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A B S T R A C T

In this investigation, a novel catalytic nitrate reduction method by using the in-situ generated Ti3+/Ti2+ states
in the TiO2/Al catalyst was demonstrated. The Ti3+/Ti2+ states in TiO2/Al catalyst harvest the UV to near IR
regions of the solar spectrum and continuously self-generated via the absorption of visible-near infrared ra-
diations. The formation of reduced titanium oxidation states and the visible light harvesting properties of the
catalyst were determined by X-ray Photoelectron Spectroscopy (XPS) analysis and diffuse reflectance trans-
mission respectively. With the TiO2/Al catalyst, over 95% of nitrate removal could be achieved for an initial
nitrate concentration of 100 ppm. Based on XPS, FTIR analysis and the reaction products, a possible nitrate
reduction mechanism is proposed in which in-situ generated Ti3+/Ti2+ states can harvest visible-near infrared
photons as well as found to be the active sites for the reduction of nitrates and hence function similar to su-
pramolecular complex photocatalytic system. The catalytic system described can be easily adapted adapted for
the groundwater nitrate removal.

1. Introduction

Nitrate is one of the most prevalent contaminants found in ground
and surface water. According to the WHO and the Environmental
Protection Agency (EPA) water quality standards, 10 ppm is the max-
imum contaminant level (MCL) for nitrate [1]. If the nitrate level ex-
ceeds the EPA maximum contamination level of 10 ppm in drinking
water, it can pose a risk to human health. The excess nitrate in water
originates from fertilizers, septic tanks, manure storage and sewage
treatment methods as synthetic fertilizers and animal manure are rich
in nitrogen [2]. On the other hand, the nitrogen-containing molecules
in the soil are converted to nitrates by microbial activities, and move
with the surface runoff into rivers and streams or leach into ground-
water. It is known that the natural discharge from septic systems is one
of the major contributors to the groundwater nitrate because septic
systems remove only half of the nitrogen in wastewater, draining the
remaining half to the groundwater. Hence, the wastewater discharge
from the contemporary sewage treatment methods can pollute many
water bodies and also the untreated sewage wastewater can enter the
groundwater [3]. Presence of excessive nitrate in water can cause some

serious health problems and it has been recommended that all infants,
pregnant and nursing women should not drink the water that exceeds
the nitrate level of 10 ppm [4]. Methemoglobinemia which is also
called the blue baby syndrome is one of the major health problems
related to excessive nitrate [5]. It also suspected that the high nitrate
level in drinking water may increase the risk of cancer, disruption of
thyroid function, diabetes, and birth defects [6]. Especially, N-Nitroso
compounds produced in the human stomach by the ingested nitrite
after reaction with organic compounds reported been highly carcino-
genic to human [6].

Due to their adverse health effects, nitrates in ground and surface
water have to be removed from the water sources to make it safe
especially for drinking purpose and industrial uses. However, conven-
tional water treatment methods are not effective in removing nitrates
completely in water due to stability and high solubility of nitrate in
water. Ion exchange [7,8], reverse osmosis (RO) [9,10], electrodialysis
[11], photocatalysis/catalysis [12–17], biological [18,19], and che-
mical denitrification [20,21] methods have been employed effectively
to remove nitrates in water. Due to the high operational cost, require-
ments of pre-treatment, inadequate nitrate removal efficiency, partial
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denitrification as well as the production of concentrated brine solution
which required other waste disposal methods, most of above mentioned
nitrate removal processes are not environmentally benign.

However, the photocatalytic removal of nitrate is more attractive
since it provides a good substitute for the energy-intensive treatment
methods. Yet the photocatalytic degradation systems based on high-
bandgap semiconductors such as TiO2, ZnO, SrTiO3 are not sustainable
methods due to poor harvesting of solar energy limiting their photo-
catalytic activity only to UV radiation [22,23]. Hence the development
of visible light active photocatalysts is important for efficient harnes-
sing of solar energy and practical application of photocatalysts in the
remediation of environmental pollution [24–27]. Despite metal ion
doping, co-sensitization, dye sensitization, composite semiconductors,
anion doping and metal and metal ion implantation have been in-
vestigated to enhance the sustainability of photocatalysts, the present
photocatalyic systems are not yet identified as a major pollution re-
mediation technology [28–34]. In recent years, the black TiO2 nano-
material produced by the high-temperature hydrogenation of TiO2 is an
effective approach in shifting the bandgap of TiO2 to around 1.5 eV and
to harness the visible light [35–37]. The presence of Ti3+ states and
oxygen vacancies in the black TiO2 was proposed to be responsible for
the extended light response [38–41]. The generation of catalytic active
Ti3+ states and oxygen vacancies by the high-temperature hydrogena-
tion process does not satisfy the green chemistry objectives. Ad-
ditionally, highly reduced Ti3+ states are unstable and easily oxidized
by air or dissolved oxygen in the water, which limits their practical
applications [42,43].

Hence, in this study, highly stable and reduced Ti3+ and Ti2+ sites
in TiO2 particles were in-situ generated by the active Al-TiO2 interac-
tion which is an alternative to the high-temperature hydrogenation
process. The proposed in-situ generation of active Ti3+ and Ti2+ sites in
TiO2 particles the active Al-TiO2 interaction is rather a simple and
environmentally friendly process. By using the TiO2/Al photocatalyst,
nitrate in water can be reduced efficiently and the presence of active
catalytic Ti3+/Ti2+ sites in TiO2 was the origin of the observed en-
hanced catalytic activity of the reduced TiO2. The interesting point in
the TiO2/Al photocatlytic system is the regeneracy and the in-situ
generated Ti3+/Ti2+ sites in TiO2 particles act as both light harvesting
as well as catalytic sites for the nitrate reduction reaction. Based on the
XPS, FTIR analyses together with reaction products, a possible photo-
catalytic nitrate reduction mechanism is discussed. More importantly,
the nitrate removal process described in this investigation is en-
vironmentally benign.

2. Experimental

2.1. Preparation of the catalyst

The TiO2 coated Al-foil catalyst (hereafter TiO2/Al) was prepared by
spraying TiO2 (Degussa P25) on the heated Al foil (0.1 mm, 99.96%
purity) and sintering at 450 °C following the similar method described
by Silva et.al [41]. For the preparation of the catalyst, the alumina sheet
was cut into 2.5 cm×15 cm size and cleaned with the detergent and
washed with distilled water and ethanol to remove dirt on it. The TiO2

solution made by mixing 500mg of TiO2, 15 μl of acetic acid (≥99.7 %,
Fisher Scientific, Analar), 2 drops of Triton x-100 (Sigma Aldrich) in
50ml of ethanol (≥99.8%, AnalaRNORMAPUR®) was magnetically
stirred for 1 h at room temperature. The prepared TiO2 suspension was
sprayed on the heated alumina strip at a rate of 2ml/min. The tem-
perature of the Al-sheet was maintained at 200 °C during spray de-
position of TiO2 on the Al-sheet. Finally, the TiO2 coated Al-foil strip
was sintered at 450 °C for 3 h and allowed to cool slowly to prevent
crack formation.

2.2. Characterization of the catalyst

Details of the catalyst characterization methods were given in SI. In
brief, the crystalline structure of the catalyst was studied by using
powder X-ray diffractometer. Surface morphology and cross-section of
the catalyst were investigated by the field emission scanning electron
microscope (FE-SEM, S-4800). Oxidation states of the catalyst were
detected by XPS measurements. Light absorption was measured by
using diffuse reflectance UV–vis spectroscopy. Reaction intermediates
on the TiO2 surface were analyzed by Fourier Transform Infrared
spectroscopy (FTIR-8400S-Shimadzu, 4 cm−1’ resolution, 30 scans).

2.3. Photocatalytic activity of the catalyst

Nitrate reduction experiments were performed for a 100mg/L of
initial nitrate solution (potassium nitrate, 99.5%, KNO3, BDH AnalaR®).
For nitrate reduction reaction, a piece of TiO2 coated Al substrate
(2.5 cm×15 cm area) that contained 75mg of TiO2 (2mg of TiO2 per
1 cm2 of Al substrate) was employed. A TiO2 coated glass plate (TiO2/
FTO) with the same dimension and the same amount of TiO2 was used
as the reference. For photocatalytic reaction, TiO2/FTO and TiO2/Al
catalysts were dipped in the 100ml of 100mg/L of nitrate solution in
separate reactors and nitrate reduction was carried out under UV–vis
light irradiation, diffuse light irradiation and under dark condition. To
determine the amount of nitrate, nitrite and ammonia present in the
reaction solution, 10ml portion of the solution was extracted after 1–6,
12, 22 and 24 h of reaction and nitrate, nitrite and ammonia were de-
tected by colorimetric methods described in the supporting informa-
tion. The long-term stability of the catalyst was performed by repeated
use of the same catalyst for five consecutive days with three replicates.
After 24 h use of the catalyst, a fresh 100mg/L nitrate solution was
introduced and the nitrate reduction was continued under similar ir-
radiation conditions. The intensity of the light source was measured
with a standard Si-reference cell (Newport).

3. Results and discussion

3.1. Characterization of the catalyst

The TiO2/Al catalyst was characterized before and after nitrate re-
duction reactions. As shown in Fig. 1, the initial or as prepared TiO2/Al
catalyst absorbs light mainly below 400 nm by the transition of an
electron from the valence band to the conduction band due to its high
bandgap energy (∼ 3.2 eV). However, within a few minutes of

Fig. 1. The UV–vis DRS spectrum of TiO2/Al (black), and TiO2/Al catalyst after
60 (blue) and 120 (red) minutes irradiation with solar simulator respectively.
Insets show the photograph of the initial and the 60min irradiated TiO2/Al
catalyst. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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irradiation, the formation of blue colour was noticed in the TiO2/Al
catalyst and the intensity of the blue colour in the TiO2/Al catalyst is
deepen with the irradiation time (inset in Fig. 1). As shown in Fig. 1,
with the concomitant formation of the blue colour in the catalyst, the
light harvesting capability of the catalyst extends to Vis-near IR regions.
It is known that the presence of reduced states such as Ti3+/Ti2+ below
the conduction band in the TiO2 lattice is responsible for the formation
of blue colour in TiO2 and hence it can be assumed that the appearance
of blue colour in the TiO2/Al catalyst is due to the formation of reduced
oxidation states such as Ti3+/Ti2+ in the TiO2 lattice of the TiO2/Al
catalyst [35,36,44,45].

These reduced states are found to be stable in air and the blue colour
remains for several months. The formation of the blue colour of the
TiO2 is due to the presence of free electrons in the TiO2 lattice and as a
result, the reduced TiO2 can harvest most of the visible light (Fig. 1). It
is known that the mid-gap oxygen vacancies are generated in the TiO2

lattice to maintain the electrostatic balance due to the formation of
Ti3+ states in TiO2 [38]. The electrons in these mid-gap states and
shallow donor states get excited to the conduction band (CB) by the
absorption of visible-NIR light yielding a blue colour in the reduced
TiO2 [46,47]. Especially, the absorption observed at 450–900 nm re-
gion, corresponds to 1.37–2.75 eV and such a shoulder absorption is
characteristic of TiO2 with mid-gap impurity states [41,48,49]. These
reduced states of titanium play a significant role in enhancing the light
harvesting capabilities of TiO2 as well as its catalytic activity.

To confirm the formation of Ti3+/Ti2+ states in TiO2 (TiO2/Al
catalyst), XPS analysis was carried out and the XPS measurement of the
TiO2/Al catalyst which was taken after exposing TiO2/Al to light for
one hour is shown in Fig. 2a. For the comparison purpose, XPS mea-
surement of TiO2/FTO (TiO2 coated on the FTO substrate) was also
carried out and shown in Fig. 2b. The peaks at BEs of 458.2 eV and
464.0 eV in Fig.2b could be assigned to 2p3/2 and 2p1/2 peaks of
Ti4+eO of TiO2 on the FTO substrate [50,51]. However, in the case of
TiO2/Al, 2p3/2 and 2p1/2 peaks were broadened and fitting results in-
dicated that the 2p3/2 and 2p1/2 peaks of Ti4+eO were shifted to
458.0 eV and 463.6 eV respectively. At the same time, in the broaden
peak, two additional peaks could be easily identified as Ti3+eO (2p3/2
and 2p1/2 peaks at 457.6 and 456.2 eV respectively) and Ti2+eO (2p3/2
and 2p1/2 peaks at 457.6 and 456.2 eV respectively) confirming the
formation of reduced Ti states in the TiO2/Al catalyst [50,51]. Inter-
estingly, no peak corresponding to Ti3+eO was observed for TiO2 in
TiO2/FTO indicating that the reduced Ti3+ is formed only in the TiO2/
Al catalyst.

The crystalline and surface morphology of the TiO2/Al were in-
vestigated by XRD and SEM analyses respectively. The XRD patterns of
the TiO2/Al catalyst before (initial catalyst) and after 60min of irra-
diation (reacted catalyst) are shown in Fig. 3 while the cross-sectional
SEM images of the TiO2/Al catalyst before and after 60min of

irradiation are shown in Fig. S1. As shown in Fig. 3, the diffraction
patterns corresponding to both anatase and rutile TiO2 could be iden-
tified in both the initial and the reacted TiO2/Al samples. Diffraction
peaks observed at 2θ at ca. 25° (101), 38° (004), 48° (220), 54° (105)
and 55° (211) are due to anatase crystalline phase while the rutile
crystalline phase has its characteristic peaks at ca. 27° (110), 36° (101),
41° (111) and 54° (211) (JCPDS 34–180) [52]. However, in the reacted
TiO2/Al samples (pH is not controlled during the reaction), a minor
peak which corresponds to the AlOOH crystalline structure is clearly
noticeable in addition to the standard anatase and rutile phase in-
dicating the formation of AlOOH during nitrate reduction reaction.
However, it was noted that the formation of AlOOH does not depend on
the initial nitrate concentration indicating that Al is not consumed
stoichiometrically during nitrate reduction reaction. Additionally,
under the pH controlled nitrate reduction reaction, the formation of
AlOOH is very greatly retarded indicating that the AlOOH formation is
mainly relative with the change of the solution pH. The significance of
this observation is that it confirms that the Al is not consumed stoi-
chimoterically during the nitrate reduction reaction. The formation of
AlOOH is also further evident by the cross-sectional SEM images shown
in Fig. S1. The cross-sectional SEM image of the unreacted and the 48 h
reacted TiO2/Al catalysts are shown in Fig. S1a and b respectively. As
shown in Fig. S1a, the TiO2/Al catalyst contains roughly a ∼ 30 μm
thick TiO2 layer on the Al substrate and a well defined crystalline TiO2

nanoparticles were clearly noticeable. However, in the reacted TiO2/Al
catalyst, TiO2 particles are partially covered with the AlOOH layer and
we believe that the stability of the Ti+3 and Ti+2 could be due to the
passivation of TiO2 particles by the formation of a thin layer of AlOOH
on TiO2 particles. To confirm the passivation of Ti+3 and Ti+2 oxida-
tion states in TiO2 by the AlOOH layer, the EDS of the TiO2/Al catalyst
was carried out for the 48 h reacted sample and the mapping of Ti, Al
and O distribution in the catalyst is shown in Fig. S1c. As shown in Fig.
S1c, diffusion of AlOOH into the TiO2 layer is clearly noticeable and
these diffused AlOOH covered the TiO2 nanoparticles which would lead
to the passivation of Ti+3 and Ti+2 oxidation states in TiO2. Interest-
ingly, it was noted that by using the TiO2/Al catalyst in the presence of
visible light, the nitrates in the water can be effectively removed and in
the following section the photocatalytic reduction of nitrates on the
TiO2/Al and TiO2/FTO catalysts are discussed.

3.2. Photocatalytic nitrate reduction with the TiO2/Al catalyst

The reduction of nitrate on the TiO2/Al catalyst was carried out for
100 ppm nitrate solution under the UV–vis irradiation. For control re-
actions, the nitrate reduction reaction was also carried out with the Al
substrate without TiO2 under the same illumination condition and with
the TiO2/Al catalyst under the dark condition. As shown in Fig. 4, when
the TiO2/Al catalyst is irradiated with the UV–vis light (intensity of

Fig. 2. The XPS measurements of (a) TiO2/Al and (b) TiO2/FTO catalysts taken after exposing them at light intensity of 100mW/cm2 at pH 6.5 in dist. H2O for one h.
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100mW/cm2), the concentration of the nitrate is decreased at a rate of
4.18mg/L h−1 (rate constant of 0.114 h-1) and over 99% nitrate re-
moval was observed in 24 h of reaction. At the similar reaction condi-
tion, only 20% nitrate reduction was noted with the TiO2/FTO catalyst.
Also, no decrease in nitrate amount was noted when the reaction was
carried out in dark condition (either with TiO2/FTO and TiO2/Al) or Al
substrate alone (without TiO2) under illumination. These results sug-
gest the light initiated photocatalytic degradation of nitrate with the
TiO2/Al catalyst.

As described earlier, when the TiO2/Al catalyst is exposed to light,
Ti3+/2+ states are generated in the TiO2 and to check whether these
Ti3+/2+ states could reduce the nitrates, the reduction of nitrate re-
duction was carried out with the Ti3+/2+ states containing blue co-
loured TiO2/Al catalyst under dark condition as follows; the TiO2/Al
catalyst was pre-irradiated in water for 3 h to generate sufficient Ti+3

states in the TiO2/Al (dark blue) catalyst and the pre-irradiated TiO2/Al
catalyst was immersed in 100 ppm nitrate solution and the reduction of
nitrate concentration was measured under dark conditions.
Interestingly, a decrease in nitrate concentration in solution was noted
with the pre-irradiated TiO2/Al (dark blue) catalyst under the dark
condition at a rate of 2.13mg/L h−1 confirming the participation of
Ti+3/+2 states in the degradation of nitrate reduction reaction. On the
other hand, when the nitrate degradation was carried out under dark
conditions with the initial TiO2/Al sample that contains only Ti4+

states, nitrate degradation was not observed hence, it confirms that
Ti+3/+2 sites are responsible for the nitrate reduction reaction.
Otherwise, the importance of this finding is that the Ti+3/+2 states
present in the pre-irradiated TiO2/Al catalyst can be used for the in-situ
treatment of groundwater nitrates by burying them under the soil as the
active Ti+3/+2 states generated in the pre-irradiated TiO2/Al catalyst
under light condition can reduce the ground water nitrates under no
light condition. This process can be cycled by intermittent irradiation of
the TiO2/Al catalyst.

The dependence of the photocatalytic nitrate reduction rate on the
initial nitrate concentrations was investigated and the results are shown
in Fig. 5a. As shown in the inset in Fig. 5a, the plot of ln(C0/C) versus
reaction time (t) for different initial nitrate concentrations of
(50–200 ppm) at optimal conditions of pH 5 and TiO2/Al (2 mg of TiO2

in 1 cm2 Al, 2.5× 15 cm2 Al) yields a linear relationship, indicating the
first-order kinetics for nitrate degradation. Furthermore, as shown in
Fig. 5a, for the nitrate concentrations between 10–100 ppm nitrate and
75.0 mg of TiO2 catalyst under one sun condition, a first-order reaction
with a rate constant of ca. 0.002min−1 can be clearly established.
These kinetic data indicate that the reduction of nitrate with the TiO2/
Al catalyst at the reaction condition mentioned is not limited by the
generation of charge carrier generation by the light reaction. To elu-
cidate the effect of dosage of catalyst on the nitrate reduction reaction,
nitrate reduction was carried out by varying the catalyst amount in the
range 0.80–0.25mg/l of TiO2 catalyst at 100 ppm nitrate concentration
(the TiO2 amounts in the reaction medium was changed by taking
different sizes of TiO2/Al stripes for the reaction). A maximum con-
centration of 100 ppm was selected in this study as it was reported to be
the upper limit of the contaminant nitrate level in the groundwater. The

Fig. 3. XRD patterns of the TiO2/Al catalyst, (a) before the reaction and (b) after 60min of irradiation at light intensity of 100mW/cm2 at pH 6.5 in dist. H2O.

Fig. 4. Reduction of 100 ppm nitrate concentrate with time (A) TiO2/FTO
catalyst under irradiation (B) TiO2/Al catalyst under irradiation of 100mW/
cm2, (C) Al alone under light and (D) TiO2/Al catalyst under dark. (The amount
of TiO2/Al catalyst is 2mg of TiO2 per 1 cm2 of Al substrate2.5 cm×15 cm
area).
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dependence of catalyst dosage on the nitrate reduction is shown in
Fig. 5b. As expected at a lower dosage of catalyst, the reaction is de-
pended on the catalyst amount and hence the total number of active
sites as the excited charge carrier generation is limited by the less
number of active sites due to less amount of catalyst.

Additionally, the formation of hydrogen was noted with the con-
comitant nitrate reduction reaction when the TiO2/Al catalyst was ir-
radiated with 100 ppm nitrate solution. The hydrogen formation of the
TiO2/Al catalyst was investigated with the pure water and the nitrate
solution and details of hydrogen analysis are given in SI. With the pure
water and 100 ppm nitrate solution, 130 and 80 μl of hydrogen amounts
were observed respectively after 2 h of irradiation of the TiO2/Al cat-
alyst at a light intensity of 100mW/cm2. The mechanism of nitrate
reduction on the TiO2/Al catalyst surface and the way the active hy-
drogen generated assists in the nitrate reduction reaction are discussed
in section 2.3.

3.3. Mechanism of the nitrate reduction reaction and the intermediate
products

To establish the nitrate reduction path, expected reaction products
in the nitrate reduction process such as nitrite and ammonia were
monitored during the nitrate reduction reaction with the reaction time.
As shown in Fig.6, with a lag time of two hours, both nitrite and am-
monia formation was clearly observed. Also, with the decrease in ni-
trate concentrate, a concomitant increase in ammonia concentration
can be observed while the nitrite concentration remains well below
1 ppm level. Furthermore, initially after 2 h of reaction, 2–3 ppm nitrite
was noticed while the amount of ammonia was less than 0.1 ppm in-
dicating that the nitrate is initially reduced to nitrite. The very low level
of nitrite concentration during nitrate reduction reaction indicated that
the nitrite is readily reacting on the TiO2/Al catalyst. The observation
that, when a 100 ppm nitrite solution was irradiated with the TiO2/Al
catalyst, the nitrite concentration in the solution was decreased rapidly
with the formation of ammonia as the major product. The observed fast
nitrite reduction kinetics on the TiO2/Al catalyst is consistent with
previous reports of nitrite and nitrate reduction kinetics [53]. Similarly,
when a 100 ppm ammonia solution was irradiated with the TiO2/Al
catalyst, the formation of nitrate or nitrite was not observed but a slight
decrease in ammonia concentration was noted. A slight decrease in
ammonia concentration could be due to decomposition of ammonia or
purged off the ammonia from the solution. It is known that the re-
duction of nitrate to nitrite involves two electrons, and the reduction of
nitrite to ammonia involves six electrons [54]. Despite the reduction of
nitrite to ammonia involves six electrons compared to two electrons in
the reduction of nitrate to nitrite, the reduction of nitrate to nitrite is
the rate determining step as it is a kinetically less favourable reaction
[54]. Furthermore, the direct reduction of nitrate to ammonia is less
favourable as it involves eight electrons. Hence, based on nitrate and
nitrite degradation kinetics, it can be assumed that nitrate is first re-
duced to nitrite (a slow process) followed by the reduction of nitrite to
ammonia (a fast process).

As the intermediate species identified in the solution during nitrate
reduction reaction with the TiO2/Al catalyst indicate that the nitrate is
initially reduced to nitrite and then the nitrite is converted to ammonia,
to identify the intermediate species formed on the catalyst surface and
to investigate the nitrate reduction mechanism, FTIR study of the TiO2/
Al catalyst surface was carried out at different time intervals. The FTIR
spectra of the TiO2/Al catalyst before and after exposure to nitrate
solution are shown in Fig. 7a and b respectively. In the FTIR spectra of
the TiO2/Al catalyst before exposure to nitrate solution (Fig. 7a), the

Fig. 5. (a) Reduction of nitrate with the variation of the initial nitrate con-
centration with the TiO2/Al catalyst. The inset shows the plot of ln(C0/C) versus
reaction time (t). (The amount of TiO2/Al catalyst is 2mg of TiO2 per 1 cm2 of
Al substrate2.5 cm×15 cm area, light intensity of 100mW/cm2), (b)
Reduction of nitrate with the variation of the amount of TiO2/Al catalyst. The
amount of TiO2 was changed by varying the size of the Al strip. (The amount of
TiO2/Al catalyst is 2 mg of TiO2 per 1 cm2 of Al substrate, light intensity of
100mW/cm2).

Fig. 6. Formation of nitrite and ammonia during nitrate reduction reaction
with TiO2/Al catalyst under irradiation; variation of concentrations of (A) ni-
trate, (B) nitrite and (C) ammonia with the reactions time.
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Fig. 7. FTIR spectra of (a) TiO2/Al catalyst before expose to nitrate solution,(inset shows the expanded FTIR of the TiO2/Al catalyst) (b) - i adsorbed nitrate on TiO2/
Al catalyst before irradiation, (b)-ii after irradiation for 6 h and (b)-iii after irradiation for 24 h. Inset in Fig. b shows the expanded FTIR to show the decrease in
adsorbed nitrate peak at 1384 cm−1 with the reaction time and (c)-i and ii expanded FTIR spectra of Fig. 7b to show the increase in ammonia peaks with the reaction
time.
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TieO bridging peaks at 502 cm−1, TieO non bridging peak at
663 cm−1, OH bending at 1604 cm−1, TieOH stretching 3200 cm−1,
and the OH/H2O stretching vibrations at 3440 cm−1 can be identified
[54,55]. When the nitrate solution was introduced to the TiO2/Al cat-
alyst, nitrates are adsorbed at the acid sites of TiO2 by electrostatic
interactions as a result of the reduction of the coordination number of
terminal Ti4+ (presence of Ti3+ sites) leads to a positive charging of the
surface. As shown in Fig. 7b and the inset in Fig. 7b, the bands at 1616,
1539 and 1249 cm-1 can be assigned to the N]O stretching mode of
bidentate nitrate, TieO2NO and the bands at 1454 and 1384−1 can be
assigned to monodentate nitrate [54–57].

According to the FTIR results shown in Fig.7b, it can be clearly
demonstrated that the intensity of the peak at 1385 cm−1 which is due
to the stretching vibration of NeO (nitrate) decrease after 6 h of irra-
diation and almost diminished after 24 h because of the abatement of
nitrate ions on the TiO2/Al catalyst. Also it was noted the fast dis-
appearance of monodentate nitrate than the bidentate nitrates. As
shown in Fig. 7b, with the disappearance of nitrate IR bands on the TiO2

surface, concomitant appearance of strong IR bands that are corre-
sponding to ammonia was noted. For clarity of presentation, the ex-
panded FTIR spectra of Fig. 7b in the 3000–4000 cm−1 and
880–1080 cm−1 are shown in Fig. 7C-i and C-ii respectively. As shown
in Fig. 7b and c, the sharp peaks at 3470 cm−1 and 3421 cm-1 located in
the regions of 3400–3100 cm−1 can be ascribed to NeH stretching vi-
bration of coordinated ammonium ions [58]. Additional bands seen at
1012 and 974 cm−1 also can be attributed to ammonium ion co-
ordinated at Lewis acid sites. As shown in Fig. 7b and c, the gradual
increase of the intensity of bands due to ammonia with concomitant
decrease in the intensity of nitrate band is a clear evidence that nitrate
is converted to ammonia with the irradiation time. Despite nitrite was
detected in nitrate reduction solution, IR bands due to nitrite is not
clearly distinguishable on the TiO2/Al catalyst surface which could be
probably due to the fast conversion of nitrite into ammonia as described
in photocatalytic degradation of nitrite in section 3.2. On the other
hand, nitrate and ammonia amounts are higher than the amount of
nitrate on the TiO2 surface and hence strong IR responses due to nitrate
and ammonia may overlap the weak IR bands of nitrite. On the other
hand, strong IR response of nitrate and ammonia (the concentrations of
ammonia and nitrate are much higher than the nitrite concentration)
may overlap the weak IR bands of nitrite.

With these obtained results, a possible reaction pathway for the
nitrate reduction is given in Reactions (1–8) and schematically shown
in Fig. 8. As the first step of nitrate reduction on the TiO2/Al catalyst,

nitrate molecules formed bidentate (mainly) or monodentate (minor)
chelating adsorbed species on the TiO2 surface (Reaction 1). Once ni-
trates are adsorbed on the surface of TiO2/Al catalyst, the nitrates are
then reduced by the electron enriched titania species probably by Ti3+/
Ti2+ sites generated via the Reaction (2)leading to the formation of
nitrites (Reaction 3). In the process of catalytic nitrate reduction pro-
cess on the TiO2/Al catalyst, the reduce Ti3+ sites act as both light
harvesting sites and catalytic sites. On the other hand, it is known that
these reduce Ti3+/Ti2+ states capture excited charge carriers and react
with H+ generating active Ho (Reaction 4) and these active Ho can be
combined to form H2 (Reaction 5) [41]. The active Ho readily reacts
with nitrites formed by the Reaction (3) and the nitrite is rapidly re-
duced to the ammonium ion (Reaction 6). The active Ti sites can be re-
generated by leaving the NH3 formed on the TiO2 surface.

In the photocatalytic nitrate degradation process described, nitrates
are first reduced to nitrite and then to ammonia and the rate de-
termining step is the reduction of nitrate to nitrite. Formation of active
Ho by the Ti3+ states may accelerate or facilitate the nitrate reduction
reaction. As described earlier, the lower hydrogen yield with nitrate
solution than the pure water could be due to the consumption of gen-
erated hydrogen in the nitrate reduction reactions as given in Reactions
(1)–(8). Additionally, holes can react with adsorbed OH species or Al
generating OH radicals or Al3+ species respectively as given in Reac-
tions (7) and (8). The reported novel nitrate reduction method in this
investigation by the in-situ generated reduced Ti3+/2+ species is a
simple, effective and low cost method to treat nitrate in water.

≡ + → ≡ −

≡

− −TiO NO (sol) TiO NO (ads)
(TiO surface of TiO )

2 3 2 3

2 2 (1)

TiO2/Al+ hν → e−+h+ (2)

TiO2≡
− NO3

−(ads)+ 2e−+H2O → TiO2≡ −NO2
− (ads)+ 2OH−

(3)

e−+H+
→ active Hº (4)

Hº+Hº → H2 (5)

TiO2≡ −NO2
− (ads)+ 6e−+7H+

→ TiO2≡ −NH3(ads)+ 2H2O
(6)

h++OH → OHº (7)

3h++Al → Al3+ (8)

Fig. 8. Schematic presentation of the proposed nitrate reduction path and the intermediate formation mechanism.
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These results clearly demonstrate that the in-situ generated Ti3+

and Ti2+ sites in TiO2 particles by the active Al-TiO2 interaction can
degrade nitrate efficiently and based on the reaction products a possible
photocatalytic nitrate reduction mechanism was discussed.

4. Conclusions

Nitrates in water and especially groundwater can be removed effi-
ciently by the in-situ generated Ti3+ and Ti2+ sites in TiO2 particles.
The generation of Ti3+ and Ti2+ sites in TiO2 particles by the active Al-
TiO2 interaction is an alternative to the high-temperature Ti3+ and
Ti2+ generation by the hydrogenation process. In-situ generated, Ti3+

and Ti2+ sites in TiO2 particles by the active Al-TiO2 interaction are
found to be highly stable. The TiO2/Al catalyst is found to be active in
the Vis-near IR regions of the solar spectrum and the active sites of the
catalyst are the reduced Ti3+and Ti2+ states in the TiO2 lattice. In the
photocatalytic nitrate degradation process, nitrates are first reduced to
nitrite and then to ammonia and the rate determining step is the re-
duction of nitrate to nitrite. Formation of active Ho by the Ti3+ states
may accelerate or facilitate the nitrate reduction reaction. The novel
nitrate degradation method reported in this investigation can be em-
ployed to treat the nitrate-contaminated water effectively as it is
simple, effective and low cost. More importantly, the nitrate removal
processes described in this investigation is environmentally benign.
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