size of particle was
less than 5 nm and its specific surface area was large which made
nano-sized TiO, colloid possess a strong adsorption ability. By com-
paring the results of the two groups, similar patterns of the colloid
particles and same particle sizes were observed. It showed that HCI
could well convert the precipitated nano-sized TiO to colloid with-
out affecting the structure of colloid particles. And the viscosity of
the obtained colloid solution was close to that of aqueous solution
owing to the little use of adsorbent and its small particle size. There-
fore this method was suitable for autosampler to obtain precise
results.

3.2. Selective adsorption and separation of Se (IV) and Se (VI)

When pH is lower than 4.0, the particles of nano-sized TiO,
colloid disperse well and cannot be effectively separated from
the bulk solution. Therefore, the pH value should be set higher
than 4.0 theoretically in order to separate nano-sized TiO, col-
loid from the solution. A series of pH values were adjusted to
determine the adsorption efficiencies for Se (IV) and Se (VI).

The amount of nano-sized TiO, colloid (0.2%) used for adsorp-
tion was 1mL. The effect of pH on adsorption for selenium
species was shown in Fig. 2. The adsorption efficiency for Se
(IV) could reach 97.0% or higher when pH was between 6.0
and 8.0, while the adsorbent barely adsorbed Se (VI) with
pH being 6.0-7.0. Thus, Se (IV) and Se (VI) showed appar-
ently different adsorption properties on nano-sized TiO, colloid
surface when the pH value of solution was between 6.0 and
7.0.

TiO, surface was positively, null and negatively charged when
the pH value is lower than the isoelectric point, at isoelectric point
and higher than isoelectric point, respectively [30]. Selenite or sele-
nate species in a solution may be H,SeO3, HSeO3~, and Se032~, or
H,Se0,4, HSeO4~, and Se042~, depending on the pH values of solu-
tion. The pK; values for selenic acid (H,SeO4) are <1 and 1.7, and
those for selenious acid (H,SeO3) are 2.75 and 8.5 [31]. Therefore,
at pH 6.0-7.0, the primary species for Se (IV) and Se (VI) are Se042~
and HSeO3 ™ respectively [32]. It allows the efficient adsorption of
TiO, for Se (IV). The electrostatic attraction between Se (VI) and
TiO, is too weak to get Se (VI) well adsorbed by TiO.

In order to verify the electrostatic attraction between TiO, col-
loid surface and selenium species, zeta potential of TiO, samples
with adsorbed Se (IV) and/or Se (VI) was measured. Results were
shown in Fig. 3. The results showed no significant changes in the
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Fig. 2. Effect of pH on the adsorption for selenium species: (M) 20 pg/L Se (VI); (®)
20 pg/L Se (IV). The volume of nano-sized TiO; colloid (0.2%) used for adsorption
was 1 mL.
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Fig. 3. Zeta potential of 0.1% TiO, colloids as a function of pH, 20 pg/L Se (IV) and
20 pg/L Se (VI).

surface potential of TiO; colloids in the presence of either 20 pg/L
Se (IV) or 20 pg/L Se (VI). The same zeta potential patterns was
also observed in the adsorption of 50 pmol/L Se (VI) (even up to
500 pwmol/L) onto anatase TiO, nano-powder [33]. The unobvious
change of the point of zero charge (pHp,c) indicated that both Se
(IV) and Se (VI) formed out-sphere complexes with TiO, colloids.
Therefore, Se (IV) showed stronger adsorption affinity than Se (VI)
because of its relative higher electrostatic attraction with TiO, col-
loids.

The above results provided the basis for the separation of Se
(IV) and Se (VI). Considering that the environmental water samples
contained both Se (IV) and Se (VI1), effect of Se (VI) on the adsorption
for Se (IV) was studied. Se (IV)-Se (VI) mixed solution was prepared
with each concentration being 20 pg/L, followed by determina-
tion of adsorption efficiency for Se (IV). The adsorption efficiency
reached higher than 97.0%, showing that 20 p.g/L Se (VI) would not
interfere the full adsorption for Se (IV). Therefore, when analysing
environmental water samples, the trace Se (VI) in it would not affect
the adsorption for Se (IV) either.

3.3. Relations between ion strength and nano-sized TiO; colloid
amount

100 mL 20 p.g/L Se (1V) solution was prepared with an adjusted
pH value between 6.0 and 7.0. Several different volumes of nano-
sized TiO, colloid (0.2%) were adopted. The adsorption efficiency
increased from 46% to 97% when raising the volume of nano-sized
TiO, colloid (0.2%) from 0.3 mL to 0.5 mL. In consideration of con-
venience, 1 mL was adopted to be the volume of nano-sized TiO,
colloid for adsorption efficiency determination.

As for Se (VI) determination in environmental water samples,
prereduction procedure was required. According to the reduction
process introduced above, 20 mL conc. HCl was added as the reduc-
tant. Therefore, a large amount of NaOH aqueous solution was
needed to adjust the pH of solution to be 6.0-7.0. The solution
was of high ion strength (approx. 3.4mol/L) after neutralization,
and the adsorption efficiency for Se (IV) was 57.4%. It was not
unexpected that adsorption efficiency for Se (IV) on nano-sized
TiO, colloid decreased with the increase of ionic strength since
out-sphere complex was formed [32]. In order to possess higher
adsorption efficiency, dosage of nano-sized TiO, was optimized.
It turned out that 1 mL nano-sized TiO, colloid (2.0%) could fully
adsorb Se (IV) in high ion strength samples. Therefore, 1 mL nano-
sized TiO, colloid (2.0%) was adopted as the adsorbent dosage after
reducing Se (VI) in environmental water samples to Se (IV).
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Fig. 4. Dependence of the adsorption amount with the equilibrium concentration
of Se (IV). The solid line corresponds to the fits of the data to Eq. (2). Inset: Linear fit
of Langmuir adsorption isotherm of Se (IV) on nano-sized TiO, colloid.

3.4. Adsorption isotherm of Se (IV) on TiO,

To study the adsorption isotherms, a series of Se (IV) working
solution were prepared with the concentration being 0.1, 0.5, 0.6,
0.8, 1.0 and 1.5 mg|L, respectively. The experiments were carried
out under the optimized conditions. As shown in the inset of Fig. 4,
agood linear fit (the correlation coefficient Ris 0.9996) of the exper-
imental data to Eq. (1) indicates the adsorption of Se (IV) onto TiO,
colloids follows the Langmuir isotherm model.

Ce Ce 1

= = + 1

Ge  qmax  Kqmax (1)
_ Kqmaxce

e = 1+ Kee (2)

where ge is the amount of solute adsorbed by gram of TiO, col-
loid (mg/g). ce is the equilibrium concentration (ug/L). K (L/jg)
and gmax (Mg/g) represent Langmuir equilibrium constant and the
adsorption maximum capacity of the solute on the TiO, surface,
respectively. However, when using Eq. (1), a high weight is given
to the data with largest errors. For this reason, K and gmax values
were recovered from the nonlinear fit of the experimental data
to Eq. (2). The adsorption constants and adsorption capacity are
4.05(+1.96) x 10~2 and 27.10+1.65 for Se (IV) adsorption onto
TiO; colloids, respectively (Fig. 4). The adsorption maximum capac-
ities of selenium on the nano-sized TiO, colloid are comparable
with those obtained by CTAB-modified alkyl silica[Se (VI), 5.0 mg/g]
[19], Diaion HP-2MG [Se (IV), 5.20 mg/g] [21] and nano-sized TiO,
powder [Se (IV), 14.6 mg/g] [24]. The results gained above showed
that the interaction between TiO, and Se (IV) is mainly a physical
interaction.

3.5. Effect of coexistent ions

The effect of some ordinary ions in real water was studied. Var-
ious amounts of different ions were added into 100 mL solution
containing 0.05 g Se (IV), and resulting solution contained Na*
(92 mg), K* (3.9mg), Mg2* (4.8 mg), Ca%* (4mg), CI- (149.1 mg),
NO3;~ (6.2mg), SO42~ (19.2mg) and F~ (4.5 p.g). The enrichment
procedure was then followed. The recovery of Se (IV) analysis was
107.3 +£4.9%(n=3),which showed that the coexistentions had little
effect on the proposed method.

3.6. Detection limit and relative standard deviation

6 parallel 100ng/L Se (IV) solution (100mL) and 6 parallel
200 ng/LSe (VI) (50 mL) were analyzed according to the procedures
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Table 2

Speciation of Se (IV) and Se (VI) in environmental water samples (sample volume: 100 mL; final volume: 5mL; n=3).

Samples Se added Se found Recovery (%)
Se (IV) Se (VI) Se (IV) Se (VI) Se (IV) Se (VI)
Donghu water (jg/L) - - 0.13 £ 0.01 0.24 + 0.02 - -
0.10 0.20 0.23 £ 0.01 0.44 + 0.01 100.0 + 2.0 1000 + 1.3
Yangtze River water (jg/L) - - 0.10 + 0.01 0.20 + 0.01 - -
0.10 0.20 0.19 + 0.00 0.39 + 0.02 90.0 +£ 1.0 950+ 1.3
of analyzing Se (IV) and Se (VI) in water samples. The detection limit Acknowledgement

(30) and the relative standard deviation (R.S.D) of this method for
Se (IV) were 24 ng/L and 7.8%, respectively. The detection limit (30)
and the relative standard deviation (R.S.D) of this method for Se (VI)
were 42 ng/L and 7.0%, respectively. The detection limit (30") of this
method was much lower than some other methods for selenium
speciation [4,10,25,34-36].

3.7. Analysis of environmental reference material and real water
samples

An environmental reference material (GSBZ50031-94) with a Se
(IV) concentration of 26.2 + 2.4 pg/L was analyzed. 2 mL environ-
mental reference material was added into about 90 mL pure water.
The resulting solution was treated and determined according to
the preconcentration and determination of Se (IV) in environmen-
tal water samples. The sample was concentrated to 5mL and its
theoretical Se (IV) concentration was 0.4 times as much as that of
environmental reference material. Therefore, the obtained concen-
tration was multiplied by 2.5 times in order to make a comparison
with the certified value. The result was 26.2 + 2.7 p.g/L(n =4), which
was in good agreement with the certified value.

The above-mentioned method was used for the analysis of Se
(IV) and Se (VI) in water samples from Donghu Lake and Yangtze
River. The results were listed in Table 2. In order to compare and
convince these results with the proposed method, the speciation
analysis of those two water samples was also carried out by using
conventional method (State Standard of the People’s Republic of
China, No. GB/T 8538-2008) after preconcentration. The concentra-
tion of total inorganic selenium for Donghu Lake and Yangtze River
were respectively found tobe 0.34 +0.02 p.g/Land 0.30 + 0.01 pg/L,
which were coincidence with the results obtained by using the
proposed method (0.37 £ 0.03 pg/L and 0.3040.02 pg/L). All the
results showed that it was a satisfactory method for speciation of
ultra-trace Se (IV) and Se (VI) in environmental water samples.

4. Conclusion

The innovation of this method lies in the application of nano-
sized TiO, colloid as sorbent for speciation of ultra-trace Se (IV)
and Se (VI). Se (IV) and Se (VI) have different adsorption properties
by using nano-sized TiO, colloid as adsorbent under certain pH
values, which guarantees their separation. Coupled with HG-AFS,
the colloid with adsorbed selenium can be determined directly. By
introducing adsorbent, the detection limit is lowered significantly
with preconcentration procedure. Compared with the traditional
methods which require desorption process, the method introduced
in this paper appears to be more advantaged with short-time sep-
aration and preconcentration, simple operation and fast analysis.
Consequently, this method can be applied to determining ultra-
trace Se (IV) and Se (VI) in environmental water samples with great
success.

This research was financially supported by the National Natural
Science Foundation of China (Grant No. 20877059).

References

[1] WHO, Selenium in Drinking-water. Background Document for Development of
WHO Guidelines for Drinking-water Quality, WHO, Geneva, 1996.
[2] L. Friberg, G.F. Nordberg, V.B. Vouk, Handbook on the Toxicology of Metals,
Elsevier/North-Holland Biomedical Press, Amsterdam, The Netherlands, 1979.
[3] S.Rao,J. Arunachalam, At. Spectrosc. 27 (2006) 165.
[4] N.M. Najafi, S. Seidi, R. Alizadeh, H. Tavakoli, Spectrochim. Acta B 65 (2010)
334-339.
[5] M.A. Elrashidi, D.C. Adriano, S.M. Workman, W.L. Lindsay, Soil Sci. 144 (1987)
141-152.
[6] R.LMikkelsen, A.L. Page, F.T. Bingham, in: L.W. Jacobs (Ed.), Selenium in Agricul-
ture and the Environment, American Society of Agronomy, Madison, WI, 1989,
pp. 65-94.
[7] P.E.Painter, Chem. Rev. 28 (1941) 179-213.
[8] D.G. Barceloux, D. Barceloux, Clin. Toxicol. 37 (1999) 145-172.
[9] P.C. Hernandez, J.F. Tyson, P.C. Uden, D. Yates, J. Anal. At. Spectrom. 22 (2007)
298.
[10] M. Gallignani, M. Valero, M.R. Brunetto, ].L. Burguera, M. Burguera, Y. Petit de
Pefia, Talanta 52 (2000) 1015-1024.
[11] P.M. de Moraes, R.B. Milantdnio, G.S. Cagnani, F.A. dos Santos, C. do Carmo
Federici Padilha, P.M. de Lima, P. de Magalhdes Padilha, Eur. Food Res. Technol.
229 (2009) 409-414.
[12] P. Schramel, L.Q. Xu, Fresenius J. Anal. Chem. 340 (1991) 41-47.
[13] Y. Cai, Trends Anal. Chem. 19 (2000) 62-66.
[14] R.M. Olivas, O.F.X. Donard, C. Camara, P. Quevauviller, Anal. Chim. Acta 286
(1994) 357-370.
[15] J. Conde, M.S. Alaejos, Chem. Rev. 97 (1997) 1979-2004.
[16] F.A. Bertolino, A.A.J. Torriero, E. Salinas, R. Olsina, L.D. Martinez, J. Raba, Anal.
Chim. Acta 572 (2006) 32-38.
[17] A. Afkhami, T. Madrakian, Talanta 58 (2002) 311-317.
[18] Y.-K. Tsoi, K.S.-Y.J. Leung, Chromatogr. A 1218 (2011) 2160-2164.
[19] C. Xiong, M. He, B. Hu, Talanta 76 (2008) 772-779.
[20] N. Gezer, M. Giilfen, A.O. Aydin, J. Appl. Polym. Sci. 122 (2011) 1134-1141.
[21] K.O. Saygi, E. Melek, M. Tuzen, M. Soylak, Talanta 71 (2007) 1375-1381.
[22] J. Dai, F.L. Ren, C.Y. Tao, Y. Bai, Int. ]. Mol. Sci. 12 (2011) 4009-4020.
[23] ].S.Jiang, G.Q. Huang, S.H. Qian, Y.T. Wang, M.L. Wang, Spectrosc. Spectral Anal.
19(1999) 75-77.
[24] S.X.Li, N.S. Deng, Anal. Bioanal. Chem. 374 (2002) 1341-1345.
[25] L. Zhang, Y. Morita, A. Sakuragawa, A. Isozaki, Talanta 72 (2007)
723-729.
[26] S.H. Qian, Z. Huang, ].Q. Fu, ]. Kuang, C.Z. Hu, Anal. Methods 2 (2010)
1140-1143.
[27] S.H. Qian, SJ. Zhang, Z. Huang, M. Xiao, F. Huang, Microchim. Acta 166 (2009)
251-254.
[28] D.S. Junior, F.B. Janior, S.S. de Souza, F.J. Krug, J. Anal. At. Spectrom. 18 (2003)
939-945.
[29] L. Wang, B. Hu, S.Q. Li, Z.C. Jiang, . Anal. At. Spectrom. 16 (2001) 847-851.
[30] S. Kataoka, M.C. Gurau, F. Albertorio, M.A. Holden, S.M. Lim, R.D. Yang, P.S.
Cremer, Langmuir 20 (2004) 1662-1666.
[31] 1. Bodek, Environmental Inorganic Chemistry Properties, Processes and Estima-
tion Methods, Pergamon Press, New York, 1988.
[32] D.S. Han, B. Batchelor, A. Abdel-Wahab, ]. Hazard. Mater. 186 (2011)
451-457.
[33] N. Jordan, H. Foerstendorf, S. WeiR, K. Heim, D. Schild, V. Brendler, Geochim.
Cosmochim. Acta 75 (2011) 1519-1530.
[34] L.Hu,Z.Q. Dong, X.H. Huang, Y.F. Li, B. Li, L.Y. Qu, G.P. Wang, Y.X. Gao, C.Y. Chen,
Chin. J. Anal. Chem. 39 (2011) 466-470.
[35] E.Vassileva, A. Becker, ].A.C. Broekaert, Anal. Chim. Acta 441 (2001) 135-146.
[36] N. Maleki, A. Safavi, M. Doroodmand, Talanta 66 (2005) 858-862.



	Preconcentration and speciation of ultra-trace Se (IV) and Se (VI) in environmental water samples with nano-sized TiO2 col...
	1 Introduction
	2 Experimental
	2.1 Equipments
	2.2 Reagents, materials, and solutions
	2.3 Principle of HG-AFS
	2.4 Reduction process of Se (VI) to Se (IV)
	2.5 Determination of adsorption efficiency for Se (IV)
	2.6 Determination of adsorption efficiency for Se (VI)
	2.7 Preconcentration and determination of Se (IV), Se (VI) and total inorganic Se in water samples
	2.8 Particle size determination of nano-sized TiO2 colloid

	3 Results and discussion
	3.1 Particle size of nano-sized TiO2 colloid
	3.2 Selective adsorption and separation of Se (IV) and Se (VI)
	3.3 Relations between ion strength and nano-sized TiO2 colloid amount
	3.4 Adsorption isotherm of Se (IV) on TiO2
	3.5 Effect of coexistent ions
	3.6 Detection limit and relative standard deviation
	3.7 Analysis of environmental reference material and real water samples

	4 Conclusion
	Acknowledgement
	References


