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Abstract The catalytic performance of Pd—In—-Au/Ti0O, was studied for the reduction
of nitrites and nitrates in water and compared with that of Au, Pd, Pd-In, In-Au and
Pd—-Au supported on TiO,. Different characterization techniques were used to study
the bulk and surface physicochemical properties of the trimetallic catalyst. The cat-
alyst so obtained was active and stable in the nitrate reduction reaction, having a good
selectivity to nitrogen. This improvement caused by the presence of gold is
attributable to a strong interaction with surface palladium and can therefore act to
regulate the hydrogenation activity of the Pd particles. Over 80% of Pd is deposited
on top of the Au nanoparticles, which interact with surface Au during the reduction
process. The NO, ™ species is an intermediate product in the NO; ™~ reduction and the
surface In-Pd intermetallic species are responsible for this first reaction step.

Keywords NO; ™ hydrogenation - Gold nanoparticles - Palladium - Indium - Titania

Introduction

Groundwater pollution due to industrial and agricultural activities has spread widely
[1], representing a threat in numerous parts of the world, especially rural and
suburban areas, in which groundwater is the only source of drinking water.
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High concentrations of nitrates in drinking water are harmful due to their in situ
reduction to nitrites (NO, ) [2], which may cause two adverse health effects, the
induction of the “blue-baby syndrome” (methaemoglobinemia) especially in
infants, and the potential formation of carcinogenic nitrosamines [3, 4]. Reverse
osmosis, ion exchange and electrodialysis are processes to remove nitrates.
However, these processes generate another environmental problem since they
remove nitrates from raw water, but concentrate it in an effluent. On the other hand,
there are promising methods that reduce nitrate to N, which is a harmless
component. These methods are biological denitrification and heterogeneous
catalytic systems [5, 6]. In the latter method, nitrates are reduced to N, by
hydrogen in the presence of a bimetallic catalyst [7, 8]. Nevertheless, an over-
reduction can take place generating ammonium as a side product, which is not
desired in drinking water.

Bimetallic catalysts, which have been reported to be used in nitrate reduction in
water, combine a noble metal such as Pd or Pt with another non noble metal like Cu,
Sn, Ag or In, supported on oxides [9-18]. These noble/base metal combinations,
usually based on Pd, show some promise in terms of nitrate removal rate [5] but
they are usually limited in terms of the selectivity required to avoid undesired nitrite
and ammonium formations [15]. Prusse et al. [18] reported that the improvement on
nitrate reduction by the addition of In or Sn to the Pd supported on Al,O; is higher
than the one achieved by Cu incorporation. Besides, they demonstrated the
efficiency of using formic acid as a reductant instead of hydrogen and the
application of PVAL-encapsulated catalysts with superior diffusional properties.

Garron et al. [19] prepared catalysts for nitrate reduction adding Au to the Pd—Sn
supported on SiO, and Al,O;. Trimetallic catalysts showed an increase in the
conversion and selectivity to N,. Moreover, the enhancement was more important
on the Pd—Sn—Au/SiO, due to the formation of stable trimetallic particles.

Different oxides have been reported as good supports for the above mentioned
bimetallic active components [15], among them Al,O5 [7, 9, 11, 12, 14], SiO, [7],
ZrO, [10] and SnO, [10]. TiO, has also received considerable attention as a
catalytic support due to its recognized photocatalytic activity and its contribution to
the active sites [20-26]. In this vein, Kim et al. reported that the strong metal
support interaction induced from the anatase-dominant TiO, support was crucial in
promoting the activity of Pd-Cu/TiO, catalysts for nitrate reduction [27]. In
addition, Soares et al., working with titanium dioxide, found that this material
allowed a high activity to reduce nitrates; they also used a composite with carbon
nanotubes, which significantly increased the selectivity to nitrogen in the process
[15]. Krawczyk et al. [28] analyzed the influence of different supports on the
selectivity to N,. The prepared catalysts were Pd (5%), In (2%) supported on SiO,,
Al,Oj3 and TiO,. These authors found that the most selective and stable catalyst was
that supported on TiO,. Moreover, it was demonstrated that the over-reduction of
nitrate to ammonia depends on Pd-In interactions and also on the support porosity.

The aim of this work was to investigate a new catalytic formulation for nitrate
reduction, where Au nanoparticles, Pd and In coexisted on a TiO, surface. Its
activity and selectivity for the reduction of nitrites and nitrates were evaluated and
compared with those of Au, In—Au and Pd—Au supported on TiO,. In addition, the
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physicochemical characterization of all the catalysts prepared was performed using
different techniques to gain further insight into their active sites.

Experimental
Catalyst preparation

The support used was commercial TiO, (P25, DEGUSA) and four catalysts were
produced: Au, In—-Au, Pd—Au and Pd-In—Au supported on titania.

The primary catalyst, Au/TiO,, was prepared via deposition—precipitation with
NaOH and urea, according to the procedure reported by Zanella et al. [29]. Briefly,
the titania powder (1 g) was dispersed in an aqueous solution of HAuCl, (Sigma
Aldrich, p.a. 99.99%, 4.2 x 1073 M, 100 mL), which corresponded to a theoretical
Au loading of 8 wt%, in the case of a complete deposition. The solution temperature
was fixed at 80 °C and the pH was adjusted around 8-9 with NaOH. After 1 h, the
precursor solution was filtered. The solid so obtained was washed several times with
distilled water and dried at 60 °C for 12 h. Next, it was treated in H, flow from 25 to
300 °C (heating rate: 5 °C min~') and kept at the final temperature for 2 h.

Indium was added to the Au/TiO, catalyst by wet impregnation using an In,O3
solution (Sigma Aldrich, p.a. 99.999%). The impregnation solution containing InCl;
(aq) was prepared by the dissolution of In,O3 in HCI (aq). The amount of solution
and concentration of indium was selected in order to obtain an In loading of
0.5 wt%. The catalyst reduction was performed in an atmosphere of H, to 450 °C
during 1 h. The obtained catalyst was identified as In-Au/TiO,.

The wet impregnation procedure was used to incorporate the palladium on the
Au/TiO, catalyst. The impregnation solution containing [PdCl,]*~ was obtained by
the dissolution of PdCl, in an acidic media (HCI 0.01 wt%). The amount of solution
and concentration of palladium was selected in order to obtain 0.5 wt% Pd in the
final catalyst (Pd—Au/TiO,). After that, the catalyst was reduced in H, flow at
300 °C for 1 h (heating rate: 5 °C min ).

The latter procedure was also used to impregnate Pd on In-Au/TiO, to produce
the ternary catalyst, Pd-In-Au/TiO,. The reduction treatment was the same as that
described for the Pd containing bimetallic catalyst.

Reaction experiments
Nitrite reduction

The reaction was performed under batch conditions, in a three-necked round bottom
flask equipped with a magnetic stirrer (700-800 rpm) and a system for gas bubbling
(H, 4.8 or N, 4.8). The pH value was controlled using an automatic pH controller
unit. Experiments were carried out at room temperature and atmospheric pressure.
The pH of 5 was maintained by adding HCI during the reaction test. All conditions
were set in order to operate under chemical control.
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Before the reaction, a volume of distilled water was loaded (80 mL) and purged
with N, flow (200 cm ™ min™") for 20 min. Then, 200 mg of powder catalyst were
added and the purge with N, was repeated under the same conditions as before.
Finally, a H, flow of 400 cm™> min~' was bubbled for 20 min to saturate the
solution and thus favor the catalyst surface reduction. Keeping the H, flow, the
reaction started when a concentrated nitrite solution was added to the vessel in order
to achieve 100 ppm of N-NO, ™~ (concentration of nitrogen in the form of nitrite).

Nitrate reduction

After the reaction with nitrites, a concentrated nitrate solution was added to the
vessel in order to obtain 50 or 100 ppm of N-NO; ™.

The reaction progress was monitored by taking solution aliquots at different time
intervals to determine the concentration of ammonium, nitrite and nitrate in the
reaction medium. The nitrite chemical analysis was performed using the Griess
method, the nitrate test was done using the reducing cadmium column followed of
the Griess method [30] and the ammonium ion was analyzed by the modified
Berthelot method. More details of the catalytic test of nitrate and nitrite reduction
are given in [7].

The nitrate (NO3 ™) conversion was calculated according to Eq. 1.

Xxo; (%) = [ (Chos = Chor ) /Cho; | x 100 (1)

Here CONO; is the initial N ppm of nitrate concentration, Cgog is the N ppm of nitrate

concentration at a given time.
Characterization
X-ray diffraction analysis (XRD)

The X-ray diffraction patterns of all the samples were obtained with a Shimadzu
XD-D1 instrument, with Cu K, radiation at 30 kV and 40 mA, scanning at
1°min~" in the 20 = 10°-90° range. A Shimadzu XD-DI analysis software
package was used for phase identification.

Energy dispersive X-ray analysis (EDX)

Aliquots of the four prepared catalysts were covered using a system of carbon
deposition, SPI SUPPLIES, 12157-AX, for EDX analysis. The samples were
examined with a scanning electron microscope, JEOL, JSM 35C, equipped with an
energy-dispersive X-ray analysis (EDX), which allowed the chemical elementary
analysis. Semi-quantitative results were obtained by the theoretical quantitative
method (SEMIQ), which does not require standards. The analytical methodology
considered as 100% of all the elements detected and the percentage distribution
were expressed on this basis.
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X-ray photoelectron spectroscopy (XPS)

A multi-technique system (SPECS) equipped with a dual Mg/Al X-ray source and a
hemispherical PHOIBOS 150 analyzer, operating in the fixed analyzer transmission
(FAT) mode, was used to perform the X-ray photoelectron spectroscopy (XPS)
analyses. The spectra were obtained with a pass energy of 30 eV and the Mg—K X-ray
source was operated at 100 or 200 W. The working pressure in the analyzing chamber
was less than 2 x 10~° kPa. The XPS spectra of Pd 3d, Au 4d, Au 4f, In 3d, Ti 2p, O
Is,Cl 1s, K2p and C 1s were recorded and all the binding energies were referenced to
the surface Ti 2p3,, peak at 459 eV. The data treatment was performed with the Casa
XPS program (Casa Software Ltd., UK). The peak areas were determined by
integration employing a Shirley-type background. For the quantification of the
elements, sensitivity factors provided by the manufacturer were used.

Results and discussion
Catalytic NO,  reduction

Fig. 1 shows the NO,™ and NH," concentration evolutions for nitrite reduction
using Pd, Au, In-Au, Pd—Au, Pd-In-Au supported on TiO, as catalysts. The
reaction evaluation for the Au/TiO, indicated that a conversion of 70% was
achieved after 120 min, without NH," formation. Ammonium ion is an undesired
by-product which is produced via a nitrite over-reduction. Thus, it is required that
the catalyst should present a low selectivity to this by-product and thus favor the
formation of nitrogen. The monometallic Pd/TiO, presented a conversion of 100%
at 80 min, and a production of less than 10 ppm ammonium. When the In-Au/TiO,
catalyst was tested for nitrite reduction during 120 min, the final conversion was
80% and NH," was not detected. The catalytic test of Pd—Au/TiO, after 30 min
indicated that 100% conversion of nitrite was obtained with a 4 ppm N-NH,*
formation. Using Pd-In-Au/TiO, as catalyst, a 100% conversion and 9 ppm of
N-NH, " were obtained after a reaction time of 100 min.

Among the prepared catalysts (Fig. 1), the Pd containing samples (Pd/TiO,, Pd—
Au/TiO, and Pd-In-Au/Ti0O,) were the most active catalysts for this reaction. Even
though some NH,* was produced, its final concentration was low compared with
that of Pd alone [31-33]. These results suggested that the Au particles interacted
with Pd, increasing the nitrite conversion and weakening the ammonium production.
Mélendrez et al. [34] reported that the Pd particles with low coordination numbers
(edges and corners) possessed high hydrogenation activity. They concluded that this
type of active sites favored the nitrite over-reduction to ammonium, precisely
because of their high hydrogenation activity.

Catalytic NO; ™~ reduction

Sa et al. [35] demonstrated that 5 wt% Pd/TiO, was an active catalyst for the nitrate
degradation process, where the titanium support could play an important role.
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Fig. 1 Evolution of a NO,™ concentration (ppm N-NO,) and b NH," concentration as a function of
reaction time in the presence of the (filled triangle) Au/TiO,, (filled square) Pd/TiO,, (filled down-
pointing triangle) Pd—Au/TiO,, (filled circle) In-Au/TiO,, (round circle with horizontal line) Pd—In—Au/
TiO, catalyst. Reaction conditions 100 ppm N-NO, ", catalyst = 200 mg/L, pH 5, Fy, = 400 cm®/min,
T=25°C

However, that catalyst showed quite a low selectivity to N,. On the other hand,
Marchesini et al. [7] reported that the 1 wt% either Pd or Pt monometallic catalysts
were not active for NO; ™~ reduction using the same reaction conditions as applied in
this work. Besides, it is well established in the open literature that the addition of a
second metal (In [7, 16], Sn [10, 11, 26], Ag [12], Cu [12-15]) to the monometallic
catalyst essentially generates active sites for the reduction from nitrate to nitrite
(first reaction step), NO,~ being an intermediate product [36]. The following
reaction steps are the same as those of nitrite reduction.

The mono and bimetallic formulations, Pd//TiO,, Au/TiO,, In-Au/TiO, and Pd—
Au/TiO,, did not present any activity for nitrate reduction, suggesting that the In—
Au and Pd—Au species so obtained were not capable of catalyzing the first reaction
step, nitrate to nitrite. The catalytic performances of Pd—In/TiO, and Pd-In-Au/
TiO, are presented in Fig. 2. The former catalyst reached a complete NO;™
conversion in a short reaction time but with a high selectivity to NH," (NH4*
concentration: 81 ppm) [37]. Nevertheless, the Pd—In—-Au/TiO, catalyst was active
for nitrate reduction (70% conversion at 120 min) having an interesting low
selectivity to ammonium (NH," concentration: 1.3 ppm). Therefore, the pres-
ence of Au in the tri-metallic catalyst (Pd-In—-Au/TiO,) promoted the NO;™
reduction with a high selectivity to N».
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Fig. 2 Evolution of a NO3™ (filled square, open square) concentration (ppm N-NO;) and b NO, ™ (filled
diamond, open diamond) and NH," (filled circle, open circle) concentrations as a function of reaction
time in the presence of the Pd—In—-Au/TiO, catalyst (closed symbols) and Pd—In/TiO, (open symbols).
Reaction conditions: 100 ppm N-NO;™, catalyst = 200 mg/L, pH 5, Fy, = 400 cm’/min, T = 25 °C

Table 1 EDX analysis of the

bulk metallic contents for the Catalyst  Bulk atomic ratio (10%) Weight percentage (wt%)

Pd-In-Au/TiO, catalyst AWTi PdTi TwTi Au Pd In
Fresh 4.36 0.57 0.53 5.84 0.44 0.44
Reduced 4.42 0.58 0.54 5.92 0.44 0.44

Catalyst bulk characterization

The Au, Pd and In weight percentages of the tri-metallic catalysts were determined
through the EDX analysis. Table 1 shows the M/Ti ratio (M: Au, Pd or In) obtained
for In-Pd—Au/TiO, as prepared (fresh catalyst) and after the reduction treatment in
H, flow at 350 °C (reduced catalyst). The Au/Ti ratio was around 0.044 for the fresh
and reduced samples and this value is consistent with the preparation method used
[28]. The gold weight percentage estimated from this ratio is 5.8 wt%. The
theoretical Pd and In loadings for the tri-metallic catalyst were close to those of the
EDX detection limit, giving a ratio of Pd/Ti and In/Ti about 0.006. As the atomic
weights of both elements are quite close, the calculated weight percentage of Pd and
In are the same: 0.5 wt%.

@ Springer



Reac Kinet Mech Cat

UA

20 30 40 50 60 70
20

Fig. 3 X-ray diffraction patterns of a TiO,, b Au/TiO,, ¢ In—-Au/TiO,, d fresh Pd-In-Au/TiO,, e reduced
Pd-In-Au/TiO,, f used Pd—In—Au/TiO,. Symbols: (filled circle) Au (4-784), (filled square) TiO, (21-
1272), (open square) TiO, (21-1276)

The XRD pattern of the TiO, used as support is shown in Fig. 3a. The typical
diffraction lines associated with the anatase structure were distinguished (20 = 25°,
37°, 48°, 53°, 55°, 62°, 71°, PDF 21-1272) with a small contribution of those of the
rutile phase (20 = 27°, 36°, 39°, 41°, 44°, 54°, 56°, 64°, 68°, PDF 21-1276).
According to Yuangpho et al. [38], the volume fraction of anatase and rutile phases
can be estimated through the line intensity ratio between the anatase diffraction line
at 25° and that of rutile at 27°; both lines are the most intensive ones for each
structure. This ratio for the TiO, used in this work was 5.30; therefore, the anatase
fraction was X pase = 0.84.

After the incorporation of gold onto the support, Au/TiO,, the anatase/rutile ratio
was 5.25 indicating that the x,,,5c Was the same as that of the original support. This
is an essential finding since Sa et al. [35] demonstrated that a TiO, having mainly
anatase structure with a contribution of rutile could play an important role for the
nitrite and nitrate ion reduction. Concerning the gold species, the metallic Au
diffraction lines (20 = 44.4° and 64.6°, PDF 4-784) were observed in the Au/TiO,
XRD pattern (Fig. 3b). The average Au crystallite size was calculated using the
Scherrer equation and this value was 24 nm.

The XRD patterns of In-Au/TiO, and Pd—-In—-Au/TiO, are shown in Figs. 3c and
3d, respectively. No significant differences are observed between these diffrac-
tograms and that of Au/TiO,. Therefore, x,pase remained almost the same for all the
prepared catalysts and the Pd and In species appeared to be well dispersed, avoiding
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Table 2 Pd-In-Au/TiO,

Catalyst Ti 2psp O Is Cl 2p3)» K 2p Pd 3d5,, Au 415, In 3ds),

Fresh 459.0 530.3 198.5 Nd 341.1 (83) 83.8 (90) 445.3
342.8 (17) 85.6 (10)

Reduced 459.0 530.2 198.6 Nd 340.3 (88) 83.5 (89) 445.1
343.6 (12) 85.2 (11)

Used 459.0 530.2 198.8 295.9 340.3 (69) 83.6 (90) 445.6

343.6 (31) 85.3 (10)

The binding energies of each element on its surface (eV)

* The contribution of each chemical state is between parentheses

the formation of large particles. However, the main diffraction lines of Pd and In
species may overlap with those of TiO, (The main diffraction lines of InOx (PDF
6-416) are at 20 = 36.5° and 63.2°, for PdO at 20 = 54.8° and for PdIn; at
20 = 58.9° [34]). Moreover, Gao et al. [39] developed a promising catalyst for
improving the catalytic reduction of nitrate, Pd—In/mesoporous alumina. According
to the XRD results of this sample, the indium metallic particles have a characteristic
peak at 20 = 54° while Pd® particles have characteristic peaks at 20 = 40° and 46°.
Those peaks could also be masked with one of titania in the XRD patterns of Pd—In—
Au/TiO,.

Fig. 3d shows the diffractograms of Pd-In-Au/TiO, as prepared (fresh catalyst),
after the reduction treatment and after being used under reaction conditions for
300 min. No significant differences were observed among the three XRD patterns,
suggesting that the bulk phases remained stable after the different treatments.

Catalyst surface characterization

The chemical state of the different elements and their atomic ratio corresponding to
the Pd-In—Au/TiO, surface were analyzed by XPS. The binding energies of K 2p, Ti
2p, O 1s, CI 2p, Pd 3d, Au 4d, Au 4f and In 3d were determined. These
measurements were carried out on the trimetallic catalyst so obtained, after its
reduction with H, at 450 °C and after being used under reaction conditions for
120 min.

The XPS spectrum of Ti 2p for the fresh trimetallic catalyst presented the typical
TiO, spectrum, corresponding to Ti 2p3,, and Ti 2p;,, in the Ti*" oxidation state
[40]. The BE of Ti 2p3, is shown in Table 2. No significant differences are
observed comparing the spectrum described above with those of the reduced
catalyst and the sample after being under reaction conditions (Table 2). Therefore,
no reduction of surface Ti*" took place.

The O 1s spectra for Pd-In-Au/TiO, under the three different conditions were
asymmetrical, with a tail extending towards higher energies. The main signal of
these three spectra was at 530.2 eV (Table 2) and assigned to the TiO, lattice
oxygen. The extending tail was observed on the spectra of Au/TiO,, TiO, anatase
powder, anatase single crystal, nanocrystalline film among others and can be
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Fig. 4 XPS Pd 3d spectra of
Pd-In-Au/TiO, and their fitted
curves, a as prepared, b after
being reduced with H, flow at
400 °C, c after being under
reaction conditions for 120 min

Counts (a.u.)

1 " " 1 " " 1
350 340 330
BE (eV)

attributed to surface hydroxyl groups and adsorbed water molecules [41]. The
atomic ratios of O*7/Ti*" were 2.12 (a); 2.47 (b) and 2.06 (c); these ratios were
slightly larger than the stoichiometric ratio: O*~/Ti*" = 2.03 in TiO, [41].

The presence of some residual chlorine from the metal salt precursor (HAuCly)
was confirmed by the CI 2p spectrum of the fresh sample (Table 2). After reduction,
the surface CI species decreased, as expected. However, a slight increment was
observed in the Cl 2p spectrum of the used catalyst due to the addition of HCI
during the catalytic evaluation in order to maintain a pH of 5.

The existence of K on the surface of the catalyst after being under reaction
conditions was confirmed by the K 2p spectrum (Table 2). This result was a
consequence of using KNOj as source of NO5;~ for the catalytic evaluation.

Fig. 4 shows the combined spectra of Au 4d and Pd 3d for the trimetallic catalyst,
where the peak around 335.5 eV is the overlapping of Pd 3ds,, and the Au 4ds,,
signals. Therefore, the Pd analysis was performed using the less intense Pd 3d;/,
signal. For the Au analysis, the Au 4f;,, line was used.

The Pd 3ds,, signal of the fresh sample was fitted with a main peak at 341.1 eV
and a small one at 342.8 eV (Fig. 4a; Table 2). The 83% of surface Pd, which was
associated with the peak at 341.1 eV, was in the form of metallic pd° [42], whereas
the component at high BE was associated with surface oxidized Pd species [43].
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The Pd 3dj3, spectrum obtained with the sample after being under reduction
treatment showed the presence of two peaks with similar area ratios as observed in the
previous spectrum (compare with Fig. 4). Nevertheless, the BEs were somehow
different, 340.3 and 343.6 eV, suggesting changes in the chemical shifts in the surface
Pd. Comparing the lower BE value of the reduced sample (340.3 eV) with that of the
fresh one (341.1 eV), the negative shift of the former is evident, suggesting the
formation of a Pd—Au alloy during the reduction treatment. A strong interaction
between Au and Pd atoms can induce an electron transfer from Au to Pd, decreasing
its BE as previously reported [44—46]. On the other hand, the BE of 343.6 eV was
attributed to Pd®>" on PdO, indicating that some part of Pd (12%) remained without
any interaction with surface Au. Even though these Pd atoms can be reduced during
the treatment with Hj, they are easily re-oxidized in contact with air [47].

The BE values of Pd 3d;,, for the Pd-In-Au/TiO, after being used under reaction
conditions were 340.3 and 343.6 eV, indicating that the surface Pd species remained
the same, Pd—Au Alloy and PdO. However, an increment in the amount of surface
PdO was observed. This result was expected due to the fact that during the reaction,
part of metallic Pd was oxidized producing the Pd%/Pd*" couple as active site
[7, 48].

The In 3d spectra of the fresh and reduced catalysts indicated that the signal of In
3ds,, was at 4453 and 445.1 eV (Table 2). The BE around 445.5 eV is
characteristic of In®* (mainly In,Os5) [49]. During the reduction treatment, the
formation of some In®* was expected, which was validated by the shift to lower BE
of the In 3ds), signal. The presence of In®" along with that of Pd® can generate
surface intermetallic compounds. These surface bimetallic species are necessary to
promote the first reaction step: the reduction from NO;~ to NO,™ [16, 39, 50].

The Au 4f;, peak of the fresh Pd-In—Au/TiO, involved two signals, one at
83.8 eV and another at 85.6 eV (Table 2; Fig. 5). The former, which is the main
component, was associated with metallic gold and the latter, with oxidized Au
species [51]. The Au 4f spectra of the trimetallic catalyst after being in reduction
treatment and under reaction conditions were quite similar to those described above.
Nevertheless, a small BE shift of Au® was visible (Table 2), which could be
attributed to a Pd—Au interaction and a surface alloy formation [52].

Distribution of surface Pd, In and Au active sites

The surface Pd/Au and In/Au ratios of the fresh catalyst were close to 1 (Table 3)
although these atomic ratios referred to the bulk were 0.125 (Table 1), indicating
surface enrichment of Pd and In against Au. Even though these surface ratios
decreased after being under reaction conditions (Table 3), the values so obtained
were larger than those of bulk atomic ratios.

Considering the XPS analysis for Pd, In and Au and their surface distributions, it
is possible to figure out how these species are on the TiO, surface (Fig. 6):

(i)  Part of Pd is deposited on top the Au nanoparticles and during the reduction
process the surface Pd—Au alloy is developed by decreasing the BEs of
both components.
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Fig. 5 XPS Au 4f spectra of
Pd-In—-Au/TiO, and their fitted
curves, a as prepared, b after
being reduced with H, flow at
400 °C, c after being under
reaction conditions for

120 min

Counts (a.u.)

BE (eV)

Table 3 The surface atomic ratio of the active components on Pd—In—-Au/TiO,

Catalyst (Pd/Au)s (In/Au)s (Pd/In)s
Fresh 1.10 1.06 1.04
Reduced 0.38 0.09 3.84
Used 0.36 0.23 1.62

(i)  The rest of Pd remains on the TiO, surface as Pd>*. Even if these particles

are reduced in H, at 400 °C, they can be reoxidized in contact with air [48].

@iii)) The In onto the titania is mainly as In,O5;. However, during the reduction

treatment, some surface In-Pd intermetallic species can be produced.

Therefore, surface In—Pd intermetallic species act as active sites in the first
reaction step of the nitrate reduction in water, producing NO,~, which is then
reduced mainly to N, through the Pd—Au alloy and PdO,.
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Fig. 6 Scheme of surface species on the Pd-In—-Au/TiO,: a as prepared and b after the reduction
treatment with H, flow at 400 °C

In-Pd species 1 Au

Conclusions

The addition of Pd and In to the gold nanoparticles supported onto TiO, generated a
trimetallic catalyst with good activity for nitrate reduction in water, limiting the
over-reduction to NH,*.

The improvement caused by the presence of gold is attributable to a strong
interaction with surface palladium and can therefore act to regulate the hydrogena-
tion activity of Pd particles.

More than 80% of Pd is deposited on top of the Au nanoparticles, which interact
with surface Au during the reduction process, thus developing a surface Pd—Au
alloy. The rest of Pd is present on the titania surface as oxidized Pd species. The
presence of the Pd”/Pd>" couple plays an important role as active site for the NO,~
reduction.

The NO,™ species is an intermediate product on the NO3™ reduction and the
surface In—-Pd intermetallic species are responsible for this first reaction step.
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