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Abstract

The photocatalytic reduction of selenate Se(VI) ions was studied using unmodified TiO2 and Ag-loaded TiO2 (Ag-TiO2) photocatalysts.
In the presence of formic acid, both the TiO2 and Ag-TiO2 photocatalysts were effective in reducing Se(VI). The reaction proceeded through
the reduction of Se(VI) ions to elemental selenium Se and then to hydrogen selenide gas (H2Se). When unmodified TiO2 photocatalyst
was used, the Se formed from the reduction of Se(VI) was further reduced to Se2− in the form of H2Se upon the exhaustion of Se(VI)
in solution. In the presence of the Ag-TiO2 photocatalysts, hydrogen selenide gas was generated simultaneously with the reduction of
Se(VI). It was found that the maximum Se(VI) reduction rate occurred at pH 3.5 and at a 0.5 at.% Ag loading while the maximum hydrogen
selenide gas generation occurred at pH 3.5 and at 2.0 at.% Ag loading. The simultaneous reduction of Se(VI) to hydrogen selenide gas can
be attributed to efficient charge separation due to the mediation of photogenerated electrons by the Ag particles. A mechanism is proposed
in terms of the TiO2-Ag-Se electronic interaction during UV irradiation.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photocatalysis has emerged to be one of the most promis-
ing pollution remediation technologies in recent decades.
This technology can make use of the energy from the sun,
which advocates energy sustainability. Semiconductor pho-
tocatalysts generate electron and hole pairs upon irradiation
by light energy above a threshold which is characteristic of
the semiconductor material. The holes and electrons could
be utilised in initiating oxidation and reduction reactions, re-
spectively[1,2]. Of all the photocatalysts, TiO2 is the most
widely studied one. It is very stable, cheap to produce and
is capable of degrading a wide range of organic pollutants
due to the positions of its valance and conduction bands[3].

Numerous studied have shown that photocatalytic tech-
nology is capable of degrading and mineralising a variety of
harmful organic pollutants such as pesticides, insecticides
and aromatic organics into innocuous products[4–6]. This
technology has also been applied for heavy metal ions re-
duction, whereby the toxic heavy metal ions are reduced into
their insoluble states for subsequent recovery or removal
from industrial effluent[7,8]. One such example is the re-
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duction of Ag+ ions to Ag metal onto TiO2 [9]. The Ag
metal could then be recovered by digestion with nitric acid.

However, the semiconductor TiO2 has its shortcomings.
Due to its wide bandgap, it can only be activated by near-UV
radiation. Near-UV radiation, on the other hand, constitutes
about 4–5% of the natural sunlight. Also, the photogenerated
electron–hole pairs tend to recombine easily, leading to very
low quantum yields[10,11]. These problems have motivated
scientists to find ways of increasing the TiO2 photoresponse
by shifting its adsorption to the visible light region and pre-
venting the recombination of electron and holes.

For the former problem, ions have been doped into the
lattice of the TiO2 crystals[12]. This modifies the electronic
structure of TiO2 by narrowing the bandgap, rendering the
doped TiO2 more sensitive to the visible light. Attempts have
also been made to sensitise the TiO2 by loading the cata-
lyst with dyes[13] and in other cases with a semiconductor
having a narrower bandgap so that it could be activated by
visible light [14]. To tackle the electron–hole recombina-
tion problem, the TiO2 surface has been modified by metal
deposits such as Pt, Ag or Au[15–18]. This serves the pur-
pose of mediating the electrons away from the TiO2 surface,
hence preventing them from recombining with the holes.
This is due to the fact that when a metal of a work function
is greater than that of the semiconductor with which it is in
contact, a Schottky barrier is created which facilitates the
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transfer of electrons from the semiconductor to the metal
[19]. Another way of improving the catalytic efficiency is
to improve the adsorption of the reactants on the TiO2 sur-
face where. This can be achieved by metal deposits on the
photocatalyst surface[20] as well as surface modifications
with organics[21].

Selenium compounds can be toxic if ingested in large
quantity [22]. The current permissible Se level in drinking
water is 10 ppb[23]. Of all the selenium compounds, se-
lenate (SeO42−) poses the greatest threat as it is not easily
adsorbed onto particulates. This means it is highly mobile
and could easily end up in drinking water[24,25]. The
removal of selenate by a cost-effective method is hence nec-
essary. Photocatalysis could be a good method for selenate
removal as it reduces the selenate ions into the immobilised
form of elemental selenium, hence removing it from the
effluent. The reduction of selenate follows the following
equations[26,27]:

SeO4
2− + 8H+ + 6e− → Se0 + 4H2O, E0 = 0.9 V (1)

whereE0 is the standard reduction potential. Elemental sele-
nium could be further reduced to H2Se, a toxic gas[26–28]:

Se0 + 2H+ + 2e− → H2Se, E0 = −0.3 V (2)

Photocatalytic reduction of Se(VI) could also serve to re-
cover the elemental selenium which finds abundant use in
the manufacturing industries. For example, Se is used in
xerography[29] and more recently in X-ray image detectors
[30] since, being a semiconductor itself, Se is an excellent
photoconductor[31,32]. It also imparts a pink colour in
glass and is added in steel to make it anti-corrosive[33].

Previous investigations have seen the successful photore-
duction of Se(VI) to Se onto TiO2 in the presence of formic
acid and nitrogen gas[26,34,35]. Since many studies have
observed enhanced reduction rates with metal-modified
TiO2 [36,37], the current investigation aims to elucidate the
effect of Ag-modified TiO2 on the photocatalytic reduction
of selenate ions.

2. Experimental section

2.1. Photoreactor and light source

A cylindrical glass photoreactor of 1.2 l capacity was used
in the experiments. It consists of a side quartz-window where
UV was illuminated through by a 200 W Mercury lamp
(Oriel 66001-373). This lamp mainly provided light of wave-
length below 380 nm, peaking at 254, 295, 315 and 370 nm.
The reactor was placed on top of a magnetic stirrer for agita-
tion, while the purging of nitrogen gas introduced from the
top of the reactor served to agitate the contents and to pro-
vide an anoxic environment. Gas exhausted from the reactor
was scrubbed by a copper(II) sulphate solution followed
by a sodium hydroxide solution to ensure the removal of

hydrogen selenide gas generated from the photoreduction
experiments. The photon flux into the reactor was deter-
mined to be 3.8�mol photon/s by chemical actinometry
[38–40].

2.2. Preparation of Ag-TiO2

The Ag-TiO2 particles were prepared by photoreducing
Ag+ ions (from AgNO3, 99.99 wt.%, Aldrich) to Ag metal
on the TiO2 surface. The TiO2 used was Degussa P25. Four
grams of TiO2 were added into 1 l of ultra-pure water in
the photoreactor and then irradiated for 10 min to remove
any impurities that might be present on the TiO2 surface.
Aliquots of various amounts of Ag+ ions, prepared by dis-
solving silver nitrate salt in deionised water, were added into
the suspension of TiO2 such that the Ag+ concentration was
of 0.5, 1.0, 2.0 and 5.0 at.% in relation to TiO2. In this pa-
per, the various Ag/TiO2 samples prepared are identified by
the Ag+ loading (at.%) added to the suspension prior to the
illumination of the suspension. Sucrose (supplied by Fisons
Scientific Equipment) was added to act as the hole scav-
enger. The suspension was adjusted to pH 3.5 by perchloric
acid and then irradiated for 40 min with continuous nitrogen
purging. The suspension was then filtered, washed, dried and
hand-ground to obtain the Ag-deposited TiO2 particles.

2.3. Experimental procedures for adsorption and Se(VI)
photoreduction

The reaction suspensions were prepared by adding a
pre-sonicated solution containing 0.5 g of Ag-TiO2 catalyst
into a solution consisting 0.254 mM Se(VI) (from sodium
selenate) and 25 mMC formic acid to make up 1 l of suspen-
sion. The pH of the suspension was adjusted and controlled
using perchloric acid and sodium hydroxide. Prior to UV
irradiation, the suspension was stirred for 0.5 h to estab-
lish adsorption equilibrium conditions. The suspension was
then irradiated with constant stirring and nitrogen purging
for 2 h. At given time intervals, samples were taken from
the suspension and immediately filtered through a 0.45�m
Millipore filter to remove the particles. The filtrate was
analysed as required.

2.4. Electrophoresis experiments

Suspensions containing approximately 20 ppm particles
(unmodified or Ag-modified TiO2) and 0.1 mM NaCl were
prepared. Dilute HCl and NaOH solutions were added to the
above suspensions to adjust to the desired pH. The suspen-
sions were then subjected to electrophoresis analysis.

2.5. Analytical method

The total Se concentration (Se(VI)) in the filtrate was
determined by Varian Induced Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES). The amount of H2Se
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generated was determined by analysing the amount of
Cu(II) remaining in the trap using Varian ICP-AES. Formic
acid concentration was determined by analysing the to-
tal organic carbon (TOC) in the solution using Shimadzu
TOC-5000A analyser. Powder X-ray diffraction (Siemens
D5000 Diffractometer) was used to study the crystalline na-
ture of the deposited Ag particles. The morphology of the Se
particles and the Ag-deposited TiO2 particles was examined
using Transmission Electron Microscope (TEM, Phillips
CM200). The TEM was supported by an Energy Disper-
sive X-Ray Spectometer (EDAX) that enables elemental
identification of particles through mapping. Electrophoresis
analysis was done by the Brookhaven 3-in-1 system.

3. Results and discussions

3.1. Characterisations of the Ag deposits on TiO2

The Ag-deposited TiO2 particles were brownish in colour.
X-ray diffraction analysis was carried out and the presence
of Ag-metal on the TiO2 surface was confirmed. Mapping
by EDAX from TEM also showed the presence of Ag on
TiO2 particles. This can be seen inFig. 1, where the specks
of Ag deposits onFig. 1b were found to correspond with
the area in which the Ti element was mapped (Fig. 1a). The

Fig. 1. Parts a, b and c show the mapping of Ti, Ag and Se, respectively, by TEM. Part d shows the corresponding TEM image of Se on TiO2.

size of the Ag deposits was found to be non-uniform and
estimated to be less than 10 nm in diameter.

3.2. Photocatalytic reduction of Se(VI) by bare TiO2 and
Ag-deposited TiO2

The photocatalytic reduction of Se(VI) was only observed
in the presence of both formic acid and UV-irradiation.
The colour of the suspension changed from white (TiO2)
or brown (Ag-TiO2) to orange, indicating the photoreduc-
tion of Se(VI) to elemental Se onto the surface of the TiO2.
The presence of elemental Se was confirmed by TEM map-
ping (Fig. 1c). The Se particles formed on TiO2 were round
in shape (Fig. 1d). This corresponds to the position of the
mapped Se elements as shown inFig. 1c. Fig. 1d shows
an image indicated by the boxed area inFig. 1a. The posi-
tion marked X onFig. 1ashows an absence of the Ti signal
from the mapping. This is due to the Se formed on top of
the TiO2 as shown inFig. 1c and d. From Fig. 1d, it can
also be seen that the Se particles formed are round and big-
ger relative to TiO2. The following argument is put forward
to explain the formation of the spherical Se particles. Our
postulation is that the Se particles are acting as the reduc-
ing sites for Se(VI) ions, resulting in the growing of the Se
particles. For this to be valid, the Se particles would have to
be rich in electrons. With Se being a photoconductor and a
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p-type semiconductor[41], it is possible for the photogen-
erated electrons in TiO2 to be transferred to the Se particles
making them rich in electrons, and hence making them the
reducing sites for Se(VI) ions. A detailed mechanism of this
electron-transfer mechanism is described elsewhere[42].

When unmodified TiO2 was used, H2Se generation was
observed when the Se(VI) ions had been completely ex-
hausted from the solution. The generation of H2Se was
indicated by the formation of black precipitates of CuSe in
the Cu2+ scrubber. When Ag-TiO2 was used as the pho-
tocatalyst, different observations were made. While Se(VI)
was also photoreduced to elemental Se by Ag-TiO2 in the
presence of formic acid, H2Se gas was simultaneously gen-
erated.Fig. 2a and bshow the photoreduction of Se(VI) with
the corresponding H2Se generation for unmodified TiO2 and
Ag-TiO2. From Fig. 2a, it could be seen that the complete
removal of Se(VI) took about 270 min. This removal was
due to the combined effect of adsorption and reduction. The
decrease in Se(VI) concentration at time= 0 min indicated
Se(VI) removal due to dark adsorption before the onset of
UV irradiation. It has been shown that only the adsorbed

Fig. 2. Se(VI) photoreduction experiments performed using unmodified TiO2 and Ag-TiO2. (�) Se(VI) concentration, (�) H2Se generation, (�) formic
acid oxidation.

Se(VI) ions could be reduced[35]. Upon irradiation, as the
adsorbed Se(VI) ions on the TiO2 surface were reduced to
elemental Se and as the reaction proceeded, the concentra-
tion of Se(VI) in the solution decreased, indicating that the
decrease of Se(VI) from the solution was primarily due to
its reduction on the TiO2 surface.

Fig. 2ashowed that the onset of H2Se generation occurred
when the Se(VI) was nearly exhausted from the suspension.
It also showed that formic acid was continuously oxidised
as the reduction continued, an indication that the photogen-
erated holes were continuously utilised for the oxidation of
the formic acid. The following postulation is put forward to
explain these observations. It was believed that the electrons
were continuously being transferred from the TiO2 to the
Se particles even after Se(VI) ions were exhausted from the
suspension. This caused the accumulation of electrons in the
Se particles, enabling the self-reduction of Se to H2Se since
the reduction potential of Se/Se2− lies within the bandgap
of the Se semiconductor (as indicated inFig. 3). Kikuchi
and Sakamoto have shown the accumulation of electrons
in the suspension towards the end of the Se(VI) reduction
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Fig. 3. Energy diagram of the TiO2-Ag-Se system at pH 3.5. Bandgap
energy (Eg): Eg-TiO2 = 3.2 eV [13,20], Eg-Se = 1.95 eV [41]. Conduction
band potential (CB): CBTiO2 = −0.3 eV [20,44], CBSe = −1.65 eV
[41]. Work function (Φ): ΦTiO2 = 4.2 eV, ΦAg = 4.6 eV, ΦSe = 4.8 eV
(assuming Fermi levels are near the conduction and valence band for
TiO2 and Se, respectively, and the work functions are calculated by the
equations given in[45]).

reactions by measuring the potential of the suspension. They
proposed an electron accumulation model in support of their
findings[43].

As mentioned earlier, the Ag-TiO2 photocatalyst behaved
differently to the TiO2 photocatalyst. The simultaneous gen-
eration of H2Se and reduction of Se(VI) using the Ag-TiO2
as a photocatalyst (as shown inFig. 2b) may be explained
as follows. When two materials of different work functions
are in contact, an energy barrier for electron transfer is cre-
ated at the junction. This is sometimes known as the Schot-
tky barrier[19]. The transfer of electrons is facilitated from
a material of lower work function to one that has a higher

Table 1
Summary of results for Se(VI) photoreduction using unmodified and Ag-TiO2 at various Ag loading and pH

Experiment no. Ag (at.%)
on TiO2

H2Se generated in 120 min
(×10−2 mmol, ±2% error)

Se(VI) reduced in 120 min
(×10−2 mmol, ±2% error)

Formic oxidised in 120 min
(×10−1 mmol, ±4% error)

pH = 2.5
1.1 0.0 0.00 5.26 3.33
1.2 0.5 0.249 5.81 3.40
1.3 1.0 0.800 5.71 3.29
1.4 2.0 1.10 5.19 3.58
1.5 5.0 0.844 4.62 3.42

pH = 3.5
2.1 0.0 0.00 5.61 3.93
2.2 0.5 1.17 6.30 3.81
2.3 1.0 2.44 5.95 4.08
2.4 2.0 4.09 5.38 4.26
2.5 5.0 1.17 4.92 3.97

pH = 5.0
3.1 0.0 0.00 3.76 2.52
3.2 0.5 0.231 4.06 2.27
3.3 1.0 0.487 4.15 2.45
3.4 2.0 0.950 3.54 2.55
3.5 5.0 0.667 2.80 2.13

work function. For the TiO2-Ag-Se system, the work func-
tion of Ag is greater than that of TiO2 while that of Se
is greater than that of Ag. Electrons can hence be trans-
ferred from TiO2 to Ag and then to Se as the energy bar-
rier for electron transfer from Ag to TiO2 or from Se to Ag
is higher than that of the opposite. Many studies involving
surface modification of TiO2 by metal loading such as Ag
[20] and Au[18,46] have explained the transfer of electron
with this theory. The above explanation is further illustrated
in Fig. 3 where the relative bandgaps and work functions
of these materials and the direction of electrons transfer
are shown.

In the presence of Ag metal on TiO2, it is postulated that
the photogenerated electrons transferred from TiO2 to Se via
Ag result in the accumulation of electrons in the Se particles
even before the exhaustion of Se(VI) in the solution, result-
ing in the reduction of Se to Se2−. It is also important to note
that the electrons transferred from the TiO2 particles via the
Ag metal would not have enough reducing power to initiate
the reduction of Se to Se2− as the conduction band of TiO2
is lower than that of the reduction potential of Se/Se2−. Oth-
erwise, H2Se would have been generated by the unmodified
TiO2 before the exhaustion of Se(VI) ions. When unmodi-
fied TiO2 was used, it is postulated that the accumulation of
electrons in the Se semiconductor becomes more significant
only upon exhaustion of Se(VI) ions, enabling the further
reduction of Se to H2Se[42]. The presence of Ag on TiO2
greatly increased the transfer of electrons from the TiO2 to
Se, making the self reduction of Se possible even before the
exhaustion of Se(VI) ions.

When further analysing the photoreduction process us-
ing the Ag-TiO2 photocatalyst, it was observed that the rate
of Se(VI) reduction was slower compared to that when un-
modified TiO2 was used. This suggests that there was a
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competition for the available electrons for both the reduction
of Se(VI) to Se and of Se to H2Se.

In order to further the understanding of the photore-
duction mechanism using Ag-TiO2, photocatalysts with
different Ag loading were prepared. The pH of the system
was also varied. The results are summarised inTable 1. The
effect of Ag loading will be discussed first. From the results
it can be seen that the simultaneous H2Se generation was
encountered in all cases when Ag-TiO2 was used. When
comparing the different at.% of Ag-deposited on TiO2 par-
ticles, it was found that increasing the Ag deposited amount
resulted in the increase production of H2Se gas up to 2 at.%
Ag. These results are explained as follows. From TEM
mapping, increasing the Ag loading was found to increase
the Ag amount distributed on theTiO2 surface, and hence
increasing the chance of Ag in contact with Se, resulting
in more H2Se production. Nevertheless, when the highest
Ag loading of 5.0 at.% was used, both H2Se generation and
Se(VI) reduction seemed to be suppressed. An optimum
metal loading has been previously reported with a num-
ber of explanations for its occurrence given[16,18]. These
include the decrease in the available active sites and the
competition for light absorption between the Ag and TiO2
particles, hence resulting in a lower quantum efficiency.

Adsorption studies were carried out on the Ag-TiO2 and
unmodified TiO2 in order to explain their different perfor-
mance. Electrophoresis analysis was also carried out on
unmodified, 0.5 at.% Ag and 5.0 at.% Ag-TiO2. The results
are presented inFig. 4. The point of zero charge for un-
modified Degussa TiO2 particles was found to be at pH 5.6.
The Ag-TiO2 did not show significant difference in elec-
trophoresis in comparison with unmodified TiO2. It could
hence be assumed that the adsorption of Se(VI) and formate
ions by unmodified and modified TiO2 is relatively similar.

The effect of pH on the Se(VI) photoreduction was also
investigated. When the photocatalytic performance of the
same Ag loading were compared at different pH values,
for example, comparing experiment nos. 1.3, 2.3 and 3.3 in
Table 1, it can be seen that the fastest rate of Se(VI) photore-

Fig. 4. Surface charge of TiO2 and Ag-TiO2 particles at various pH.

Fig. 5. Equilibrium dark adsorption of Se(VI) and HCOO ions on bare
TiO2 at various pH.

duction occurred at pH 3.5 even though the adsorption of
Se(VI) was greater at pH 2.5 than that at pH 3.5.Fig. 5shows
the dark adsorption of selenate and formate in the dark in the
pH range of 2.5–5.0. It was found that the Se(VI) adsorption
was significantly lowered while formate ions adsorption
was increased when the pH was increased from 2.5 to 5.0.
The decrease of Se(VI) adsorption could be attributed to
the decrease in the surface positive charge as pH increased.
However, the increase of formic adsorption was due to the
improved ionisation of formic acid (pKa = 3.77) [47] into
formate ions as pH was raised. This increased the amount
of negatively charged formate ions in the suspension and
hence improved the equilibrium adsorption charged formate
ions in the suspension and hence improved the equilibrium
adsorption of the ions. The optimum pH at pH 3.5 could be
explained by the increased formate ions adsorption which
provided more hole scavengers for the reaction, hence in-
creasing the availability of electrons for the reduction of
Se(VI) ions[35]. The slowest rate for Se(VI) reduction was
found at pH 5.0. This was due to the very little Se(VI)
adsorption at this pH. It was also found that the maximum
Se(VI) reduction rate was encountered at pH 3.5 and at
0.5 at.% Ag. This is an improvement of about 10% in terms
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of the total Se(VI) reduced over a duration of 120 min when
compared to unmodified TiO2. However, at this optimum
Ag-loading, H2Se was simultaneously generated, which
was an undesirable by-products due to its high toxicity. The
highest amount of H2Se generation was also encountered
at pH 3.5 and was lowest at pH 5.0. It could hence be said
that the rate of H2Se generation was dependent on the rate
of Se(VI) reduced. The lower amount of H2Se formed at
pH 5.0 could also be due to the lack of H+ ions in the
suspension at that pH. According toEq. (2), H+ ions are
necessary for the formation of H2Se.

By referring toTable 1again, it was also found that the
oxidation rate of formic acid was the highest at pH 3.5 and
lowest at pH 5.0. This was expected since improved oxida-
tion is an indication of more effective hole scavenging and
hence effective electron scavenging. It is, therefore, not sur-
prising that the optimum conditions for formic acid oxidation
corresponded with that of Se(VI) reduction. It has also been
reported that formate ions could directly transfer electrons to
the valance band holes yielding formate radicals (HCOO•)
and possible CO2•− radicals[48]. The role of these radicals
and their subsequent formation to CO2 have not been thor-
oughly discussed at this stage since this work focuses mainly
on the photoreduction of Se(VI) while formic acid was used
to complete the redox reactions. The role of various organic
hole scavenger in the photoreduction of Se anions have been
elucidated in our work published elsewhere[49].

4. Conclusions

Both unmodified and Ag-modified TiO2 particles were
able to photoreduce Se(VI) to elemental Se. In the case in
which unmodified TiO2 was used, H2Se generation occurred
only when the Se(VI) ions in the suspension were exhausted.
However, H2Se was generated simultaneously during the re-
duction of Se(VI) when Ag-TiO2 was used. This was ex-
plained in terms of electron mediation from TiO2 to Se via
the Ag metals, greatly enhancing the electron density in the
Se particles and hence leading to the formation of H2Se via
the self-reduction of Se. Increasing the Ag-loading amount
(up to 2 at.% Ag) on TiO2 resulted in greater H2Se genera-
tion, possibly due to the greater amount of Ag metal loaded
on the surface and hence increasing the chance of Se con-
tact with Ag metals. It was found that at 0.5 at.% Ag-TiO2,
Se(VI) reduction rate was improved by an average of 10% at
the pH investigated. Both Se(VI) reduction and H2Se gener-
ation rate were found to be highest at pH 3.5. Formic acid ox-
idation rate increased with an increase in the reduction rates.
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