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a  b  s  t  r  a  c  t

Heterogeneous  photocatalytic  reduction  of  nitrate  (2  mM)  in  the  presence  of formic  acid  (FA,  10  mM)
using  pure  and  modified  TiO2 samples  under  UV–vis  irradiation  was  performed  at  pH  3,  and  the evolution
of  the  intermediate  and  final  products  was  analyzed.  For  this  work,  commercial  samples  (Evonik  P25  and
Cristal  Global  PC500  and  PC10)  were  modified  by  �-radiolysis  with  two  noble  metal  nanoparticles  known
to  behave  differently  in NO3

− transformation,  Ag and  Pd.  P25  was  modified  with  Ag  (0.5  and  2% w/w),
while PC10  and  PC500  were  modified  with  Pd (1%  w/w).  The  order  of  the  photocatalytic  activity  of the
materials  for  NO3

− transformation  was  2 Ag-P25  > PC500  > 0.5  Ag-P25  ≈ P25  �  1 Pd-PC500  > PC10  > 1 Pd-
PC10.  Nitrite  formation  was  observed  in  all cases  but at low  amounts,  and  its concentration  was  negligible
(≤1  �M)  after complete  NO3

− reduction.  Ammonium  was found  as  final  product  and  remained  in con-
siderable  amounts  at the  end of  the  irradiation.  The  nitrogen  balance  accounted  for  a large  amount  of
itrite
mmonium

non-identified  nitrogen  products  formed  during  the photocatalytic  reaction,  probably  N2 or  NO;  this
amount  was  higher  for  the P25  and PC500  pure  samples.  The  efficiency  on  the  use of  FA  as donor  was
evaluated  and PC500  was  found  to be the  most  efficient  sample  in this  sense.  A mechanism  is  proposed
to  clarify  the  still  not  well  understood  process  of  TiO2 heterogeneous  photocatalytic  transformation  of
nitrate,  based  on  literature  data  and  detected  products.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nitrate is a water pollutant related to human activities, with par-
icular impact in groundwaters and drinking water. NO3

− ingestion
auses high damage to health, as methemoglobinemia or stomach
ancer, with high effect on the health of babies, as the “blue baby
yndrome” or cyanosis. The WHO  recommends a value of 50 mg  L−1

s the maximum allowable concentration of NO3
− in drinking

ater [1]. There are very well known treatments for NO3
− removal,

.g., catalytic or electrochemical reduction, electrodialysis, distil-

ation, biological degradation, ion exchange, reverse osmosis, etc.
[2] and references therein). However, more efficient alternatives
re still imperative.

∗ Corresponding author at: Gerencia Química, Comisión Nacional de Energía
tómica, Av. Gral. Paz 1499, Buenos Aires 1650, Argentina.

E-mail addresses: marta.litter@gmail.com, litter@cnea.gov.ar (M.I. Litter).

ttp://dx.doi.org/10.1016/j.cattod.2016.05.044
920-5861/© 2016 Elsevier B.V. All rights reserved.
NO3
− reduction in water can lead to several stable water solu-

ble or volatile species like NO2
−/HNO2, nitrogen oxides (NO, NO2,

N2O), nitroxyl (HNO), hydroxylamine (NH2OH), hydrazine (N2H4),
bimolecular nitrogen (N2) or ammonium (NH4

+), among others.
However, the production of nontoxic forms should be preferred, as
for example, transformation to molecular nitrogen. The presence of
ammonia (NH4

+ + NH3) in waters, although of no direct importance
for human health, might have indirect interference, for example in
disinfection [3]. NO2

−, more toxic than NO3
−, should not be present,

having a WHO  guideline in drinking water of 3 mg L−1 [4].
NO3

− removal from water by reductive heterogeneous photo-
catalysis with TiO2 (HP) attracted the attention for almost 30 years
([2,5,6] and references therein). Recently, our group found for the
first time that nitric oxide (NO) is one of the products of the pho-

−
tocatalytic reduction of NO3 in water using TiO2 and formic acid
(FA) as hole scavenger [7]. As very well established, after irradia-
tion of TiO2 with UV light, electrons are promoted from the valence
band (VB) to the conduction band (CB) of the semiconductor, leav-

dx.doi.org/10.1016/j.cattod.2016.05.044
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2016.05.044&domain=pdf
mailto:marta.litter@gmail.com
mailto:litter@cnea.gov.ar
dx.doi.org/10.1016/j.cattod.2016.05.044
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Table 1
List and characteristics of the TiO2 samples.

Sample Composition SSAa (m2 g−1) Particle size (nm)

P25 (Evonik) 80:20 anatase:rutile 50 25
0.5  Ag-P25 0.5 wt% Ag 49 ND
2  Ag-P25 2 wt% Ag 44 ND
PC500 anatase 317 5–10
Pd-PC500 1 wt% Pd ND ND
PC10 anataseb 10 65–75
Pd-PC10 1 wt% Pd ND ND
02 A. Hérissan et al. / Cataly

ng holes behind; an acceptor A can be photocatalytically reduced
y TiO2 CB electrons (eCB

−) if its redox potential is more positive
han that of the eCB

−, and a donor D can be easily oxidized by VB
oles (hVB

+) if its redox potential is less positive than that of the hVB
+

8–10]. For the most used photocatalyst, Degussa P-25 (now Evonik
EROXIDE® P25), the values of the edges of CB and VB at pH 0 have
een calculated as −0.3 and +2.9 V vs. SHE, respectively [11]. The
rocesses can be described by Eqs. (S1)–(S11) (one-electron steps)
hown in the Supporting Information (SI, Section S1) [2,8,12,13].
enerally, the conjugate anodic reaction is oxidation of water by
VB

+, initiated by Eq. (S4) and ending in protons and oxygen. As
q. (S9) is slow, reductions are generally improved by the addi-
ion of sacrificial agents, such as alcohols or carboxylic acids (RH),
hich form strong reducing species by oxidation by hVB

+ or HO•

Eq. (S10)). These generated intermediates promote also indirect
eductions. Direct NO3

− photocatalytic reduction by TiO2 eCB
− is

ot possible because the redox potential of NO3
− to the radical

nion (E0(NO3
−/•NO3

2−) = − 0.89 V)1 [14,15] hinders eCB
− attack

16]. Actually, poor reactivity for NO3
− reduction or no reaction at

ll has been observed using bare TiO2 in the absence of electron
onors [2,5,16,17]. Therefore, a donor is required to allow indirect
eduction through Eq. (S11); comparative studies have shown that,
n general, FA is the best donor [18–22]. An enhancement of the
fficiency for NO3

− HP transformation has been observed in some
ases with TiO2 modified with nanoparticles of noble metals ([2,5]
nd references therein).

In this work, the efficiency of different TiO2 samples, pure and
adiolytically modified with Ag and Pd nanoparticles, have been
ompared in the NO3

−/FA photocatalytic system. Solvent radiolysis
s a powerful method to synthesize small and relatively monodis-
erse nanoparticles of controlled size and shape [23,24]. Although
t has been very much studied as TiO2 modifier in the NO3

− reduc-
ion, Ag and Pd are less expensive and their study is relevant. A
ather detailed mechanism of NO3

− photocatalytic transformation
s proposed, based on literature data and the identified products.

. Experimental

.1. Materials and methods

Commercial TiO2 samples (Evonik AEROXIDE® P25 and
ristalACTiVTM Millennium PC10 and PC500) were used as
eceived. NO3

− was used as KNO3 (Merck, 99%) and FA was  Carlo
rba (99%). For pH adjustments, dilute KOH (Biopack) was used. N2
as 4.8 grade ([O2] <4 ppm, Linde).

.2. Synthesis of noble-metal nanoparticle modified TiO2 samples

The modified TiO2 samples were those prepared previously by
adiolytic surface deposition of Ag and Pd nanoparticles [23,24].
riefly, an ethanolic solution containing AgClO4 was  mixed with
25 in suspension, sonicated, degassed with N2 and irradiated
nder stirring with a 60Co panoramic gamma  source of 3000 curies
dose rate = 2.3 kGy h−1) [23]. The Pd-PC samples were prepared
imilarly using palladium (II) acetylacetonate and 2-propanol as
he solvent [24]. The modified TiO2 photocatalysts were separated
y centrifugation and dried at 60 ◦C. The main physicochemical
roperties of the samples are summarized in Table 1.
Very small Ag nanoparticles, with homogeneous mean sizes
anging 1.3–2 nm,  were deposited on the TiO2 surface [23], whereas
he Pd nanoparticles were slightly larger (mean size: 3.0 nm)  [24].

1 All redox potentials given in this work are standard values vs. SHE. Values cor-
espond to those in homogeneous solutions, although reactions at the interface can
e  somewhat different.
ND: not determined.
a SSA: BET specific surface area.
b The sintering temperature increases from PC500 to PC10 [25].

Although some properties on Table 1 have been not measured, it
has been reported that the modification of the TiO2 surface by small
percentages of metals does not influence in a significant way the
SSA or the particle size of the precursor [26,27].

2.3. Photocatalytic experiments

The experiments were performed using a commercial glass
photoreactor immersion well (Photochemical Reactors Ltd.) pro-
vided with a medium pressure mercury lamp (125 W,  � > 310 nm,
�max = 365 nm,  other emissions at 408, 436 and 546 nm), sur-
rounded by a water jacket set at 25 ◦C, acting simultaneously as
IR filter. The incident photon flux per unit volume (q0

n ,p/V) on the
wall of the irradiated cell, measured by potassium ferrioxalate, was
24 �einstein s−1 L−1.

A 200 mL  suspension containing 2 mM NO3
−, 10 mM FA and

200 mg  TiO2 was prepared. pH was adjusted to 3 and the suspen-
sion was sonicated for 2 min. 180 mL  were poured into the reactor
and kept under magnetic stirring in the dark for 30 min to ensure
dark adsorption equilibrium. The remaining 20 mL  were used to
evaluate non photocatalytic changes in NO3

− and FA concentra-
tion after 120 min  of stirring in the dark; no changes were observed
in any conditions. The lamp (warmed up during 30 min  out of the
setup) was  put inside the reactor, and 2 mL  samples were periodi-
cally taken. During the dark period and all throughout the run, N2
was bubbled into the reactor at a flow rate of 0.3 L min−1, to warrant
anaerobic conditions. Each sample was first centrifuged and then
filtered through a cellulose acetate membrane (Sartorius, 0.22 �m,
25 mm diameter) before analysis. Negligible changes on pH were
observed at the end of all photocatalytic runs.

At least duplicate runs were performed for each condition,
and the results were averaged, with relative standard deviations
smaller than 5%. The fitting of the experimental points was  made
with Origin 8.0 software, with reduced �2 as the iteration-ending
criterion.

2.4. Analysis

The NO3
− and FA concentrations were measured by HPLC, fol-

lowing a previous reference [28] using an anion exchange column
(Hamilton PRP X100, 250 × 4.6 mm)  with 4 mM potassium biph-
thalate at pH 4.5 as the eluent, at 1 mL  min−1 flow rate. A Cecil CE
4100 pump with a Cecil CE 4200 UV–vis detector (measurement
at 295 nm)  and a 50 �L injection loop were used. NO2

− and NH4
+

concentrations were followed spectrophotometrically according to
Refs. [29] and [30], respectively.

3. Results and discussion
3.1. Conditions of the photocatalytic experiments

Photocatalytic reactions were carried out at pH 3, as NO3
−

reduction in the presence of FA is more effective in acid solutions,
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Fig. 1. Temporal evolution of (a) normalized NO3
− concentration and (b) normalized

FA  concentration during the photocatalytic experiments with P25, PC500 and PC10.
Conditions: [NO3

−] = 2 mM,  [FA] = 10 mM,  [TiO2] = 1 g L−1, pH 3, T = 25 ◦C, � > 310 nm,
A. Hérissan et al. / Cataly

ccording to the following global reactions for NH4
+ and N2 pro-

uction, taken as examples [19,22]:

O3
− + 4HCOOH + 2 H+ → 4 CO2 + NH4

+ + 3 H2O (1)

NO3
− + 5HCOOH + 2 H+ → N2 + 5 CO2 + 6 H2O (2)

Also, at pH values below the pzc (6.4 for P25 [5,22]), the
emiconductor surface is positively charged and facilitates NO3

−

dsorption. FA, upon adsorption on TiO2, dissociates into HCOO−

nd H+, which bind to low-coordinated Ti and O surface atoms,
espectively [31]. Acid pH also favors FA adsorption; although at
H 3, 70% of FA is in the neutral form (pKa = 3.75 [32]), the remain-

ng formate (≈3 mM)  is enough to saturate the P25 surface at 1 g L−1

oading [33].
According to Eqs. (1) and (2), reduction of one mole of NO3

− to
2 requires 2.5 mol  of FA, while a complete reduction to NH4

+ needs
 molar ratio (MR) = 4. Therefore, the use of MR  = 5 assures that FA
ill not be the limiting reagent; a higher FA amount would not

ncrease the photocatalytic activity, due to a competition between
O3

− and formate for the adsorption sites [18,19,34].
O2 has to be eliminated [22,35,36] because it can compete with

O3
− for the reducing agents present in the system [7].

.2. Photocatalytic experiments with pure TiO2 samples

The temporal evolution of NO3
− normalized concentration

uring UV–vis irradiation of a 2 mM NO3
− suspension in the pres-

nce of 10 mM FA and 1 g L−1 of pure TiO2 samples at pH 3
s shown in Fig. 1(a). As observed, the order of reactivity was
C500 > P25 � PC10. Fig. 1(b) shows the decay of FA normalized
oncentration.

A total disappearance of NO3
− at 30 and 45 min  is observed for

C500 and P25, respectively, while PC10 shows a low reactivity.
he experimental data for NO3

− could be fitted to a pseudo-first
rder rate law, according to Eq. (3):

[NO-
3]

[NO-
3]0

= A1 × exp−k1×t + (1 − A1) (3)

here k1 is the pseudo-first order kinetic constant for NO3
−

emoval, and A1 is the fraction of the initial NO3
− that can be

educed. For all samples, A1 = 1, indicating that a complete NO3
−

emoval would be obtained with enough reaction time, even for
C10. Table S1 (Section S2) shows the fitting parameters. In previ-
us photocatalytic studies, the temporal evolution of NO3

− over
25 appeared as curved profiles with little sensitivity to either
O3

− or hole scavenger concentration [5,35,37], but no kinetic
quations have been tested in those works.

The experimental points for FA decay in our experiments could
e fitted with Eq. (4):

[FA]
[FA]0

= A2

[FA]0
× exp−k2×t +

(
1 − A2

[FA]0

)
(4)

here k2 has the same meaning as k1 of Eq. (3), A2 is the con-
entration of FA degraded during the photocatalytic experiment
A2 ≤ 10 mM), and [FA]0 = 10 mM.  The parameters are shown in
able S1. The photocatalytic FA degradation with O2 at almost
onstant concentration showed a Langmuir-Hinshelwood kinetic
ehavior [38], which is not followed in the present anaerobic con-
itions, as FA could not be totally degraded over any photocatalyst
ecause a complete depletion of acceptor species (i.e., NO3

−, NO2
−

nd other intermediates, see below) is reached before the end of

he run for P25 and PC500. For these samples, the k2 values are
enerally smaller than those of k1, indicating that FA degradation
ontinues even after complete NO3

− removal by the action of some
educible intermediates.
�max = 365 nm,  q0
n ,p/V = 24 �einstein s−1 L−1. The dashed lines in (a) and (b) are the

fittings of the experimental points using Eqs. (3) and (4), respectively.

It is important to state that Eqs. (3) and (4) have no theo-
retical footing, they are not connected to any chemical-physical
parameters, and they are only phenomenological mathematical
expressions, as good tools to fit the data.

Comparison of commercial TiO2 samples indicated that PC10
was more active than PC500 for the treatment of species of low
or null adsorption onto TiO2, like phenol or rhodamine-B. This
good performance of PC10 was explained because its manufactur-
ing involves a thermal treatment that increases the particle size
(Table 1) and the crystallinity of the sample, decreasing thus the
rate of electron-hole recombination (e.g. [24,25,39]). In contrast,
compounds that adsorb strongly, such as dichloroacetic, hydroxy-
benzoic or malic acids, are degraded more efficiently over materials
with high SSA, as PC500 or P25. The higher activity of samples with
high SSA in the HP NO3

− transformation has been observed before
[22], what explains the low activity of PC10 in the present case.

Comparing P25 and PC500, Fig. 1(a) and k1 values (Table S1)
indicate that PC500 is better than P25 for nitrate transformation;
Fig. 1(b) and k2 values indicate the same for FA degradation at short
times, although at longer times total FA degradation is higher for

P25 (see A2 in Table S1). P25 has been found to be a better photocat-
alyst than pure anatase samples (e.g. Hombikat or Millennium) for
the oxidation of organic compounds, when O2 is the only or best
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Fig. 2. Temporal evolution of (a) normalized NO3
− concentration and (b) normalized
04 A. Hérissan et al. / Cataly

cceptor and the organic compound is not strongly adsorbed on
he TiO2 surface. This has been attributed to the unique structure
f P25 having an anatase-rutile heterojunction [27,40]. In contrast,
C500 was found more active than P25 in two HP systems similar
o that here studied (i.e., NO3

− transformation in the presence of
A): reduction of Cr(VI) in the presence of EDTA [40] and reduction
f Se(IV) and Se(VI) in the presence of FA [41]. In those cases, both
onors and acceptors are strongly adsorbed on TiO2, and large area
amples (UV100, PC500) promote a high activity [39], enhanced
y a decrease of the recombination rate in particles of size below
0 nm [42].

The A2 values in Table S1 are always ≤10 mM,  and this indicates
hat the amount of FA is enough; when complete NO3

− reduction
s obtained, A2 can be used to compare the efficiency in the use of
onor by the different photocatalysts: PC500 appears as the most
fficient material in this sense.

As products of the HP treatment, NO2
− (pKa = 3.3 [43])2 and

H4
+ were identified and quantified in the aqueous phase. The

est of the possible products has been gathered as “non-identified
itrogen-containing products” (NINP), and their concentration was
alculated from the mass balance using the experimental values of
he effectively measured species at different times (t) (Eq. (5) [7]):

INP = [NO−
3 ]0 − [NO−

3 ]t − [NO−
2 ]t − [NO+

4 ]t (5)

It can be assumed that NINP will correspond to gaseous com-
ounds, e.g., N2, NOx and/or N2O, purged from the reactor by the
2 flow, and to water soluble compounds such as HNO (pKa = 11.4

44,45]3) and NH2OH (as NH3OH+, pKa = 5.93 [46]). These products
ave been not analyzed in the present work. In Figs. S1(a), S1(b)
nd S1(c) of the SI (Section S2), the evolution of the concentration
f NO2

−, NH4
+ and NINP, respectively, normalized to nitrate initial

oncentration, for the three pure samples is depicted. NH4
+ con-

entration increased with rather similar conversions in all cases,
ut no total NO3

− transformation to this product was obtained
ith any of the pure photocatalysts. NH4

+ formation is arrested
t around 30 min  and remained almost unchanged until the end of
he experiment. The observed induction period, much more impor-
ant for PC10, suggests that the transformation of NO3

− to NH4
+ is

ot direct, but passes through several intermediates.
NO2

− was formed at lower concentrations than NH4
+ (cf. Figs.

1(a) and S1(b)). NO2
− evolution shows a very rapid increase in the

rst minutes, followed by a total disappearance ([NO2
−] ≤ 1 �M)

or P25 and PC500 at the end of the run; [NO2
−] remains constant

∼=1 �M)  after 5 min  for PC10 (see Fig. S1(a), inset), reflecting an
dditional disadvantage of this photocatalyst, as this toxic pollutant
s not totally removed, at least as long as nitrate is present in the
ystem. Interestingly, a 10 times higher [NO2

−] was found for PC500
n the first minutes, but additional work has to be done to explain
his behavior.

Fig. S1(c) shows normalized NINP evolution. The produced
mount is higher than the [NH4

+] for the two best photocatalysts,
C500 and P25, reaching around 1.5 mM at 60 min  from the 2 mM
nitial [NO3

−]. The much higher [NO2
−] produced with PC500 in

he first five min  (Fig. S1(a)), which is not the case for the other
ure TiO2 samples, can be related with the maximum value of NINP
bserved at 20 min, i.e., 15 min  after the NO2

− peak and before the

aximum concentration of NH4

+ is attained. This suggests that part
f these NINP are intermediates in the NO2

− reduction to NH4
+ that

annot be purged by the N2 flow, for example, NH2OH.

2 According to the pKa, at pH 3, nitrite can be present as NO2
− or HNO2, but for

implicity, it will be indicated as NO2
− all throughout this text.

3 Different values for this pKa are reported but they are dependent on the spin
tate of the species. The value taken here corresponds to the singlet state.
FA concentration during the photocatalytic experiments with P25, 0.5 Ag-P25 and
2  Ag-P25. Same conditions of Fig. 1. The dashed lines are the fittings using Eqs. (3)
and (4), respectively.

The fitting of the experimental points of the products or inter-
mediates was  not performed due to the complexity of the evolution
seen in the figures.

The concentration of chemical species at 60 min and the selec-
tivity of the reaction products are shown in Table S2 (Section
S2). For P25 and PC500, the selectivity to NINP calculated as
[NINP]/([NO3

−]0-[NO3
−]t) at t = 60 min  was high and very similar

(77 vs. 72%, respectively), and significantly lower for PC10 (50%).

3.3. Photocatalytic experiments with modified Ag-P25 samples

Fig. 2 shows the temporal evolution of normalized [NO3
−] and

[FA] for the Ag-modified P25 samples. The evolution of NO2
−, NH4

+

and NINP, normalized to nitrate initial concentration, is shown in
Figs. S2(a), S2(b) and S2(c), respectively.

The 0.5 Ag-P25 sample was almost equally active as pure P25
for NO3

− transformation, which was  complete at 45 min, whereas
2 Ag-P25 was rather more efficient (Fig. 2(a)), the species totally
disappearing at 30 min. The fitting parameters from Eqs. (3) and
(4) are shown in Table S1 (Section S2). The k1 values indicate that
NO3

− transformation is faster with the Ag-P25 samples compared

with the precursor, especially with 2 Ag-P25. For FA degradation
(Fig. 2(b)), all the modified samples behave similarly: an arrest is
observed at around 20 min  similarly to the case of PC500; P25 gives
the highest FA degradation. However, the k2 values are much higher
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Fig. 3. Temporal evolution of (a) normalized NO3
− concentration and (b) normal-
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or the Ag-containing samples, and the A2 values indicate that these
amples require less FA to achieve a complete NO3

− removal, being
 Ag-P25 the most efficient. The same radiolytically prepared 0.5
nd 2 Ag-P25 samples have been found to be more active than the
ure precursor for phenol degradation [23]. This enhancement has
een attributed to a Schottky barrier formation (∼0.4 eV, as the
ork functions for Ag and P25 are 4.6 eV and 4.2 eV, respectively

19]), leading to a storage of electrons in the Ag(0) nanoparticles
nd a shift of the Fermi level [12]; besides, Ag nanoparticles induce
O3

− reduction by eCB
− [47]. The role of Ag nanoparticles coated

n TiO2 in enhancing the photocatalytic NO3
− transformation has

een reported before [16,18,19,34,47,48].
Toxic products as NO2

− (Fig. 2(a)) and NH4
+ (Fig. S2(b)) are

roduced over the two Ag-modified samples in higher amounts
ompared with P25. Again, as for the pure photocatalysts, some
nduction period is observed in NH4

+ formation. All samples show
 rapid initial NO2

− formation with a maximum at 2 min  and a
omplete disappearance after 15 min  (Fig. S2(a) and Table S2).
oticeably, 2 Ag-P25 produced around 10 times more NO2

− in the
rst minutes than the other two samples, as similarly observed by
ekko et al. for Ag–TiO2 samples prepared by photodeposition [47].
o explanations can be proposed at present for this behavior.

The normalized evolution of NINP can be seen in Fig. S2(c); in
ll cases, the amount of these non-identified products at the end
f the reaction is very important (>1.1. mM),  but it was  higher for
he unmodified P25, the selectivity following the order P25 > 2 Ag-
iO2 > 0.5 Ag-TiO2 (Table S2), meaning that the incorporation of
etals does not improve the production of the gaseous products, in

ontrast with the results obtained by other authors [17,34]. A rather
imilar result was obtained by Sá et al. [18] and by Gekko et al. [47],
ho found that an increase in the reactivity was not accompanied

y a similar enhancement of the selectivity to gaseous products.
imilarly to PC500, 2 Ag-P25 also shows a maximum NINP value,
n this case at 15 min.

.4. Photocatalytic experiments with modified PC samples

Fig. 3 shows the temporal evolution of NO3
− and FA for the mod-

fied PC samples, while the normalized evolution of NO2
−, NH4

+ and
INP is shown in Fig. S3.

The Pd-modified samples showed an important decrease in the
O3

− decay efficiency compared with the pure precursors (Fig. 3(a)
nd k1 in Table S1): at 45 min, only PC500 yielded a complete NO3

−

isappearance. The pure PC10 sample, as said, shows a low reac-
ivity due to their low SSA, which extends to Pd-PC10 (Table 1). In
ontrast, FA degradation at long times was enhanced by the pres-
nce of Pd (Fig. 3(b) and A2 in Table S1), although at short times
<20 min), bare PC500 seems to be faster (k2, Table S1). Alaoui et al.
24] found different results by the incorporation of Pd on PC sam-
les, depending on the species to be degraded: the degradation
f rhodamine B was enhanced, but for phenol, this effect was only
bserved using Pd-PC10, the modification being harmful for PC500.
d modified samples consume more FA (A2, Table S1) than the
ure samples despite the decrease in the amount of NO3

− reduced,
.e., there is a decrease in the donor efficiency, The increase in the
mount of FA degraded cannot be ascribed to direct thermal oxida-
ion of FA by Pd nanoparticles [49] because dark experiments (not
hown) revealed negligible FA (and NO3

−) transformation.
The deterioration of all processes by modification of PC sam-

les with Pd (more noticeably for PC500), indicated by all kinetic
arameters of Table S1, can be attributed to two main factors: 1) a

locking of the photocatalyst surface by the Pd nanoparticles and
) a parallel H2 formation competing with NO3

− reduction [17,35].
Other results of Pd-modified TiO2 samples for NO3

− transforma-
ion [47,50–52] are variable and seem to be very dependent on the
ized FA concentration during the photocatalytic experiments with PC500, PC10,
Pd-PC500 and Pd-PC10. Same conditions of Fig. 1. The dashed lines are the fittings
using Eqs. (3) and (4), respectively.

preparation and properties of the samples, turning the comparison
very difficult.

NO2
− (Fig. S3(a)) and NH4

+ (Fig. S3(b)) were formed in lower
amounts for the Pd PC500 sample, although the selectivity to NINP
is much lower (56 vs. 72% for Pd PC500 and PC500, respectively,
Table S2); for the PC10 samples, this difference is less significant
and similar (46 vs. 50% for Pd PC10 and PC10, respectively, Table
S2). The induction period for NH4

+ formation is here rather visible
for PC10 and Pd-PC10, but this is due surely to the low reactivity.
At the end of the reaction (60 min), NO2

− was  not present in any
of the Pd-modified systems, in contrast with PC10, where some
minor amount still remained (Fig. S3(b)). However, an important
NH4

+ amount was  found in all cases, even in the PC10 samples, of
lower activity. Evolution of NINP (Fig. S3(c)) was only important for
PC500, the results confirming the loss of photocatalytic efficiency
for NO3

− transformation due to Pd.

3.5. General mechanism for nitrate heterogeneous photocatalytic
transformation over TiO2
The photocatalytic mechanism of NO3
− transformation is very

complicated, consisting of consecutive and parallel steps, and
involving several stable and unstable intermediates and products.
We will propose a rather simplified mechanism (Table 2), but we



106 A. Hérissan et al. / Catalysis Today 281 (2017) 101–108

Table  2
Equations related to the proposed mechanism of nitrate reduction over TiO2 photocatalyst under UV–vis irradiation.

Reaction Thermodynamic and kinetic data Refs. Eq. number

HCOO− + hBV
+ (HO•) → H+ + CO2

•− (+ OH−) (6)
CO2

•− + NO3
− → •NO3

2− + CO2 (7)
•NO3

2− + H2O � H•NO3
− + OH− pKa = 7.5 [14,55] (8)

H•NO3
− + H2O � H2

•NO3 + OH− pKa = 4.8 [14] (9)
H•NO3

−/H2
•NO3 → •NO2 + OH−/H2O [14,55] (10)

2 •NO2 � N2O4 k = 4.5 × 108 M−1 s−1 [14,55,56] (11)
N2O4 + H2O → NO3

− + NO2
− + 2 H+ k = 1 × 103 s−1 [56] (12)

•NO2 + eCB
− (CO2

•−) → NO2
− (+ CO2) E0(NO2/NO2

−) = 1.04 V [63] (13)
•NO2 + HCOOH → HNO2 + CO2

•− + H+ [57] (14)
NO2

− + CO2
•− → •NO2

2− + CO2 E0(NO2
−/•NO2

2−) = −0.47 V [58] (15)
HNO2 + eCB

− (CO2
•−) → •NO + OH− (+CO2) E0(HNO2/•NO) = 0.875 V [59] (16)

2  HNO2 → •NO + •NO2 + H2O (17)
•NO2

2− + NO3
− → NO2

− + •NO3
2− (18)

NO2
− + •NO3

2− � •NO2
2− + NO3

− (19)
•NO2

2− + H2O � •NO + 2 OH− (20)
•NO + eCB

− (CO2
•−) → NO− (+ CO2) E0(NO/3NO−) = 0.39 V [63] (21)

NO− + H+ � HNO pKa = 11.4 [44,45,64] (22)
•NO + •NO2 � N2O3 k = 1.1 × 109 M−1 s−1 [56] (23)
N2O3 + H2O → 2 NO2

− + 2 H+ k = 5.3 × 102 s−1 [55] (24)
HNO  + eCB

− (CO2
•−) → H2NO• (+ CO2) E0(HNO/H2NO•) = 0.52 V [76] (25)

2  HNO → N2O + H2O (26)
HNO  + 2 •NO → N2O + HNO2 [45,55] (27)
N2O + CO2

•− + H+ → N2 + HO• (+ CO2) �E0(N2O/N2 + HO•) = −0.96 Va (28)
2  H2NO• → N2 + H2O [64] (29)
H2NO• + eCB

− (CO2
•−) → NH2OH (+ CO2) E0(H2NO•/H2NOH) = 0.90 V [76] (30)

NH2OH + H+ � NH3OH+ pKa = 5.93 [46] (31)
NH3OH+ + eCB

− (CO2
•−) → NH3

•+ + OH− (+ CO2) E0(NH3OH+/NH3
+) = −0.12 V [63] (32)

NH3
•+ � NH2

• + H+ pKa = 2.3 [63] (33)
2  NH2

• → N2H4 [73] (34)
NH2

• + eCB
− (CO2

•−) → NH2
− (+ CO2) E0(NH2

•/NH2
−) = 0.7 V [63] (35)

NH2
− + H+ + H2O → NH4OH (36)

NH2
• + NH3OH+ → NH2

− + H2NO• + H+ [73] (37)
NO − + H+ + h� (365 nm)  → •NO + HO• (38)
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2  HNO2 → • 4•NO + •NO2 + H2O 

a The calculation of this redox potential is in the SI, Section S3.

re conscious that other parallel reactions can occur. All stable
aseous products will be part of NINP, as indicated before.

In the Introduction section, it was said that direct eCB
− reduction

f NO3
− is not possible because of the very negative redox potential

f the NO3
−/•NO3

2− couple. However, NO3
− reduction is possible

n the presence of FA, as the carboxyl radical (CO2
•−), a very strong

educing species (E0(CO2/CO2
•−) ≈ −2.0 V [53], pKa = 1.4 [54]), is

enerated (Eq. (6) [6]). Reduction (Eq. (7)) is followed by hydroly-
is (Eqs. (8) and (9)), and decomposition to nitrogen dioxide (•NO2,
q. (10)), reactions that are catalyzed at acid pH [14,15,55]. In the
bsence of other compounds, •NO2 dimerizes very fast to N2O4
Eq. (11)) [55,56], followed by a very fast disproportionation (Eq.
12)) [55,56], or reduction to NO2

− by eCB
− or CO2

•− (Eq. (13)), or
irectly by FA (Eq. (14)) as proposed in the gas phase [58]. In the
asic form, NO2

− can be reduced to •NO2
2− by CO2

•− (Eq. (15))
ut not by eCB

− [58]; however, at the working pH, the species is
ainly as HNO2, which can be reduced by both reductants [59]

Eq. (16)) or can slowly disproportionate (Eq. (17)), but this path-
ay can be neglected at low HNO2 concentrations [60]. Although

he oxidation of NO2
− by hVB

+ or HO• is easy [55,61,], the presence
f the high FA concentration avoids this reaction. •NO2

2− can react
ith NO3

− (Eq. (18)) [55], although the back reaction (Eq. (19))
s also possible [58]. •NO2

2− can be also hydrolyzed to •NO (Eq.
20)) [7,44,55,58]. Although dissimilar values of the redox poten-
ial of the •NO/3NO− couple have been reported (E0 = −0.76 V [62]
nd 0.39 V [45,63]), •NO can be reduced to NO− by CO2

•− (which is
s HNO at the working pH, Eqs. (21) and (22)); besides, Goldstein
t al. [64] indicate that •NO can be reduced by electrons gener-

ted in colloidal TiO2. In addition, •NO reacts very fast with •NO2
o give N2O3 (Eq. (23)) [55,56], which is easily hydrolyzed, gen-
rating more NO2

− (Eq. (24)) [43,55]. HNO can be reduced to the
minoxyl radical (H2NO•) by eCB

− or CO2
•− (Eq. (25)), selfcombine
(39)

to give N2O (Eq. (26)) [45,55], or react with •NO ending in N2O and
HNO2 (Eq. (27)) [45,64,65]. The reactivity of N2O toward eCB

− is
complex and the redox potential of the N2O/N2O− couple is not
known, as far as we  know. Although the scavenging of eCB

− by
N2O has been postulated over TiO2 [66,67], it has been reported
that this process is not efficient [64,68–70]. Nevertheless, N2O may
react with CO2

•− to give N2 plus HO• (which will be rapidly scav-
enged by FA) (Eq. (28)) [71]. Recombination of H2NO• leads also
to N2 (Eq. (29)), but this is a minor pathway [64]. H2NO• can be
reduced either by eCB

− or CO2
•− [72] to NH2OH (protonated at pH

3 [46], Eqs. (30) and (31)), with further transformation to the aminyl
radical (NH3

•+/NH2
•, Eqs. (32) and (33)) [56,64,73]. Although it

has been reported that the one electron reduction of protonated
NH2OH (NH3OH+) gives NH3 plus HO• [63], the reduction potential
is rather negative (E0 = −0.58 V); however, Goldstein et al. reported
that NH2OH at pH 2 does react with trapped eCB

−, suggesting the
occurrence of other reaction pathways. NH2

• can dimerize to N2H4
(Eq. (34)) [73] or can be reduced by eCB

− or CO2
•− to NH2

− (as NH4
+

at pH 3, Eqs. (35) and (36)), or oxidize NH2OH (Eq. (37)) [73].
Other reactions as those between HNO or NO with NH2OH [45]

or between NO2
− and NH4

+ to N2 [74] can be considered negligible
according to the values of the reaction rates. Photolytic reactions
(38) and (39) [7] are also feasible; however, under the studied con-
ditions, most of the UV-A light will be absorbed by TiO2.

N2 has been proposed as a product of NO3
− transformation over

P25, and several authors [5,18,22,34] indicate different selectivities.
However, none of them have actually measured N2, although the
quantification of N2 emissions has been reported with P25 modified

with Ag [34] and Pd-Cu [17], and with Pt-P25 plus SnPd/Al2O3 [78].
In addition, although N2 can be produced, its catalytic reduction to
other products is extraordinarily difficult because it binds weakly
to solid-state catalysts and the reaction involves high-energy inter-
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ediates [75]. Considering that •NO2, N2O4 and N2O3 are very
oluble and unstable in aqueous solution [43], the contribution of
hese species to NINP is negligible, being only NO, N2O and N2 the

ain gaseous contributing species.
The above mechanism pathways are supported by the work of

oldstein et al. [64] where •NO reduction either to NH3 via five
onsecutive one-electron transfer reactions, involving NH2OH for-
ation, or to N2 and/or N2O through a parallel pathway are well

escribed.

.6. Effect of modification of TiO2 with Ag and Pd on the
hotocatalytic mechanism

In the case of the metal modified TiO2 (Ag and Pd), as said before,
 Schottky barrier is formed, which inhibits the electron-hole
ecombination and improves the photocatalytic NO3

− transforma-
ion [8]. Metals in the zerovalent state (M(0)) can allow also the
hotocatalytic production of H2 by eCB

− reduction of protons to
ydrogen atoms (H•), a thermodynamically unfeasible process over
ure TiO2 (E0(H+/H•) = −2.3 V [77]), but more possible when metals
re present (Eq. (40)). When FA is present, the produced carboxyl
adical has different ways of decay: it can inject electrons to the
iO2 CB, Eq. (41) (current-doubling effect) or transfer an electron to
+(M(0)), generating also H•, Eq. (42) [6]. H• combination generates
2 (Eq. (43)).

+(M(0)) + eCB
− → H•(Me(0)) (40)

O2
•− → CO2+eCB

− (41)

O2
•− + H+(M(0)) → H•(Me(0)) + CO2 (42)

 H•(M(0)) → H2 (43)

It was claimed that H2 and H• might provide an additional way
f NO3

− reduction [19,78], but the effect remained unclear. In fact,
his process competes with NO3

− reduction, the selectivity being
etermined by the hydrogen overpotential (HOV) of the loaded
etal [17,79]. Ag has a large HOV (0.30 V), whereby H2 production

s inhibited, as the metal provides active sites for NO3
− reduction

16,47,80]. In contrast, Pd [81], does not provide these active sites
or NO3

−, and its low HOV (0.04 V) [47] makes more feasible H2
roduction (e.g. [2,82]).

When •H formation is expected (Eq. (40)), transformation of NO
o HNO according to reaction (44) is also possible [83]:

NO + H• → HNO (44)

This, in turn, would favor the formation of NH4
+ through

qs. (25) and (30)–(36); the decrease in the selectivity to NINP
bserved using both metal-modified samples supports this mecha-
ism. Another possibility for this decrease is related to the reported
trong adsorption of NO on Pd [81,84], from where it can be reduced
o N2, N2O, NH2OH and/or NH3, depending on the [H•] and [NO2

−],
ith high H•/NO2

− ratios favoring the reduction to NH3. With the
d samples, [NO2

−] is always very low (see Fig. S3(a)), explaining
he smaller NINP yields obtained with the Pd-PC samples. Besides,
he photocatalytic formation of H2 (Eq. (43)) is expected due the low
OV of Pd, which competes with NO3

− reduction [2,16,17,47]. This
s consistent with the increase of the consumption of FA observed
n the experiments with these Pd-modified samples.

. Conclusions
Photocatalytic experiments for NO3
− reduction have been

riven using different pure titania and radiolytically Ag and
d modified samples. The order of the photocatalytic activ-
ty of the materials for NO3

− reduction (according to the

[
[

ay 281 (2017) 101–108 107

temporal profiles) was  2 Ag-P25 > PC500 > 0.5 Ag-P25 ≈ P25 � Pd-
PC500 > PC10 > Pd-PC10. Regarding FA decomposition, the activity
was somewhat different: PC500 > 2 Ag-P25 > 0.5 Ag-P25 > Pd-
PC10 ∼= P25 > PC10 > Pd-PC500, although it should be considered
that different amounts of FA are consumed. PC500 was  the sam-
ple that required the smallest amount of FA to completely reduce
nitrate. A first order rate regime was found for the temporal NO3

−

and FA decay in all cases.
NO2

− and NH4
+ were formed with all the samples. NO2

−

was totally consumed but NH4
+ remained in solution in con-

siderable amounts. However, NINP (probably NO, N2O and N2)
were found in all cases in rather high amounts, at higher or
at least at similar concentrations than NH4

+ (Table S2). The
order for the selectivity to NINP formation was  P25 > PC500 > 2
Ag-P25 > 0.5 Ag-P25 ≈ Pd-PC500 > PC10 > Pd-PC10. The case of 2
Ag-P25 is important: although it shows a high activity for NO3

−

removal, a significant increase in the amount of NO2
− (transient)

and of NH4
+ was  obtained, together with a lower selectivity to NINP

formation. The modification of P25 with lower amounts of Ag was
not effective to improve the activity.

The modification of PC samples with Pd deteriorates NO3
− trans-

formation and decreases significantly the efficiency in the use of the
donor, most probably due to competence of H2 evolution.

It can be concluded that the radiolytic modification of TiO2 with
noble metal nanoparticles such as Ag or Pd does not always increase
the photocatalytic efficiency of NO3

− reduction. The reasons for
this differential behavior are related to the inherent mechanism
of nitrate degradation and the possible side reactions that can be
involved, such as H2 generation.

A mechanism for HP transformation of NO3
−, explaining the for-

mation of the detected species is proposed. This mechanism should
be improved by other experimental evidences that are underway.
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