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Photocatalytic reduction of selenite and selenate using TiO2 photocatalyst
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Abstract

The fate of selenite (Se(IV)) and selenate (Se(VI)) ions in illuminated TiO2 suspensions was studied. In the presence of formic acid as a hole
scavenger, both Se(IV) and Se(VI) were photoreduced to Se(0). The Se(0) deposited as either separate particles or a film on the TiO2 particles.
UV–vis reflectance measurements showed that the Se–TiO2 powders were red-shifted relative to pure TiO2 with an additional absorbance
band at around 680 nm, attributed to Se(0). The photocatalytic reduction mechanism of selenium ions, with focus on selenite photoreduction,
is discussed. It is proposed that direct reduction of Se(IV) by the electrons photogenerated in TiO2 resulted in the formation of a Se(0) film
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hile the formation of Se(0) particles was due to a chemical reaction between Se(IV) and Se(2−). The Se(2−) is believed to have bee
enerated from the six electron photoreduction of Se(IV) and/or further photoreduction of Se(0) deposits.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Selenium is a naturally occurring trace element. Depend-
ng on its chemical form and concentration, selenium can be
ither essential or toxic to humans. In general, organic forms
f selenium are more bioavailable, and less toxic than the

norganic forms (selenites and selenates)[1].
Selenium can exist in four different oxidation states:

elenide (Se(2−)), elemental selenium (Se(0)), selenite
Se(IV)) and selenate (Se(VI)). Depending on the solution
H, these species can be present as Se(2−), SeO3

2− and
eO4

2−, and their protonated anions HSe−, HSeO3
− and

SeO4
−, respectively. As selenium has multiple oxidation

tates, it can participate in various redox reactions as shown
n Table 1.

Due to anthropogenic activities, including mining, agri-
ultural, petrochemical and industrial manufacturing opera-
ions, the level of selenium in the environment has increased
3]. Selenium that is present in wastewater can be removed

∗ Corresponding author. Tel.: +61 2 9385 4361; fax: +61 2 9385 5966.

using physical[4–7], chemical[8–11]and biological[12–14]
treatment techniques. However, these techniques suffer
drawbacks. Physical removal techniques only concentra
selenium compounds, with subsequent disposal remain
a problem. Chemical processes often involve a high chem
cost. Biological treatment suffers from the inhibitory eff
of the formed elemental selenium.

TiO2-based photocatalysis has emerged as a prom
technology for the degradation of various organic and
organic contaminants. In principle, a photocatalytic re
tion may proceed via the following steps: (a) generatio
electron–hole pairs upon illumination of the TiO2 with pho-
tons of energy greater than or equal to the band gap o
semiconductor; (b) trapping of the photogenerated elec
and holes within or on the surface of the TiO2; (c) redox
reactions induced by the electrons and holes with surfac
sorbed species; (d) desorption of products and reconstru
of the TiO2 surface. In a photocatalytic process, as the re
tion and oxidation reactions occur simultaneously, org
compounds are often added as hole scavengers to allo
the reduction of the metal ions by the photogenerated
E-mail address:r.amal@unsw.edu.au (R. Amal). trons.
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Table 1
Standard potentials of selenium redox couples (vs. NHE) (extracted from
[2])

Chemical equilibrium E0 (V)

Se(VI)/Se(IV) couple
SeO4

2− + 3H+ + 2e− ⇔ HSeO3
− + H2O 1.060 (1)

Se(IV)/Se(0) couple
HSeO3

− + 5H+ + 4e− ⇔ Se0 + 3H2O 0.780 (2)
SeO3

2− + 6H+ + 4e− ⇔ Se0 + 3H2O 0.903 (3)

Se(0)/Se(2−) couple
Se0 + H+ + 2e− ⇔ HSe− −0.227 (4)
Se0 + 2e− ⇔ Se(2−) −0.641 (5)

The photocatalytic reduction of selenite and selenate, with
a greater emphasis on selenate, has been extensively studied
using TiO2 semiconductor as catalyst[15–21]. From such
studies it has been found that in the presence of formic acid
as a hole scavenger, selenium ions were photoreduced to their
elemental form. In our previous study, we showed that using
selenate as the precursor, spherical particles of Se(0) were
formed on the TiO2 particles and the formation of the Se
particles due to the photoreduction of selenate ions was ex-
plained[18].

In this paper, the photocatalytic reduction of selenite is
studied with an emphasis on investigating the formation and
fate of Se(0) particles deposited onto TiO2 during UV il-
lumination. The photocatalytic reduction of selenate is also
included for comparison. Formic acid is used as the organic
additive in the present study since our earlier work demon-
strated the effectiveness of this compound as a hole scavenge
during Se(IV) and Se(VI) photoreduction[21].

2. Experimental

2.1. Chemicals

Sodium selenite, sodium selenate, sodium formate, formic
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of toxic H2Se gas, the reactor system was connected with two
scrubbers in series, containing CuSO4 and NaOH.

2.3. Procedure

A solution containing selenium ions (either as sodium se-
lenite or sodium selenate), formic acid and the TiO2 photocat-
alyst (at a loading of 1.5 g/L) were allowed to equilibrate for
20 min before irradiation. A 10 mL aliquot of this suspension
was collected and immediately filtered through a 0.22�m
membrane filter. The filtrate was then analysed for selenium
concentration (C0). The dark adsorption was taken as the
difference betweenC0 and the initial concentration of sele-
nium (C) added to the system. At the end of the 20 min dark
adsorption period, the Hg lamp was switched on. The pho-
toreaction period depended on the initial conditions in order
to obtain similar concentrations of selenium ions remaining
in the solution (Ci ). Samples were taken at set time intervals
and analysed for the concentration of selenium.

2.4. Analysis

A Perkin-Elmer Optima 3000 ICP-OES Spectrometer was
used for selenium analysis. Each sample was analysed in
triplicate. All analyses were obtained with relative standard
d
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cid, perchloric acid and sodium hydroxide were al
eagent grade and used as received. All water used was

deionised water. TiO2 Degussa P25 was used as the p
ocatalyst.

.2. Apparatus

The photocatalytic experiments were performed in a g
eactor. This has been described in greater detail elsew
19]. Oxygen was evacuated from the system by pur
ith nitrogen. The contents of the reactor were magneti
tirred throughout the experiment. For each experime
L reaction solution was illuminated by a 200 W Hg lam
roviding UV light of wavelength below 380 nm. In our p
ious study[21], it was found that the optimum pH for t
hotoreduction of selenite was 3.5. Therefore, the pH o
olution was maintained at 3.5. It should be noted that a
eduction of Se(IV) or Se(VI) could result in the product
r

eviation (R.S.D.) less than 3%.

.5. Characterisation studies

High Resolution Transmission Electron Microsco
HRTEM) images and elemental X-ray analysis were
ained using a Philips CM200 Electron Microscope. UV–
eflectance measurements were carried out with Varian C
UV–vis–NIR spectrometer using BaSO4 as a reference. Th
bsorbance spectra were obtained from the reflectance
urements using the Kubelka–Munk relationship.

. Results and discussion

.1. Photoreduction of selenium ions

In a typical photoreduction experiment of Se(IV) a
e(VI) ions, the TiO2 suspension colour changed from mi
hite to orange–pink, indicating the formation of eleme
elenium. As the reaction proceeded, after 2 h of illumina
for an initial Se(IV) concentration of 20 ppm), 4 h of illum
ation (for an initial concentration of Se(IV) and Se(VI)
0 and 20 ppm, respectively) and 8 h of illumination (for

nitial Se(VI) concentration of 40 ppm), at which the sele
nd selenate were almost exhausted from solution, blac

icles started to form in the CuSO4 scrubber. This indicate
he evolution of Se(2−) as H2Se, which reacted with Cu2+

ons present in the scrubber to form the black CuSe p
les. This has been reported in our previous studies[19–20].
urther illumination of the Se–TiO2 suspension resulted
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Table 2
Selenite and selenate adsorption and photoreduction on TiO2

Formic acid (ppm C) 100 200 300 400 600

Set 1: Se(IV) 20 ppm
Adsorption (mg Se/gTiO2) 6.4 6.9 6.3 6.2
Se remaining in solution after 2 h illumination (ppm) 1.5 1.1 1.9 1.6

Set 2: Se(IV) 40 ppm
Adsorption (mg Se/gTiO2) 7.7 8.3 6.8 5.2
Se remaining in solution after 4 h illumination (ppm) 3.7 2.2 2.7 3.2

Set 3: Se(IV) 80 ppm
Adsorption (mg Se/gTiO2) 9.7
Se remaining in solution after 8 h illumination (ppm) 31.1
Se remaining in solution after 13 h illumination (ppm) 1.24

Set 4: Se(VI) 20 ppm
Adsorption (mg Se/gTiO2) 3.1 3.5 2.5 1.9
Se remaining in solution after 2 h illumination (ppm) 6.3 6.8 8.1 9.0
Se remaining in solution after 4 h illumination (ppm) 2.9 1.25 1.7 1.2

Set 5: Se(VI) 40 ppm
Adsorption (mg Se/gTiO2) 4.5 4.3 4.5 3.7
Se remaining in solution after 4 h illumination (ppm) 16.3 15.4 17.2 15.6
Se remaining in solution after 8 h illumination (ppm) 2.7 1.6 1.5 1.2

Set 6: Se(VI) 80 ppm
Adsorption (mg Se/gTiO2) 4.2
Se remaining in solution after 8 h illumination (ppm) 46.6
Se remaining in solution after 18 h illumination (ppm) 1.6

R.S.D. (%) 3

more black particles being formed in the scrubber while the
orange–pink colour of the suspension gradually faded.

Results on the adsorption and photocatalytic reduction of
selenite and selenate in the presence of various concentrations
of formic acid as a hole scavenger are presented inTable 2.
Note that the formic acid concentrations are reported as to-
tal organic carbon (ppm C). The largest dark adsorption and
photoreduction of selenite for both 20 and 40 ppm initial con-
centrations occurred when 300 ppm C formic acid was added
to the system (Sets 1 and 2). Our previous study[19] found
that there was an optimum formic acid concentration for the
photoreduction of selenate. This was attributed to compet-
itive adsorption between selenate and formate ions on the
positively charged TiO2 particles, and subsequent photore-
duction of selenate to elemental selenium. This could also be
the case for selenite photocatalytic experiments.

Compared to selenite, in the presence of the same formic
acid concentration, selenate (Sets 4 and 5,Table 2) demon-
strated poorer adsorption on TiO2. Furthermore, for the same
initial concentration, selenate removal required double the
time taken to remove selenite to a similar amount. The differ-
ence in the removal of selenite and selenate can also be seen
in Fig. 1.

As can be seen fromFig. 1, for an initial concentration
of 20 ppm, a large removal of selenite was achieved in the
fi of
2
t ved
a min

for the selenate system. At an initial concentration of 40 ppm,
again a faster ion removal was observed for selenite com-
pared to selenate (comparing line b with d,Fig. 1). The faster
removal of Se(IV) as compared to that of Se(VI) may be
explained by its greater adsorption on TiO2 and hence faster
exhaustion of selenium ions from the solution. The difference

Fig. 1. Photoreduction of Se(IV) and Se(VI) in the presence of fomic acid
as the hole scavenger.Note: C0 being the concentration of selenium in the
s ls.
C id:
3 pm
S

rst 60 min (line a,Fig. 1). On the other hand, the removal
0 ppm selenate proceeded more slowly (line c,Fig. 1). At

his initial concentration, complete ion removal was achie
fter 120 min for the selenite system, compared with 240
olution after dark adsorption;Ci : selenium concentration at time interva
onditions: TiO2 loading: 1.5 g/L; pH 3.5 for Se reduction; formic ac
00 ppm C; N2 purging; (a) 20 ppm Se(IV); (b) 40 ppm Se(IV); (c) 20 p
e(VI); (d) 40 ppm Se(VI).
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Fig. 2. TEM images of TiO2 particles obtained after Se(IV) photoreduction. Lower magnification giving an overview of the mixed nature of the Se-modified
TiO2 powder containing both separate Se particles and Se–TiO2 particles. Higher magnification revealing a layer of Se covering the TiO2 particles.Conditions:
TiO2: 1.5 g/L; pH 3.5; dark adsorption: 20 min; initial Se(IV) concentration: 80 ppm; initial formic acid concentration: 300 ppm C.

in adsorption can be attributed to differences in the structure
of the two chemical species, which affect the nature of the
bonds formed during the sorption process[22–23]. The dif-
ferences in the overall photoreduction rates may also lie in
the fact that only four electrons are needed for the reduction
of Se(IV), while six electrons are required for Se(VI) ions to
be reduced.

3.2. Characterisation of Se–TiO2 particles

3.2.1. TEM characterisation
After the photoreduction experiment of 80 ppm Se(IV),

the Se–TiO2 particles were transferred directly from the re-
action suspension and placed on a carbon-coated copper grid.
TEM images of the Se–TiO2 particles at low and high mag-
nifications are shown inFig. 2a and b, respectively. The use
of this high initial concentration of selenium ions was to have
a better observation of the Se deposits.

FromFig. 2, two products of the photoreduction of selenite
can be observed. The image at lower magnification (Fig. 2a)
shows that the powder contained discrete spherical Se(0) par-
ticles. A closer look at higher TEM magnification (Fig. 2b)
revealed an amorphous Se layer, approximately 3–4 nm thick,
which had deposited on the surface of the TiO2 particles.
The two types of deposited selenium are believed to have
f er. It
s ained
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and dried in an oven at 60◦C. Fig. 4presents the absorbance
spectra of the TiO2 powders obtained from photoreduction
experiments of Se(IV) and Se(VI). These powders were also
dried in the oven at 60◦C.

As can be seen fromFig. 3, the absorbance spectrum of the
Se-mixed TiO2 powder (line c) has two absorbance onsets.
The onset at around 720 nm is assigned to Se. The onset at
390 nm is assigned to TiO2, although is slightly red-shifted
compared to the onset of pure TiO2 at 380 nm. FromFig. 4,
when Se(0) was deposited on TiO2 particles using Se(IV) and
Se(VI) as precursors to form a dual Se–TiO2 semiconductor,
a red shift relative to pure TiO2 at 400 nm was observed (lines
c–f). These powders also showed an absorbance onset at ap-
proximately 680 nm, which was blue-shifted relative to pure
Se.

F ly
m

ormed by different mechanisms as will be discussed lat
hould be noted that a similar observation was also obt
or the Se–TiO2 powder recovered from the photoreduct
f 80 ppm Se(VI), in which both discrete Se particles a
e film on the TiO2 particles were present.

.2.2. Characterisation of optical properties
Fig. 3shows the absorbance spectra of pure TiO2 (line a),

lemental Se powder (line b) and a physically mixture o
nd TiO2 powders (10 wt.% Se) (line c). The elementa
owder was prepared in-house by purging H2Se gas, whic
as generated from further photoreduction of Se(0) depo
n TiO2, into a NaSeO3 solution. The particles were collect
ig. 3. Absorbance spectra of: (a) pure TiO2; (b) pure Se; (c) physical
ixed powders of 10 wt.% Se and the remainder TiO2.
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Fig. 4. Absorbance spectra of pure TiO2, pure Se and TiO2 recovered from
photoreduction of Se(IV) and Se(VI), (a) Pure TiO2; (b) pure Se, (c) and (d)
TiO2 recovered from the photoreduction of Se(IV) with concentrations of
20 and 40 ppm, respectively; (e) and (f) TiO2 recovered from the photore-
duction of Se(VI) with concentrations of 20 and 40 ppm, respectively. The
photoreduction experiments were conducted in the presence of 300 ppm C
formic acid.

Theoretical and experimental work on II–VI core-shell
particle system indicate that the bandgap energy of the sys-
tem is influenced by the relative composition of the core-shell
particle[24–26]. It is postulated here that the red shifts ob-
served for Se–TiO2 particles compared to pure TiO2 in Fig. 4
are due to the heterojunction between the core TiO2 parti-
cles and the Se layer and/or particles. Furthermore, the shift
toward a longer wavelength that was observed for the Se-
mixed TiO2 powder inFig. 3may be indicative of electronic
interactions even in physically mixed systems.

Injecting electrons or holes into metal particles can cause
blue or red shift of the absorbance bands of the metal[27].
For example, a blue shift in the absorbance bands of silver
has been reported for Ag–TiO2 systems[28]. Se (a p-type
semiconductor) and TiO2 (an n-type semiconductor) have
different Fermi level positions. When in contact, electrons
from TiO2 migrate to Se until their Fermi levels are aligned.
This may explain the blue shift of the absorbance of Se.

From Fig. 4, it can also be seen that the intensity of the
absorbance band of the Se–TiO2 powders obtained increased
with an increase of the Se loading (comparing line c with
d and line e with f, inFig. 4). Furthermore, the absorbance
intensity of Se–TiO2 powders obtained from Se(IV) pho-
toreduction experiments was higher than that of the Se–TiO2
collected from photoreduction of Se(VI) (comparing lines
c olour
i e
d sly

Fig. 5. Absorbance spectra of: (a) pure TiO2; (b) physical mixture of 10 wt.%
Se and TiO2; (c) TiO2 recovered from photoreduction of 80 ppm Se(IV) for
13 h; (d) sample c illuminated for a further 3 h; and (e) TiO2 recovered
from 80 ppm Se(VI) photoreduction for 18 h. All photoreduction experi-
ments were conducted in the presence of 300 ppm C formic acid.

reported that the photocatalytic reduction of Se(IV) resulted
in the formation of Se(0) deposits[18], which were smaller
and more evenly distributed than those obtained from Se(VI)
photoreduction. Hence, the differences in the distribution
and morphology of the deposited Se(0) when using different
Se precursors may explain the observed difference in the
absorbance spectra of the resulting Se–TiO2 particles.

Compared to the Se–TiO2 systems shown inFig. 4, when
the initial concentration of Se(IV) and Se(VI) was increased
to 80 ppm, the absorbance spectra (Fig. 5, lines c and e)
had deeper valleys at around 420 nm, and higher absorbance
peak at 680 nm. This indicates that more Se(0) deposits were
formed with an increase of the initial concentrations of sele-
nium ions.

Further studies involved collecting particles from an ex-
periment, in which after 80 ppm Se(IV) was photoreduced
(line c) a further illumination was conducted for 3 h. The ab-
sorbance spectrum of the resulting powder is shown as line
d in Fig. 5. Comparing line d with line c inFig. 5, it can be
seen that the depth of the valley at around 420 nm and the
height of the absorption starting at 680 nm decreased. This
indicates that a fraction of the Se(0) deposits was removed by
the photocatalytic reduction of Se(0) to Se(2−). On the other
hand, the red shift, compared to the pure TiO2 absorbance
onset, and the blue shift, compared to the pure Se absorbance
o here
w
a

–f). This was also accompanied by a decrease in the c
ntensity from dark (Se(IV)) to light (Se(VI)) purple of th
ried Se–TiO2 powders, respectively. We have previou
nset, could still be observed in line d, suggesting that t
ere still electronic interactions between the TiO2 particles
nd Se deposits.
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Fig. 6. TEM images of TiO2 particles obtained after Se(IV) photoreduction, (a) wet sample; (b) sample (a) after dried in an oven at 60◦C, showing a defined
structure of Se(0) particle.Conditions: TiO2: 1.5 g/L; pH 3.5; initial Se(IV) concentration: 80 ppm; initial formic acid concentration: 300 ppm C; dark adsorption:
20 min; photoreduction: 8 h.

As a final note, the colour of the Se deposits will be dis-
cussed. The Se deposits formed by the photocatalytic reduc-
tion of Se ions were red in colour. For the UV–vis reflectance
measurements, the particles were dried at 60◦C to form a
powder that can be characterised. During this drying step, the
colour of the Se–TiO2 particles changed from orange–pink
to purple. It is known that elemental selenium has different
allotropic forms, of which the grey “metallic” Se, existing
as hexagonal crystalline featuring helical polymeric chain, is
the most thermodynamically stable[29]. It is believed that
the Se(0) deposits obtained from the photoreduction reaction
underwent a transformation into a crystalline form during
the drying process. This was confirmed by TEM analysis as
shown inFig. 6.

3.3. An insight on the formation mechanisms of Se(0)
from selenite and selenate photoreduction

It is well established that upon illumination of a TiO2
suspension, the photogenerated holes can be scavenged by
the oxidation reaction of an organic compound (in this study
formic acid). In the reduction pathway, the photogenerated
electrons can participate in the reduction of metal ions such as
Se(IV) and Se(VI). From the results discussed so far, the fol-
lowing explanation for selenite and selenate photoreduction
i ssed
fi

n-
t ,
i nium
a

b , as it
i

l of
S of
t at

once Se(0) is produced, the photoreduction of Se(0) to Se(2−)
can also occur. In fact, in an earlier publication[18], we at-
tributed the further reduction of Se(0) to Se(2−) to the photo-
generated electrons from the Se p-type semiconductor. This
is shown as reaction 4 inTable 1.

The generation of H2Se was only observed when the selen-
ite was almost exhausted from the solution. The production
of Se(2−) toward the end of the photoreduction of Se(IV) and
Se(VI) upon illumination of TiO2 suspensions has been pre-
viously observed[15–18]. This was explained due to insuffi-
cient reducing power of the TiO2 photogenerated electrons to
reduce Se(0) to Se(2−) [17] or the favourable photoreduction
of Se(VI) to Se(0) over the reduction of Se(0) to Se(2−) by
the Se photogenerated electrons[18]. However, as pointed
out earlier, the photoreduction of selenite and elemental sele-
nium to selenide is also possible. Thus, further clarification is

F
s les in
a

s put forward. The photoreduction of selenite is discu
rst.

As can be seen fromFig. 7, in acidic conditions, the pote
ial of the TiO2 conduction band electrons is−0.3 V. Hence
t has enough reducing power to reduce selenite to sele
ccording to reaction 2 (Table 1).

In addition, the six electron reduction of Se(IV) to Se(2−)
y the TiO2 photogenerated electrons cannot be ruled out

s also thermodynamically feasible according to reaction(6).

HSeO3
− + 6e− + 7H+ → H2Se + 3H2O,

E0 = + 0.386V (6)

Furthermore, when comparing the redox potentia
e(0)/Se(2−) couple with the conduction band electrons

he Se semiconductor as shown inFig. 7, it can be seen th
ig. 7. Relative position of conduction and valence bands of TiO2 and Se
emiconductors, compared with redox potentials of selenium coup
cidic conditions.
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needed. In the following we attempt to address this remaining
question.

Hydrogen selenide has been reported to react rapidly with
Se(IV) to give Se(0) via the following reaction[30–31]:

H2SeO3 + 2H2Se→ 3Se0 + 3H2O (7)

Hence, the net result of the photocatalytic reduction of
Se(IV) is the production of Se(0) until the exhaustion of
Se(IV). It is only then the evolution of H2Se, due to the fur-
ther reduction of Se(0) by the Se photogenerated electrons is
observed.

In order to confirm the possibility of reaction(7), the fol-
lowing set of experiments was carried out. The setup for
these experiments was similar to the setup for selenite pho-
tocatalytic reduction experiments, except that the copper ion
solution in the scrubber was replaced by a sodium selenite
solution. The Se(IV) photoreduction reaction was carried out
as per normal procedure, and once H2Se was generated, the
gas was purged to the scrubber. Upon reaching the scrubber,
now containing the sodium selenite solution, red particles
were observed to gradually form, indicating the formation of
Se(0).Fig. 8 shows the Se(0) particles observed under the
TEM. This therefore confirmed our postulation that Se(0)
particles can be formed due to the reaction between selenite
and selenide ions as shown in Eq.(7).
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F lution
a

Se(0) due to further reduction of Se(0) and then redeposition
of Se(0) has also been observed by Wei et al.[34]. Our study
has now shown that the reaction between Se(IV) and Se(2−)
did occur and produced red Se(0) particles. Therefore, we
believe that in our system, the formation of discrete Se(0)
particles was due to the chemical reaction between Se(IV)
and Se(2−) while the direct photoreduction of Se(IV) re-
sulted in the formation of Se(0) film/coating on the surface
of TiO2 particles (as shown inFig. 2).

In the following discussion, we compare the photoreduc-
tion reaction of Se(IV) and Se(VI). It is clear that the latter
proceeded more slowly (Table 2, Sets 4–6;Fig. 1, lines c and
d). This has been attributed to the difference in the adsorp-
tion ability of the two selenium species, which resulted in
faster removal of Se(IV) from solutions, compared to that of
Se(VI) [18]. As the redox potential of couple Se(VI)/Se(IV)
is 1.060 V (Fig. 3), Se(VI) can be first photoreduced to Se(IV)
by the TiO2 photogenerated electrons (reaction 1,Table 1).
The SeO42− species is a strong oxidising agent. However,
it is known that the reduction reaction of Se(VI) to Se(IV)
is usually not kinetically fast[22]. This could also limit the
overall photoreduction rate of Se(VI) to Se(0). As selenite
was not detected during the photoreduction of selenate[15]
it can be suggested that the photoreduction of Se(IV) to Se(0)
proceeded faster than the reduction of Se(VI) to Se(IV).
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To summarise, Se deposits of two different morpholo
ere formed by the photocatalytic reduction of Se(IV).
ostulated that the formation of the Se deposits was due t
eaction pathways: the first through direct reduction of Se
o Se(0) by TiO2 photogenerated electrons, and the sec
y the reaction between Se(2−) with Se(IV). For the secon
eaction, the Se(2−) ions in the solution were the result
he reduction of Se(IV) and Se(0) by the photogenerated2
lectrons and/or the Se photogenerated electrons. The S−)
roduced may diffuse away from the TiO2 surface and rea

n the diffusion layer with the incoming selenite ions to p
ipitate elemental selenium. Using voltammetric method
tudy the reduction of Se(IV), Jarzabek and Kublic[32] and
spisona et al.[33] have reported the formation of Se(0)
irect electrochemical reduction (reactions (2) and (3)) o
chemical reaction (reaction 7). The stripping of depos

ig. 8. Se(0) particles, recovered from scrubber containing selenite so
fter H2Se was generated, observed under TEM.
It should be noted that in the present discussion, the
ard redox potentials in acidic condition are used as indic
f the selenium ion energy levels. Changes in the redo

entials of selenium ions may occur once they were adso
n TiO2 [35]. However, this effect is unlikely to alter o
verall picture of the mechanism for the photoreductio
elenium ions.

. Conclusions

Upon UV illumination, selenite and selenate were p
oreduced to their elemental form (Se(0)) when using TiO2 as
he photocatalyst and formic acid as the hole scavenger.
iscrete Se particles and films were observed to have fo
n the surface of the TiO2 particles. In addition, UV–vis re
ectance measurements showed that the Se–TiO2 particles
emonstrated a red shift, as compared to pure TiO2. An ad-
itional absorbance onset at 680 nm was also observe
ttributed to the presence of the purple crystalline Se(0
osits. The deposition of Se(0) coating was explained in t
f the direct reduction of Se(IV) and Se(VI) by the Ti2
hotogenerated electrons upon illumination. Furthermo
eaction between Se(2−) and Se(IV) is believed to have co
ributed to the formation of discrete Se(0) particles.
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