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Abstract The photocatalytic removal of nitrate with simulta-
neous hydrogen generation was demonstrated using zero-
valent nano-copper-modified titania (P25) as photocatalyst
in the presence of UV-A-Vis radiation. Glycerol, a by-
product in biodiesel production, was chosen as a hole scaven-
ger. Under the adopted experimental conditions, a nitrate re-
moval efficiency up to 100% and a simultaneous hydrogen
production up to 14 μmol/L of H2 were achieved (catalyst
load = 150 mg/L, initial concentration of nitrate = 50 mg/L,
initial concentration of glycerol = 0.8 mol/L). The reaction
rates were independent of the starting glycerol concentration.
This process allows accomplishing nitrate removal, with the
additional benefit of producing hydrogen under artificial UV-
A radiation. A kinetic model was also developed and it may
represent a benchmark for a detailed understanding of the
process kinetics. A set of acute and chronic bioassays
(Vibrio fischeri, Raphidocelis subcapitata, and Daphnia
magna) was performed to evaluate the potential ecotoxicity

of the nitrate/by-product mixture formed during the photocat-
alytic process. The ecotoxicological assessment indicated an
ecotoxic effect of oxidation intermediates and by-products
produced during the process.
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Introduction

Nitrate is one the most abundant and widespread environmen-
tal contaminants, due to the massive introduction of nitrogen
to ground and surface waters, as a result of agricultural activ-
ities and disposal in the environment of livestock manure (Rao
and Puttanna 2000). High concentrations of nitrate in natural
waters can affect human health and cause methemoglobine-
mia, also known as Bblue baby^ syndrome, a fatal disease in
early infancy (Knobeloch et al. 2000). Nitrate can be endoge-
nously transformed into nitrite by the digestive bacterial mi-
croflora; nitrite ions can be subsequently transformed into N-
nitroso compounds, which are highly mutagenic molecules
(Ward et al. 2005). Camargo and Ward (1995) indicated that
nitrate ecotoxicity to aquatic animals increases with increasing
exposure time and nitrate concentration, due to the conversion
of oxygen carriers (e.g., hemoglobin, hemocyanin) to species
that are unable to deliver oxygen (e.g., methemoglobin).

Biological processes are widespread for nitrate removal
from civil wastewater. Despite this, chemical–physical
processes are preferred over biological processes in many
industrial applications. Electro-kinetic denitrification,
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reverse osmosis, ion exchange, and chemical reduction are
efficient options. In spite of their effectiveness, both bio-
logical and chemical-physical processes have some draw-
backs, such as sludge production, relatively high operative
costs, and formation of toxic by-products (Kapoor and
Viraraghavan 1997).

Among novel technologies for nitrate removal from waste-
waters, photocatalytic reduction processes could allow solar
energy to convert nitrate to less harmful by-products, such as
nitrogen. During the last decade, numerous studies focused on
TiO2 materials doped with noble metals added in order to
increase the photocatalytic activity of pristine TiO2 catalysts
(Li et al. 2010; Anderson 2011; Kominami et al. 2001; Soares
et al. 2014; Wehbe et al. 2009; Gao et al. 2004; Zhang et al.
2005; Yang et al. 2013; Doudrick et al. 2013; Parastar et al.
2013; Ren et al. 2015). The photocatalytic reduction of nitrate
is generally performed under deaerated conditions and in the
presence of organic compounds. The organic compounds act
as scavengers of photogenerated holes, thus reducing the par-
asitic recombination of photogenerated electron hole (sacrifi-
cial photocatalysis). However, there are only few literature
studies focused on the use of TiO2-based materials doped with
copper, a metal cheaper than the noble metals, such as Ag, Au,
Pd, and Pt, for removing nitrate from wastewater (Luiz et al.
2012; Yamauchi et al. 2011; Jin et al. 2004; Sá et al. 2009).
According to recent literature findings (Colon 2016; Puga
2016), some selected photocatalytic systems for nitrate re-
moval from wastewaters can also produce hydrogen.
Recently, Clarizia et al. (2016a, 2016b) demonstrated that hy-
drogen production rate could be enhanced with respect to bare
P25 through photocatalytic reforming of oxygenated species
(i.e, alcohols and carboxylic acids) in the presence of copper
nanoparticles Bin situ^ photodeposited on P25 catalyst.
Analytical investigations showed the formation on TiO2 of
zero-valent copper nanoparticles with a mean diameter close
to 30 nm. The aim of the present study is to demonstrate the
possibility of using the same catalyst (nano-Cu(s)/P25) for ni-
trate removal from aqueous solution and hydrogen generation
under artificial UV-A-Vis radiation. Glycerol, a major by-
product in biodiesel manufacturing processes (Tan et al.
2013), was chosen as a model hole scavenger (Taylor et al.
2014; Jung et al. 2016), although many other species such as
alcohols, sugars, and carboxylic acids may be considered in
the applications (Yoong et al. 2009). Moreover, the presence
of these species in nitrate-containing wastewater may be
hypothesized.

A multilevel ecotoxicological study was carried out in or-
der to evaluate the ecotoxicity of treated and untreated solu-
tions. A battery of acute and chronic ecotoxicity tests,
adopting biological models belonging to various trophic levels
such as Vibrio fischeri (bacteria), Raphidocelis subcapitata
(green algae), and Daphnia magna (crustacean), was thus
performed.

Material and methods

Materials

Glycerol (≥99.5%), TiO2 nanopowder (aeroxide TiO2-P25),
cupric sulfate pentahydrate (CuSO4·5H2O, >98%), sodium
nitrate (>99%), sodium nitrite (99%), ammonium chloride
(99.5%), phenol (>99%), ethanol (>99%), sodium nitroprus-
side dihydrate, sodium hypochlorite, and sodium citrate triba-
sic (>99%) were purchased from Sigma-Aldrich. Bidistilled
water was used for the preparation of the suspensions.

Test organisms V. fischeri and reagents for ecotoxicity as-
sessment (i.e., OAS, osmotic adjusting solution of sodium
chloride, 22%) were supplied by ECOTOX LDS.

Photocatalytic device

Photocatalytic experiments were carried out in an annular
glass batch reactor (310 mL). The reactor was magnetically
stirred and thermostated at 25 °C through a thermostatic bath
(Falc GTR 90). A high-pressure mercury vapor lamp (Helios
Italquartz, 125W), mainly emitting in the wavelength range of
300–400 nm (manufacturer’s data), was placed in the center of
the photoreactor. On the top of the photoreactor, an
inlet allowed feeding reactants and nitrogen gas and an outlet
was used to collect liquid/gaseous samples at varying reaction
times. The photon fluxes of the Hg-lamp were 210 W/m2 for
the wavelength range 300–400 nm and 135 W/m2 for wave-
lengths higher than 400 nm.

Preparation of nano-Cu-loaded TiO2 (nano-Cu(0)/P25)

Commercial TiO2-P25 particles were used with no surface
modifications or pretreatments. For each run, a fixed amount
(45 mg) of bare titania dioxide (P25) was initially added to the
aqueous mixture (300 mL) containing glycerol at a desired
concentration; the pH of the mixture was not adjusted. With
the aim of avoiding the reaction between dissolved oxygen
and photoelectrons, the device was purged with nitrogen at a
flow rate of 0.3 L/min for 30 min before adding of cupric
sulfate pentahydrate to the slurry mixture. The initial cupric
ion concentration ([Cu(II)]0 = 0.24 mM) was chosen on the
basis of previous literature results on the kinetic modeling of
hydrogen production through photocatalytic reforming of
glycerol (Clarizia et al. 2016). In particular, a percentage of
10% (w/w) of copper was initially added into the mixture
(150 mg/L, titania). The deposition of copper on TiO2 was
realized by switching on the lamp and irradiating the suspen-
sion up to the complete reduction of cupric ions, which was
monitored by sampling at different time intervals. Once pre-
pared, the catalyst was characterized following procedures
reported elsewhere (Clarizia et al. 2016b). The catalyst result-
ed to be constituted of zero-valent copper nanoparticles
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deposited on TiO2 surface. The main properties of the
photocatalyst (nano-Cu(0)/P25) are listed in Table 1.

Analytical procedures

Sodium nitrate was added as nitrogen source when cupric ions
were completely photoreduced on the P25 titania surface (1 h
after adding CuSO4·5H2O). In some experiments, sodium ni-
trite or ammonium chloride were used. Throughout the pho-
tocatalytic runs, the system was kept under an inert atmo-
sphere (nitrogen) in order to prevent the entrance of air in
the photoreactor.

Gaseous and liquid samples were collected at various treat-
ment times by means of Tedlar gas sampling bags (1 L) and
glass syringes (10 mL), respectively. Gaseous samples were
analyzed by a gas-chromatograph (Agilent 7820A) equipped
with a HP-PLOT Molesieve 5A column (Agilent) and a TCD
detector using argon as carrier gas. After being filtered on re-
generated cellulose filters (pore diameter 0.20 μm, Scharlau),
the liquid samples were used to measure pH and concentrations
of total dissolved copper, nitrate, nitrite, and ammonia.

The concentration of total dissolved copper was measured
by a colorimetric method using an analytical kit (Macherey-
Nagel) based on the oxalic acid bis-cyclohexylidenehydrazide
(cuprizone). An UV-Vis spectrophotometer (Cary 100 UV-Vis
Agilent) was used for colorimetric analysis at 585 nm. Nitrate
and nitrite were analyzed using ion chromatography (883 Basic
IC PLUS, Metrohm) with a Metrosep A Supp 5250/4 column
(eluent: 3.2 mmol/L sodium carbonate, 1.0 mmol/L sodium
hydrogen carbonate). Ammonia concentration was measured
using a colorimetric method (indophenol blue method). The
pH of the solution was monitored by means of an Orion 420
p pH-meter (Thermo). The photon flux of the lamp was mea-
sured through a digital radiometer (Delta Ohm HD 2102.1).

Ecotoxicological procedures

Test organisms were exposed to aqueous filtered samples,
collected at various treatment times (0, 90, 180, and
360 min), and diluted 1/10. At the same time, negative control
tests were carried on tested species with bidistilled water and
with a solution containing only nano-Cu(0)/P25.

Acute Microtox tests were performed using V. fischeri
NRRL-B-11177 (Gram-negative marine bioluminescent bac-
teria). The ISO 11348-3 protocol (ISO 11348-3: 2008) was
followed using a Microtox Model 500 luminometer. This pro-
tocol allowed the measurement of light outputs at 490 nmwith
readings at varying exposure times (5 and 15 min) and a tem-
perature of 15 °C.

As an endpoint for the acute ecotoxicity tests, the inhibition
of luminescence naturally emitted by the bacterium was used.
Tests were carried out at least in triplicate with a control solu-
tion. The data were statistically processed by the instrument
software and the result was expressed as percentage of lumi-
nescence inhibition (% I).

Chronic toxicity growth inhibition tests with unicellular
algae on R. subcapitata were performed following ISO 8692
protocol (ISO 8692: 2012). The growth of the algae exposed
to the sample was compared to the growth of the algae in a
negative control. The algal density was determined by an in-
direct procedure using a spectrophotometer (Hach Lange
DR5000) equipped with a holder for 5-cm cells. The specific
growth rate of R. subcapitata in each replicate culture was
calculated from the logarithmic increase in cell density in the
range 0–72 h using Eq. (1):

Table 1 Properties of the nano-
Cu(0)/P25 photocatalyst (Clarizia
et al. 2016b)

Support Commercial grade, aeroxide TiO2-P25

Anatase/rutile ratio 80/20

BET-specific surface area (m2/g) 50 ± 15

Average primary TiO2 particle size (nm) 21

Nature of copper deposited Zero-valent copper

Average primary Cu particle size (nm) 30

Band gap (eV) 2.6

Fig. 1 Dissolved copper photoreduction (continuous line) and pH
(dashed line) profiles. Cin (P25) = 150 mg/L, Cu/TiO2 ratio: 10% w/w.
Hole scavenger agent: glycerol (0.8 mol/L)
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ψ ¼ lnNn−lnN0

tn−t0
: ð1Þ

In Eq. (1), N0 is the cell concentration at t = 0, Nn the
final cell concentration after 72 h of exposure, t0 is the
start time of measurement, and tn is the time of last
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Fig. 4 Pseudo-first-order kinetics for nitrate, nitrite, and ammonia
removal versus reaction time; Co = 50 mg/L, [Cu(II)]0 = 0.24 mmol/L;
Cin (P25) = 150 mg/L; (glycerol)0 = 0.8 mol/L. Nitrate (white circle),
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measurement (hours from the start). The percentage inhi-
bition of cell growth was calculated as the difference be-
tween the rate growth of the control and the rate growth
of the sample and expressed as the mean (± standard de-
viation) of the replicates for p ≤ 0.05.

CaCl2·2H2O (18 mg/L), MgSO4·7H2O (15 mg/L), NH4Cl
(15 mg/L), MgCl2·6H2O (12 mg/L), KH2PO4 (1.6 mg/L),
FeCl3·6H2O (0.08 mg/L), Na2EDTA·2H2O (0.1 mg/L),
H3BO3 (0.185 mg/L), MnCl2·4H2O (0.415 mg/L), ZnCl2
(3.0 × 10−3 mg/L), CoCl2·6H2O (1.5 × 10−3 mg/L),
Na2MoO4·2H2O (7.0 × 10−3 mg/L), and CuCl2·2H2O
(1.0 × 10−5 mg/L) salts were used for the preparation of algal
test medium.

The effect of the solution exposure on the reproductive and
survival outputs was assessed in a semi-static chronic test
according to the standard protocol for the Daphnia magna
Reproduction Test (ISO 6341: 2012).

Larval daphnids were exposed for a period of 21 days
to untreated and treated solutions. For each sample, 10
beakers each containing a test solution and a single test
organism were prepared. The solutions were renewed
three times weekly and daphnids were fed daily with a
feeding rate of 3.0 × 107 algal cells per animal per day.
Survival and offspring production were daily recorded;
pH and oxygen were measured too. Test beakers were
incubated at 21 ± 1 °C under a photoperiod of 12-h light
and 12-h dark.

Reconstituted water was used as dilution water for cladoc-
eran toxicity tests (CaCl2 dihydrate 290 mg/L, MgSO4

heptahydrate 120 mg/L, NaHCO3 65 mg/L, and KCl 6 mg/L
with a pH of 7.8 ± 0.2).

Results and discussion

Figure 1 shows the profile of dissolved copper concentration
and pH during the photoreductive deposition of cupric ions on
P25.

As shown in the photos of Fig. 1, which were taken before
switching on the lamp and after complete copper
photodeposition, suspension color turned from white to light
red-brown, whereas pH falls from 5.4 to 3.3.

The process of copper photoreduction and decrease in pH
can be ascribed to the reduction of cupric species by
photogenerated electrons (r1) and the oxidation of glycerol
by photogenerated positive holes (r2):

Cu IIÞþ2e−→Cu 0Þðð ðr1Þ
Glycerolþn hþ→Productsþn Hþ ðr2Þ

In order to assess the occurrence of specific side effects
that may undermine a correct kinetic evaluation, prelimi-
nary experimental runs were performed in the following
conditions: (i) in the dark with zero-valent nano-copper
P25 catalyst, (ii) under UV-Vis radiation with pristine
P25 and glycerol as hole scavengers, and (iii) under UV-
Vis radiation in presence of nano-Cu(0)/P25 without glyc-
erol. None of these preliminary tests revealed any nitrate
depletion within 5 h of treatment time (data not shown).
The results confirmed that (i) both direct nitrate photolysis
and nitrate adsorption on the catalyst can be neglected; (ii)
in presence of bare TiO2, the efficiency of the process to
reduce nitrate is negligible; (iii) glycerol acts as a hole
scavenger (r2) disfavoring the recombination of
photogenerated electron/hole couple.

Figure 2 shows the nitrate conversion degree, the reaction
yields for nitrite, ammonia and hydrogen, and the pH variation
recorded during 5-h photocatalytic runs.

Under the adopted experimental conditions, nitrate ions
were totally reduced during the first 30 min of treatments.
Longer reaction times were required to remove nitrite ions
(120 min) and ammonia (300 min), which were formed as
intermediates of the photocatalytic reductive process of nitrate
according to the previous literature findings (Ren et al. 2015;
Rosca et al. 2009; Soares et al. 2014; Yuzawa et al. 2012).

As soon as a complete removal of nitrate was observed, a
hydrogen production was recorded. Hydrogen concentration
increased up to a maximum value close to 14 μmol/L. These
observations suggested the hypothesis of competition between

Scheme 1

Table 2 Apparent first-order kinetic constant: [Cu(II)]0 = 0.24 mmol/L; CP25 = 150 mg/L; [nitrate]0 = 50 mg/L

k1 (s
−1) k2 (s

−1) k3 (s
−1) k4 (s

−1) k5 (s
−1)

2.60 × 10−3 ± 6.51 × 10−4 4.69 × 10−4 ± 4.44 × 10−6 2.68 × 10−3 ± 7.46 × 10−5 5.89 × 10−5 ± 3.33 × 10−6 5.85 × 10−5 ± 5.00 × 10−7
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nitrate, nitrate, and hydronium reductions by photogenerated
electrons (r3 and r4):

NO3
− →
þHþ;e−

−H2O
NO2

− →
þHþ;e−

−H2O
NH3 ðr3Þ

Hþ →
þe−

H2 ðr4Þ

In particular, at the beginning of the run, when nitrate con-
centration is high, nitrate reduction prevails with low or no
hydrogen formation. The opposite occurs for higher reaction
times.

The increase in pH during the first 60 min of photocatalytic
treatment can be related to proton consumption required for
reaction r3. When nitrate and nitrite disappeared, the pH
started to decrease due to the occurrence of reaction r2.

For short treatment times (30 min), the highest conversion
degree of nitrate (Fig. 3a) and the lowest nitrite yield (Fig. 3b)
were obtained using higher concentrations of glycerol (i.e.,
0.8–0.08 mol/L). These starting concentrations of hole scav-
engers allowed achieving the highest hydrogen productivities
(Fig. 3c) and the most relevant pH variations (Fig. 3d).
However, for prolonged treatment times (>180 min) the over-
all conversion degree for both nitrate and nitrite was higher

than 97%, although glycerol concentration was higher than
8.0 × 10−4 mol/L.

In Fig. 4, the logarithm of normalized experimental con-
centration of nitrate, nitrite, and ammonia removal are, respec-
tively, plotted versus time: a first-order kinetic law provides an
appreciable preliminary description of the process kinetics.

The experimental results can be described through the
overall reaction:

NO3
−þC3H8O3→C3H6O3þNO2

−þH2O ðr5Þ

In reaction (r5), for 1 mol of nitrate reduced to nitrite, 1 mol
of alcoholic group is selectively converted into an aldehydic
group, thus indicating that the hole scavenger role played by
chemical intermediates (i.e., glyceraldehydes, tartronic acid,
glyceric acid, etc.) in glycerol oxidation cannot be ruled out.

On the basis of these results and considering the previous
literature findings (Ren et al. 2015, Rosca et al. 2009; Soares
et al. 2014), a photocatalytic kinetic network of pseudo-first-
order reaction for nitrate reduction, nitrite reduction, and am-
monia oxidation was proposed (Scheme 1).

As previously stated, nitrate, nitrite, and ammonia concen-
trations were measured, whereas unidentified nitrogen spe-
cies, such as N2 (Zhang et al. 2005; Kominami et al. 2001),
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Fig. 5 Comparison between
experimental (circles) and
calculated (lines) concentrations.
Nitrate (black circle), nitrite
(black star), and ammonia (black
triangle). a
(Glycerol)0 = 0.08 mol/L. b
(Glycerol)0 = 0.8 mol/L. σj
percentage standard deviation for
j-species

Table 3 Measured concentration
of diluted solutions (1/10) during
the photocatalytic process.
[Cu(II)]0 = 0.24 mmol/L; Cin

(P25) = 150 mg/L

Treatment
time

Nitrate Nitrite Ammonia Glycerol

min mg/
L

mmol/L mg/
L

mmol/L mg/L mmol/L mmol/L

0 10 0.16 0 0 0 0 0.8

90 0.89 1.43 × 10−2 0.39 8.48 × 10−3 5.63 × 10−2 3.31 × 10−3 Not
measured

180 0.16 2.58 × 10−3 0.20 4.35 × 10−3 5.01 × 10−2 2.95 × 10−3 Not
measured

360 0 0 0 0 3.65 × 10−2 2.15 × 10−3 Not
measured
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NO (Montesinos et al. 2015), N2O, NH2OH (Goldstein et al.
2016), and N2H4 (Yuzawa et al. 2012), were generally indi-
cated as a pseudo-component X.

The kinetic constants of the reaction network proposed
were estimated by solving the mass balance differential equa-
tions for each species and adopting a least-squares iterative
procedure.

Such procedure compares nitrate, nitrite, and ammonia
concentrations measured during runs at initial nitrate concen-
tration of 50 mg/L and initial glycerol concentrations in the
range 8.0 × 10−1–8.0 × 10−3 mol/L, with theoretical values
estimated by the Matlab® software. The best estimated values
along with their uncertainties are shown in Table 2.

Some comparisons between calculated and measured con-
centrations for nitrate and nitrite and ammonia are shown in
Fig. 5a and b.

Ecotoxicological assessment

An ecotoxicological investigation, using different living or-
ganisms (V. fisheri, R. subcapitata, and D. magna), was un-
dertaken on aqueous mixtures of glycerol and nitrate untreated
solutions, as well as on samples submitted to the photocata-
lytic treatment at different irradiation times (0, 90, 180, and
360 min). The measured initial and residual concentrations of

nitrate, nitrite, and ammonia species, after a dilution ratio of
1/10, are reported in Table 3.

Vibrio fisheri

The toxicity values (luminescence inhibition) to V. fischeri of
untreated samples containing the sole glycerol under all the
test regimes ranged from 5 to 15% (Fig. 6). This effect was
antagonized by the presence of nitrate with only 5% of toxic
effect (untreated sample, 0 min).

Few references can be found in the literature concerning
the toxicity of nitrate and glycerol for unicellular species, as
the main mechanism of action of glycerol and nitrate is to
support cell division in bacteria (Hickey and Martin 2009).

Treated solutions showed a toxic effect which increased
with increasing treatment time. After 360 min of photocatalytic
treatment, ecotoxicity test of solutions starting from the sole
glycerol led to a 40% reduction of luminescence after 15 min
of exposure (Fig. 6a), whereas 30% of luminescence inhibition
resulted for sample starting from nitrate and glycerol (Fig. 6b).

Raphidocelis subcapitata

The results collected on the ecotoxicity test using
R. subcapitata alga showed a slight stimulating effect on the
algal growth for untreated samples (0min) (Fig. 7). These data

Fig. 6 Luminescence inhibition of Vibrio fischeri after 5 and 15 min of exposure. The results are expressed as mean of three replicates ± standard
deviation. a Glycerol only (0.8 mmol/L) and its treated solutions. b Glycerol (0.8 mmol/L) + nitrate (0.16 mmol/L) and its treated solutions

Fig. 7 Algal (Raphidocelis
subcapitata) growth inhibition at
72 h of untreated and treated
solutions. a Glycerol only
(0.8 mmol/L). b Glycerol
(0.8 mmol/L) + nitrate
(0.16 mmol/L). Negative values
of inhibition indicate stimulation
of growth
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are in agreement with the previous literature finding (Wood
et al. 1999). On the contrary, an inhibition effect was observed
for samples withdrawn after 90, 180, and 360 min of treat-
ment. Similar to the results observed for V. fischeri, the
ecotoxicity increased with the treatment time.

Daphnia magna

The survival curves for D. magna are reported in Fig. 8. The
results indicated that the decrease in organism surviving re-
corded for untreated solutions was not significant with respect
to the control data (p > 0.3).

The survival degree of cladocerans was markedly lower for
treated samples. It was reduced to around 50% after 180 min
of treatment. The crustaceans exposed to the aqueous sample
collected after 360 min of photocatalytic process showed the
highest mortality starting at the sixth day of monitoring with
significant statistical differences with control (χ2 = 17.5,
p < 0.002).

The highest average value of total progeny was recorded
for the untreated and treated solutions (Fig. 9).

The lowest value was observed for the sample withdrawn
at 360 min (10 and 13.6 neonates resulted from treated solu-
tions starting from glycerol or glycerol + nitrate) against the
control group (60.7 neonates per adult). Moreover, the first

Fig. 8 Survival curves of
D. magna during the time of
exposure (21 days) for untreated
and treated solutions. a Glycerol
only (0.8 mmol/L). b Glycerol
(0.8 mmol/L) + nitrate
(0.16 mmol/L)

Fig. 9 Cumulative number
nauplii of D. magna after a time
of exposure (21 days) for
untreated and treated solutions. a
Glycerol only (0.8 mmol/L). b
Glycerol (0.8 mmol/L) + nitrate
(0.16 mmol/L)

Environ Sci Pollut Res (2017) 24:5898–5907 5905



brood in untreated samples occurred at the tenth day of assay
similarly in the control group (9 days). On the other hand, the
age of the first reproduction ranged from the 13th to the 15th
day in females exposed to the treated samples (data not
shown).

The ecotoxicological assessment carried out on multi-
trophic species (bacteria, algae, and crustacean) clearly indi-
cated a negative effect of the treated samples, which increased
with prolonging the reaction time. Taking into account that
both nitrate and nitrite were converted during the process up
to a total removal after 360 min of treatment, and that ammo-
nia concentration was more or less constant for the same re-
action times (Table 3), it can be inferred that this ecotoxic
effect may be mainly ascribed to unknown organic intermedi-
ates and by-products formed during the photocatalytic oxida-
tion of the sacrificial agent (glycerol).

Conclusions

A kinetic investigation was undertaken on nitrate and nitrite
degradation by means of UV-A-Vis radiation in the presence
of zero-valent nano-copper loaded on TiO2 (P25) and glycer-
ol. The simultaneous production of hydrogen was evaluated at
varying initial conditions. Nitrate and photogenerated nitrite
were successfully removed. The hole scavenger concentration
deeply affects the reaction rate and the hydrogen yield. In
particular, hydrogen production increased with increasing ini-
tial glycerol concentration, thus highlighting the role of or-
ganics in the photocatalytic process. On the basis of the col-
lected data, a simplified kinetic scheme was proposed and the
pseudo-first-order kinetic constants were evaluated.

A schematic diagram of the proposed mechanism for ni-
trate reduction, nitrite reduction, and ammonia oxidation

using zero-valent nano-copper-modified P25 as a
photocatalyst and glycerol as a hole scavenger is shown
(Scheme 2).

The ecotoxicological assessment pointed out an increase in
chronic effects with increasing the treatment time towards the
tested organisms, thus indicating an ecotoxic effect of un-
known by-products formed during the photocatalytic process.
This effect is mostly related to the presence of species deriving
from the oxidation of glycerol (used as a hole scavenger). On
the other hand, the presence of nitrogen by-products was not
related to an increase of the toxicity. The results indicated that
copper-TiO2 (P25) material Bin situ^ prepared favors the si-
multaneous photocatalytic hydrogen production and nitrate
reduction by promoting the separation of photogenerated
charges. However, the possibility of simulating photocatalytic
processes in the presence of different hole scavengers could be
considered. In addition, further investigations should be per-
formed to (i) identify the main chemical intermediates and by-
products and (ii) evaluate the influence of the aqueous matrix
(wastewater effluents) and the direct solar irradiation.
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