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a  b  s  t  r  a  c  t

Groundwater  pollution  with  high  nitrate  concentration  has  become  an  important  environmental  and
health issue.  Catalytic  reduction  of nitrates  emerged  as  a promising  technique  to  remove  nitrate  in  water.
In the  present  study,  Pt  supported  on  CuZnAl  calcined  hydrotalcite  catalysts  with  different  Cu/Zn  ratios
(0.5,  1 and  2)  were  tested  in  a continuous  reactor  for the catalytic  reduction  of  nitrates.  These  materials
eywords:
itrate removal
atalytic reduction
u-Pt
ydrotalcites

were  characterized  by  different  techniques  such  as: BET,  TPR,  XRD,  HRTEM,  XPS,  FTIR.  According  to the
results, the  Cu/Zn  atomic  ratio  in  the  active  support  has  a strong  influence  in  the  nitrate  conversion  and  in
the nitrogen  selectivity,  indicating  that  the  interaction  of  copper  in  the  support  plays  an  important  role.
The highest  nitrogen  yield  is  achieved  with  a Cu/Zn  ratio  1. Also,  the  incidence  of  the  Pt metal  loading
was  studied  in  the  range  of  0.5–2%.  This  variable  does  not  present  a  significant  influence  in  the catalytic
activity  compared  to the  Cu/Zn  ratio,  within  the  range  studied.  Furthermore,  catalysts  are stable  for  this
uZnAl reaction.

. Introduction

Groundwater pollution with high nitrate concentration has
ecome an environmental and health issue worldwide. The use of
ertilizers in agriculture, chemical products and septic tank systems
re the main sources of nitrates in water [1].  Nitrate is a potential
uman health hazard, and subsequently drinking water standards
ere established to prevent health problems, like clinical cyanosis

2,3].
Different techniques to remove nitrate from water have received

ncreasing attention [4–6]. The research has mainly focused on: cat-
lytic denitrification [7,8], reverse osmosis [9],  ion-exchange [10]
nd biological treatment [11,12]. Catalytic denitrification is one of
he most promising techniques for nitrate removal from an eco-
ogical point of view, because it transforms nitrates into nitrogen

ithout waste generation [13]. This technique was first described
y Vorlop and Tacke [14]. It consists in the nitrate reduction over
 bimetallic catalyst using a reducing agent like hydrogen [15]. Its
ain drawback is the possible formation of ammonia and nitrite,

s side products, which are undesirable in drinking water.

∗ Corresponding author. Tel.: +34 977559680; fax: +34 977559621.
E-mail address: sandra.contreras@urv.cat (S. Contreras).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.044
© 2011 Elsevier B.V. All rights reserved.

Recent studies of the catalytic denitrification technique have
been focused on the optimization of the activity and selectivity
toward nitrogen formation; studying the incidence of different
processes variables (such as: reactor type [16,17],  type of reduc-
tant [13,18], and pH [19,20]), as well as the influence of different
catalysts design variables (like: synthesis method [21–23],  kind
of support [24–26],  and bimetallic pair [27]). Within the studied
variables, the nature of the support [24,28,29] has shown to be a
defining parameter that affects nitrogen selectivity. Different sup-
ports have been used for this reaction like: activated carbon [30,31],
CeO2 [7],  Al2O3 [27,32],  TiO2 [33,34], resins [35] and calcined
hydrotalcite-type materials [20,29,36–38]. Hydrotalcites (HT) are
layered double hydroxides that can be represented by the gen-
eral formula: [M(II)1−xM(III)x(OH)2]x+[(Ax/n

n−)]·mH2O, where x is
typically between 0.25 and 0.33, and An− is a n-valent interlayer
anion. These compounds present positively charged brucite-like
layers, Mg(OH)2, with trivalent cations M(III) substituting divalent
cations M(II) in octahedral sites of the hydroxides. A wide range of
derivatives containing various combinations of M(II), M(III) and An−

ions can be synthesized. Upon calcination, they form homogeneous

mixed metal oxides with very small crystal size, which are stable
against thermal treatments, and by reduction a high dispersion of
the metallic crystallites is obtained. The mixed oxides recover their
initial structure when rehydrated; this is called “memory effect”
[39].

dx.doi.org/10.1016/j.cattod.2011.02.044
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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The calcined HT based materials used by other authors as cata-
yst supports for the hydrogenation of nitrates in water include:
d-Cu/MgAl [20,26,28,37],  Pd/CuMgAl [28,29],  Pd and Cu co-
recipitated in MgAl HT structure [37] and Pd-Sn/MgAl [36], to
he best of our knowledge. It was found that during the reaction
he HT structure is regenerated, and in this process diffusion lim-
tations affecting the kinetics and the selectivity of the reaction
16,17,29,40] are diminished. The “memory effect” of the HT phase
as related to the catalytic behavior of Pd-Cu/MgAl and Pd/CuMgAl

atalysts by Palomares et al. [28,29]. Afterwards, Wang et al. [26]
eported that Pd-Cu/MgAl calcined HT possessed effective adsorp-
ive and catalytic capacity for this reaction, compared to Al2O3,
iO2 and HZSM supports [20]. Also, Wang et al. [37] compared the
atalytic activity of impregnated Pd-Cu/MgAl calcined HT catalysts
ith different Mg/Al ratios (2,3,4 and 5) to a Pd/CuMgAl catalyst

with copper co-precipitated in the HT structure). Pd/CuMgAl cat-
lyst showed the best catalytic properties due to the higher degree
f regeneration of the HT structure and the higher copper disper-
ion compared to MgAl mixed oxide supports. Moreover, the Mg/Al
atio affects the adsorption capacity of the support and when this
apacity increased the catalytic activity was enhanced. A consecu-
ive and dynamic adsorption and catalytic hydrogenation process
as proposed by the authors. Similarly, Wan  et al. [36] reported

hat the nitrite selectivity and the activity is directly related to
he adsorption capacities using Pd-Sn/MgAl catalysts with different

g/Al ratio.
The mentioned studies were performed in batch reactors and

sing Pd as noble metal. However, Pt has been successfully used
or this reaction [30,31],  and good catalytic results were reported
n packed bed reactors (PBR) [30].

These previous studies in the catalytic reduction of nitrates
hat included HT-type materials are focused on MgAl and CuM-
Al calcined HTs, materials well known for their basic properties
41]. Moreover, these studies reported high ammonium concentra-
ions [28] that should be decreased. In this way, a previous study
emonstrated that the ammonium formation could be effectively
ontrolled by tuning the acid–base properties of the support [7].
ne possibility to modify the acid–base properties of CuMgAl cal-
ined HT materials, is to introduce Zn instead of Mg  in the HT
tructure [39,41] in order to increase the acidic character. How-
ver, this affects the reconstruction ability that was claimed to be a
eterminant variable in HT supported catalysts for this reaction.
oreover, CuZnAl calcined HT are active and selective catalysts

n several chemical processes including: water gas shift reaction
42], oxidative methanol reforming reactions [43], oxidative steam
eforming of methanol [44], etc. For these reactions, the catalytic
erformance is strongly influenced by the chemical composition of
he CuZnAl mixed oxides.

From literature reports, it seems that the use of CuZnAl calcined
Ts as supports in the catalytic reduction of nitrates could arise in

nteresting results. In the present study, Pt supported on CuZnAl
alcined HT catalysts are tested in the hydrogenation of nitrates
n water, with the aim of studying the influence of the composi-
ion of the support on the catalytic activity. The influence of the
u/Zn atomic ratio (0.5, 1 and 2) in the activity and selectivity
or the reaction is discussed on the basis of the microstructure
roperties of the catalysts, characterized mainly by XRD, XPS,
RTEM and TPR. Moreover, the influence of the Pt metal loading

2, 1 and 0.5 wt%. supported on CuZnAl calcined HT with Cu/Zn
atio 1) is studied, in order to improve nitrogen selectivity [45].
n the investigation, copper is co-precipitated in the HT structure

o obtain high dispersion of the active phase. Also, the reactions
ere performed in a continuous PBR and hydrogen is selected as

educing agent. Additionally, nitrate adsorption tests are carried
ut to study the effect of the nitrate adsorption in the catalytic
ctivity.
day 175 (2011) 370– 379 371

2. Experimental

2.1. Characterization techniques

2.1.1. Atomic absorption spectroscopy
Atomic absorption spectroscopy (HITACHI Z-8200) was  used to

determine the elemental chemical analysis of Cu, Zn and Al in the
HT precursors and the copper concentrations in the treated efflu-
ent. For the chemical analysis, 0.5 g of each sample was  dissolved
in 5 ml  of concentrated nitric acid and then diluted to 25 ml with
distilled water. The aqueous samples were preserved with concen-
trated nitric acid.

2.1.2. Thermogravimetric analysis (TGA)
The HT precursors were analyzed by TGA on Netzsch STA 409

PC/4/H Luxx. The analyses were performed under 20 ml/min of syn-
thetic air flow and with a heating rate of 10 ◦C/min.

2.1.3. Powder X-ray diffraction (XRD)
XRD patterns were measured using a Bruker-AXS D8-Discover

diffractometer with parallel incident beam (Gobel mirror) and ver-
tical �–� goniometer, a 0.02◦ receiving slit and scintillation counter
as a detector. The angular 2� diffraction range was between 5◦ and
70◦. The data were collected with an angular step of 0.05◦ at 3 s
per step. CuK� radiation was  obtained from a copper X-ray tube
operated at 40 kV and 40 mA.

Thermal analysis of the samples, were monitored by XRD
using a Siemens D5000 diffractometer (Bragg–Brentano parafo-
cusing geometry and vertical �–� goniometer) equipped with an
Anton-Paar HTK10 platinum ribbon heating stage. Ni-filtered CuK�
radiation (30 mA,  40 kV) and a Braun position sensitive detector
(PSD) were used. The angular 2� diffraction range was between
10 and 60◦, step size −0.02◦ and 0.4 s/step. The patterns were col-
lected from room temperature at �T  = 2 up to 450 ◦C with a heating
rate of 10 ◦C/min. A static air-atmosphere was  used throughout the
measurement.

X-ray patterns were compared to X-ray powder references to
confirm phase identities using the Joint Committee on Powder
Diffraction Standards (JCPDS, 2006) files.

2.1.4. Surface area measurements
The surface area of the samples were carried out in a Micromerit-

ics ASAP 2010 apparatus, using the BET method from the nitrogen
adsorption isotherms at 77 K. Prior to the analysis the samples were
degasified 5 h at 120 ◦C.

2.1.5. Infrared spectroscopy (FT-IR)
FT-IR measurements were carried out in a Jasco FT/IR-600 Plus

spectrometer. Background corrections were performed and the
spectra were recorded by accumulating 64 scans at a spectral res-
olution of 2 cm−1.

2.1.6. H2 temperature-programmed reduction (H2-TPR)
H2-TPR analyses were performed in a TPD/R/O 1100 (Ther-

moFinnigan) equipped with a thermal conductivity detector (TCD).
About 50 mg  of the samples were placed in a quartz reactor and
reduced in a stream of 20 ml/min of H2 (5 vol% in Ar) at a heating
rate of 10 ◦C/min. The hydrogen consumption due to the reduction
of the samples was continuously monitored by the TCD.

2.1.7. X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded at a pressure below 10−9 mbar with

a SPECS system equipped with an Al anode XR50 source operat-
ing at 150 W and a Phoibos MCD-9 detector (pass energy 25 eV).
Prior to the analysis, samples were reduced in situ at 300 ◦C and
atmospheric pressure in a SPECS high pressure cell integrated in
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Table 1
Reaction conditions.

Parameter Value

Mass of catalyst 0.5 g
Hydrogen flow 3 ml/min
Feed 1.2 ml/min
Temperature 25 ◦C
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3.1.3. Analysis by XRD
Fig. 2 presents the XRD patterns of the HTCuZnAl-Y samples.

The patterns showed the characteristic peaks associated to HT
phase (JCPDS 01-089-0460). The d003 reflection around 0.87 nm
Pressure 1 atm

he system. Binding energies (accuracy ± 0.1 eV) were referred to
he C 1s signal (adventitious carbon).

.1.8. High Resolution Transmission Electron Microscopy
HRTEM)

HRTEM studies were carried out with a field emission gun
icroscope JEOL 2010F, which works at 200 kV and has a point-to-

oint resolution of 0.19 nm.  Samples were deposited from alcohol
uspensions on standard Cu grids with holey carbon films. Prior to
nalysis, samples were reduced at 300 ◦C.

.2. Sample synthesis

CuZnAl HT with a (Zn + Cu)/Al molar ratio of 3 and different
u/Zn molar ratios: 2, 1 and 0.5, were prepared by co-precipitation
ethod, at room temperature. An aqueous solution containing

n(NO3)2·6H2O, Al(NO3)3·9H2O and Cu(NO3)2·3H2O in adequate
mounts, and a second solution of NaOH (2 M)  were slowly and
imultaneously added drop by drop to a beaker containing Milli-Q
ater under vigorous stirring. The pH value was maintained around

0 by NaOH addition. The suspensions were aged under stirring
vernight. The resulting solids were filtered and washed several
imes with Milli-Q water. The light blue or greyish blue colored HT
recursors were dried in air at 80 ◦C for 12 h and grounded in a
ortar. The samples were denoted HTCuZnAl-Y, where Y refers to

he Cu/Zn atomic ratio.
The HTCuZnAl-Y samples were then calcined at 450 ◦C overnight

o obtain the mixed oxides. The calcined samples were denoted
uZnAl-Y.

The CuZnAl-Y samples were then wet-impregnated with Pt
sing an aqueous solution of H2PtCl6.

.3. Catalytic activity

The samples were packed in a continuous PBR co-current reac-
or and then tested as catalysts for the nitrate reduction in water,
t atmospheric conditions. The samples were pretreated at 300 ◦C
nder hydrogen flow (7 ml/min) for 2 h before the catalytic or
dsorption tests. Afterwards, a hydrogen stream and a solution of
00 mg/L of nitrate (Riedhel de Haen, CAS 7631-99-4) in Milli-Q
ater were fed to the reactor (Table 1 summarizes the reaction

onditions). Catalytic tests were performed at least twice to check
he reproducibility of the results.

Adsorption tests were performed at the same experimental con-
itions described for the catalytic tests, except that during these
ests no hydrogen was fed to the reactor.

Aqueous samples from the reactions were analyzed by high
erformance liquid chromatography (HPLC). An anion separation

olumn (Shodex IC SI-90 4E) for suppression method was  used to
etermine nitrate and nitrite concentration, and a Shodex IC YK-
21 was used for ammonium determination.
Fig. 1. TGA curves for the thermal decomposition of the hydrotalcite precursors.

3. Results and discussion

3.1. Characterization results

3.1.1. Atomic absorption spectroscopy
The elemental composition of the CuZnAl HT precursors

(HTCuZnAl-Y) was  determined by atomic absorption. The Cu/Zn,
(Cu + Zn)/Al bulk molar ratios experimentally determined were cal-
culated, and are presented besides the theoretical values in Table 2.
It is observed that the experimental values are quite similar to the
expected values.

3.1.2. Thermogravimetric analysis
Calcination of the HT precursors was  followed by TGA mea-

surements. The resulting curves are shown in Fig. 1. The thermal
decomposition can be divided into two steps in all cases. First, from
50 to 190 ◦C the signal indicates the emission of weakly bonded
interlayer water molecules. The second weight loss, between 180
and 450 ◦C, is assigned to the dehydroxylation of the brucite-like
layers and the decomposition of the anions located in the inter-
layer space. All the samples presented similar weight losses around
36 wt%  that is typical from HT structure. The samples with Cu/Zn
ratio 2 and 1 presented the same total weight loss (34 wt%). When
copper content is diminished to 25.3 mol% the final decomposition
temperature and the weight loss increased (38 wt%).
Fig. 2. Power X-ray diffraction patterns of hydrotalcite precursors with different
Cu/Zn ratios.
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Table 2
Elemental composition, Cu/Zn and (Cu + Zn)/Al molar ratios of the HT precursors.

Hydrotalcite precursors mol% Cua mol% Zna mol% Ala Cu/Zn (Cu + Zn)/Al

HTCuZnAl-2 49.9 (50) 24.8 (25) 25.3 (25) 2.01 (2) 2.95 (3)
HTCuZnAl-1 38.0 (37.5) 36.4 (37.5) 25.6 (25) 1.04 (1) 2.90 (3)
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mentioned, peaks corresponding to metallic copper (JCPDS 01-070-
3038) appeared at 43◦ and 50.5◦. The intensity of this copper phase
increases with the amount of copper in the sample at expenses
of the CuO phase. Moreover, after the catalytic tests partial recon-
struction of the mixed oxide structure is not detected. This fact
HTCuZnAl-0.5 25.3 (25) 50.3 (50) 

heoretical values are given in parentheses.
a Concentrations are normalized to the total metal content.

ndicates the presence of nitrates as compensating anions. Tenorite
hase at 2� = 35.8◦ and 39◦ (JCPDS 01-1117 file) is also detected in
mall amount, except for the sample with the lowest Cu/Zn atomic
atio (CuZnAl-0.5). The formation of the tenorite phase could be
ttributed to: (i) the low Al content and high Cu/Zn atomic ratios
pure CuM(II)M(III) HT compounds are formed for Cu/M(II) ratios
1 [39,46]); (ii) to the Jahn–Teller distortions introduced by Cu(II)

nto the brucite-like layers [39,46]; and (iii) to the transformation of
u(OH)2 into CuO (this fact was evidenced by the change of the color
rom light blue into a dark color during drying [47]. Moreover, the
arkness of the samples increases with the copper content). Fur-
hermore, the presence of other non-crystalline side phases cannot
e discarded [39].

The thermal decomposition of the HTCuZnAl-Y samples was
onitored by XRD in a diffraction chamber, in order to study the

hase evolution of these materials during calcination. Fig. 3 shows
he sequence of patterns with increasing temperature. All the pat-
erns in the thermal study present peaks at 2� = 39.8◦ and 42.2◦

orresponding to the platinum support (JCPDS 4-802) used in the
nalysis. During the calcination, the peaks associated to the HT
hase are progressively shifted to higher angles, and decreased in

ntensity with increasing temperature up to 180 ◦C. This is due to
he decrease in the interlayer distance attributed to the removal of
ater in the interlayer [47], which agree with the first weight loss

n the TGA results (see Fig. 1). With a further increase in tempera-
ure, the HT phase totally collapsed by dehydroxylation, and oxide
hases start to crystallize at around 260 ◦C for all the samples.

The CuZnAl-0.5 sample, presents at 260 ◦C weak reflections
f a zincite phase (JCPDS 36-1451, 2� = 31.8◦, 34.4◦, 36.2◦, 47.5◦

nd 56.6◦) and a small increase of the intensity of these peaks at
igher calcination temperatures is observed (see Fig. 3A). How-
ver, the presence of CuO is not observed during this XRD thermal
reatment probably due to the low crystallization time during the
xperiment. In this case the presence of an amorphous CuO phase
ormation cannot be excluded. On the contrary, CuZnAl-1 sample
Fig. 3B) presents both ZnO and CuO diffractions peaks above 180 ◦C.
uZnAl-2 (Fig. 3C) presents CuO reflections at 260 ◦C, but when the
alcination temperature increased up to 350 ◦C the appearance of
n incipient ZnO phase is observed. The differences in the diffrac-
ion patterns clearly indicate that the nature of the phase evolution
s strongly influenced by the Cu/Zn atomic ratio. Moreover, the
ntensity of the CuO peaks increase with the copper content. Reflec-
ion of spinel-type compounds are absent in the XRD pattern in all
ases.

Based on the results of the thermal studies, the HT precur-
ors were calcined at 450 ◦C overnight to obtain the corresponding
ixed oxides to be used as catalysts active supports. Fig. 4 presents

he XRD patterns of the CuZnAl-Y sample. CuO and ZnO phases
ppear in the three samples, however the crystallinity of these
hases strongly depends on the Cu/Zn atomic ratio. For CuZnAl-
.5 and CuZnAl-1 the main crystalline phase detected is ZnO, while

or CuZnAl-2 is CuO. The presence of spinel-type phases is not dis-
arded.

The diffraction patterns of Pt impregnated materials (not
hown) are similar to the patterns of CuZnAl-Y samples (Fig. 4).
eaks associated to platinum species are not observed, probably
24.4 (25) 0.50 (0.5) 3.0 (3)

due to the low Pt content (up to 2 wt%.) and good metal dispersion
(see Section 3.1.8).

In addition, changes in the XRD patterns of the catalysts are
observed after the reduction at 300 ◦C during 2 h (Fig. 5). In
this case, additionally to the CuO and ZnO phases previously
Fig. 3. XRD pattern of hydrotalcite precursor at different calcination temperatures.
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Fig. 4. Power X-ray diffraction patterns of hydrotalcite precursors calcined at 450 ◦C
overnight.
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by XRD. The maximum reduction temperature of these samples
increases when the copper content increases, and this could be
explained by a poor dispersion of copper and by an increase in
the interaction between the copper oxide species and the support
[43] when the Cu/Zn ratio increases. Furthermore, CuZnAl-2 sam-
Fig. 5. Power X-ray diffraction patterns of 1%Pt impregnated materials.

ndicates that the reconstruction of the CuZnAl mixed oxide phases
o HT like structure is not performed during the catalytic process
ontrarily to the results previously reported for CuMgAl and MgAl
amples [29].

.1.4. Surface area of the samples
The BET surface areas of CuZnAl-Y samples are quite similar, and

he values are between 42 and 55 m2/g (see Table 3). These results
re similar to the results reported by Behrens et al. [47] and Breen
t al. [48]. A slight increase of the BET surface areas is observed
hen Pt is impregnated. The increase of the surface area could be

xplained by the addition of H2PtCl6 as platinum precursor. The
cid platinum precursor probably produces a partial solution of the
olid sample creating more porosity.
.1.5. Infrared analysis
The samples at the different stages of the study were character-

zed by FT-IR. Fig. 6 presents the FT-IR results of the HTCuZnAl-Y
amples. All samples show similar spectra, subtle differences are
oted. The bands recorded at 1636 cm−1 and around 3000 to

able 3
urface area for calcined samples with different Cu/Zn atomic ratios and Pt impreg-
ated samples.

Sample BET surface area (m2/g)

CuZnAl-2 42.0
CuZnAl-1 48.0
CuZnAl-0.5 54.7
1%Pt/CuZnAl-2 51.9
1%Pt/CuZnAl-1 52.8
1%Pt/CuZnAl-0.5 62.9
Fig. 6. Infrared spectra of the hydrotalcite precursors.

3700 cm−1, are due to hydroxyl groups of the interlayer water
molecules. These bands are broader and more intense when Cu/Zn
ratio decreases probably due to the presence of more pure HT phase.
The narrow band at 1336 cm−1 is assigned to interlayer nitrate
anions confirmed by XRD [29].

Fig. 7 presents the FT-IR spectra of CuZnAl-Y samples (450 ◦C).
The band at 1336 cm−1 disappears due to the thermal decomposi-
tion of nitrate at this temperature, indicating the destruction of the
HT like structure. Also, the band at 3000 to 3700 cm−1 decreases in
intensity due to the water removal (the persistence of this band is
probably due to the presence of water moisture during the manip-
ulation of the sample). Furthermore, a narrow peak at 686 cm−1

appears due to the transformation of the HT phase into mixed
oxides. After contacting the materials with water during the reac-
tion, there is no evidence of the reconstruction of the mixed oxide
phases to HT structure.

3.1.6. Reducibility by H2-TPR
The reduction properties of the samples were examined by H2-

TPR, and the results are shown in Fig. 8. It is observed that the
Cu/Zn atomic ratio and the presence of Pt in the samples influ-
ence the reduction of the catalysts. In Fig. 8 it can be seen that the
CuZnAl-Y samples have similar profiles, consisting of a main reduc-
tion peak with a maximum temperature in a range between 278
and 300 ◦C, according to previous results [48,49]. These peaks could
be attributed to the reduction of Cu(II)O species [49,50],  detected
Fig. 7. Infrared spectra of the calcined hydrotalcite precursors at 450 ◦C over-night.
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Table 4
XPS surface atomic ratios for reduced catalysts with 1 wt% Pt content.

Sample Zn/Al Cu/Al Pt/Al Cu/Zn CuRed/CuOx

1%P/CuZnAl-2 1.34 0.51 0.03 0.38 1.66

3.2. Catalytic reduction of nitrates
ig. 8. H2-TPR profiles of the calcined HT precursors and 1%Pt/CuZnAl catalysts.

le presents a shoulder at 220 ◦C that could be due to the reduction
f amorphous or to highly dispersed copper oxide [50]. Copper(II)
xide standard (not shown) presents a single peak at higher reduc-
ion temperature (364 ◦C) compared to the samples, indicating that,
ven considering the high amount of copper, there is a good disper-
ion of copper in the support (supported CuO reduces more easily
han bulk CuO [51]).

The addition of Pt to the CuZnAl-Y samples increases the
uO reducibility; as a result the reduction peaks are shifted to

ower temperatures (the maximum reduction temperatures are
egistered in a range between 237 and 271 ◦C). These peaks are
ttributed to copper oxide species that interacts in a different
ay with Pt and with the support. Samples 1%Pt/CuZnAl-1 and

%Pt/CuZnAl-0.5 present a shoulder around 177 ◦C that could be
ssigned to well dispersed copper oxide in interaction with Pt. Sam-
le 1%Pt/CuZnAl-1 also presents shoulders at 300 and 340 ◦C that
ould be attributed to copper species that have no interaction with
latinum or is not well dispersed. Sample 1%Pt/CuZnAl-2 has pos-
ibly a more homogeneous CuO phase distribution according to the
ymmetry of the peak. In all cases, hydrogen consumption is mainly
ue to CuO species, considering that the Pt content is too low com-
ared to the copper content. No reduction peaks for platinum oxide
re observed, probably due to the high amount of Cu compared to
he Pt one.

For all the samples, peaks at higher reduction temperatures (up
o 750 ◦C) were not observed.

.1.7. XPS
1%Pt/CuZnAl samples were reduced in situ at 300 ◦C (at the same

onditions described for the catalysts), and then analyzed by XPS in

rder to determine the chemical state of the metals. In Table 4 the
urface atomic composition of the reduced samples with 1 wt% Pt
ontent are compiled. The ratios are calculated from the respective
n 2p3/2, Cu 2p3/2, Al 2s and Pt 4d 5/2 core levels.
1%P/CuZnAl-1 1.46 0.54 0.04 0.37 3.42
1%P/CuZnAl-0.5 1.07 0.23 0.03 0.21 6.87

CuRed/CuOx: copper species reduced over oxidized.

In all samples, Pt 4d5/2 binding energies at 314.2 ± 0.5 eV
correspond to Pt metal, whereas Cu 2p3/2 exhibits always two  con-
tributions at 932.5 ± 0.3 and 933.8 ± 0.5 eV, which correspond to
reduced and oxidized Cu species, respectively (Table 4). The surface
atomic composition of samples 1%Pt/CuZnAl-1 and 1%Pt/CuZnAl-2
are quite similar in spite of the different nominal Cu/Zn ratio of
samples (1 and 2, respectively), whereas sample 1%Pt/CuZnAl-0.5
exhibits a lower surface Cu/Zn atomic ratio (as expected since this
sample contains a Cu/Zn nominal value of 0.5). In all cases the dis-
persion of Pt is similar (nominal loading 1% w/w) and the high Pt/Al
atomic ratio determined by XPS indicates that Pt is well dispersed
(small particles) and exposed on the surface of the catalysts. Con-
cerning Cu species, it is interesting to note that the ratio CuRed/CuOx
can be related to the Cu/Zn nominal value of samples. The lower the
Cu/Zn nominal value, the higher amount of reduced copper. (Here it
is used CoOx for Cu(II) and CuRed for Cu(0) + Cu(I) since it is difficult
to distinguish them).

3.1.8. HRTEM
Samples with 1%Pt content were analyzed by TEM to determine

the size and morphology of the particles in the samples. All sam-
ples were reduced at 300 ◦C prior to TEM analysis. Fig. 9A shows a
typical image of sample 1%Pt/CuZnAl-1 at low magnification. The
sample is mostly comprised by very small crystallites in the range
3–6 nm.  The same appearance was observed for the other two
samples, 1%Pt/CuZnAl-0.5 and 1%Pt/CuZnAl-2. A detailed HRTEM
analysis confirms the morphology of all three samples as well as
the crystalline nature of the particles. All particles are crystalline
and no amorphous phases are detected. Fig. 9B shows a represen-
tative HRTEM image of sample 1%Pt/CuZnAl-1 along with a ring
electron diffraction pattern of the same area (SAED). The indexa-
tion of the electron diffraction pattern is included in the figure and
shows that the sample is comprised by crystallites of �-Al2O3, ZnO,
and a mixture of CuO and Cu (confirmed by XRD). No signals corre-
sponding to Pt-containing phases have been observed in the SAED
pattern due to the low Pt loading of the sample. The same crys-
talline phases have been identified in samples 1%Pt/CuZnAl-1 and
1%Pt/CuZnAl-0.5.

Representative HRTEM images for these samples are depicted
in Fig. 10A  and B. Concerning platinum, well-dispersed metallic
Pt particles of about 1.5–2.0 nm in diameter have been observed
mostly on �-Al2O3 and ZnO, and very rarely in contact with CuO or
Cu crystallites. In Fig. 10C  some Pt particles are indicated by arrows.

Fig. 11A shows a HRTEM image of a Pt particle on �-Al2O3 in
sample 1%Pt/CuZnAl-2. Lattice fringes at 2.27 and 4.56 Å correspond
to {1 1 1} crystallographic planes of Pt and Al2O3, respectively (see
inset). Fig. 11B  and C shows Pt particles of 1.5–2.0 nm in size on
both Al2O3 and ZnO in sample 1%Pt/CuZnAl-0.5. A detailed lattice
fringe for one of them oriented along the [1 1 0] crystallographic
direction is depicted in Fig. 11C along with the corresponding FT
image (see inset).
The catalytic activity and the nitrate adsorption capacity of the
samples are discussed. Steady state values have been considered to
compare the results.
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Fig. 9. Sample 1%Pt/CuZnAl-1 (A) Low magnification TEM image, (B) HRTEM image and selected-area electron diffraction pattern with ring identification.

Fig. 10. HRTEM image of: (A) 1%Pt/CuZnAl-2, (B) 1%Pt/CuZnAl-0.5, (C) 1%Pt/CuZnAl-1.

F %Pt/C
s

t

X

S

Y

n
t
t
n

3

C

Cu/Zn ratio until a value of 1, and then it decreases with an increase
of the copper content. The activity varies strongly among the cat-
alysts and a simple correlation to the copper content cannot be
drawn, suggesting that other factors such as the properties of the

Table 5
Yields achieved by the 1%Pt-supported CuZnAl catalysts with different Cu/Zn atomic
ratios (steady state values).
ig. 11. HRTEM image of sample (A) 1%Pt/CuZnAl-2, (B) 1%Pt/CuZnAl-0.5 and (C) 1
quare).

The conversion, yield and selectivities are calculated according
o:

Nitrate = Cinitial

Cinitial − Cfinal
× 100 (1)

i = moles of i produced/L
moles of nitrate converted/L

× 100 (2)

i = XNitrate × Si

100
; Yi ≤ 100 (3)

where XNitrate: nitrate conversion; Cfinal: final concentration of
itrates in the effluent at steady state. Cinitial: initial concentra-
ion of nitrates fed to the reactor (around 100 ppm). Si: selectivity
oward product i in steady state. Yi: yield of product i. i: nitrites,

itrogen or ammonium.

.2.1. Incidence of the Cu/Zn atomic ratio
The catalytic activity of 1%Pt/CuZnAl-Y samples with different

u/Zn atomic ratios in the hydrogenation of nitrates in water using
uZnAl-0.5. (The enlargement and FT image correspond to the area enclosed in the

a continuous reactor is discussed. Fig. 12 shows the conversions
and the selectivities in time for the different catalysts. In Table 5
the yields are presented.

From Fig. 12,  it is observed that nitrate conversion and nitro-
gen selectivity are strongly influenced by the Cu/Zn atomic ratio
in 1%Pt/CuZnAl-Y catalysts. The conversion increases with the bulk
Catalysts Ynitrites (%) Yammonium (%) Ynitrogen (%)

1%Pt/CuZnAl-2 17.6 1.3 6.1
1%Pt/CuZnAl-1 32.0 2.4 7.6
1%Pt/CuZnAl-0.5 4.1 0.2 2.8
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Fig. 12. 1%Pt supported over CuZnAl

ispersing oxide phase plays an important role (as it was reported
y Turco et al. [44] in the OSRM reaction using CuZnAl mixed
xides). The samples exhibit similar surface characteristics: BET
urface areas, particle size and morphology (see HRTEM) and Pt dis-
ersion (see XPS) are comparable in all catalysts. As a consequence,
he differences in the catalytic activity should be more likely related
o differences in the surface composition induced by changing the
u/Zn atomic ratio during the synthesis of the HT precursors (see
able 4).

The differences in conversion (Fig. 12A) could be attributed
o differences in the copper surface atomic composition, because
t is generally accepted that metallic copper sites are the active
nes to reduce nitrates [18,45].  The low conversion achieved
y 1%Pt/CuZnAl-0.5 compared to the other samples, might be
xplained by the low Cu/Al(XPS) and Cu/Zn(XPS) ratios (see Table 4).
t means that there is an Al enrichment of the surface and copper
s not available to react with the nitrates.

Usually, catalysts reported in the literature for the nitrate reduc-
ion reaction in water contain around 0.25–2 wt%  Cu [30,52], but in
he present study the catalysts contained between 20 and 47 wt%
elative to the support weight. The copper content was changed
rastically between catalysts in order to obtain significant dif-
erences in the interactions of the metals in the support. Also,
onversions are lower than the reported for other Pt-Cu catalysts
ested at similar reaction conditions [30] with low copper content,
ut this could be explained because all the copper is not on the sur-
ace like in copper impregnated materials. This can be related to:
i) the deficient formation of Cu-Pt bimetallic sites (that presented
igher nitrate removal rate than copper monometallic sites [21]),
nd (ii) to the insufficient close contact between Pt and Cu on the
urface of the catalysts [21] (as it is observed by HRTEM analyses),
hus all active sites to remove nitrates are not regenerated.

Catalyst 1%Pt/CuZnAl-0.5 presents the highest nitrogen selec-
ivity (39%) (Fig. 12D), but in view of the differences in conversion,
t is more adequate to consider the nitrogen yield than the nitro-
en selectivity for comparative purposes (see Table 5). In terms of
itrogen yield the best catalyst is 1%Pt/CuZnAl-1.
The nitrite yield increases while conversion increases (Fig. 12B),
ndicating that the nitrate reduction rate of reaction is faster than
he nitrite reduction rate. This behavior was observed previously
y Wang et al. [26]. High nitrite selectivity (i.e. low nitrogen yield)
as achieved in all cases, this could be related to the fact that Pt
d oxides with different Cu/Zn ratios.

is  preferentially supported on Zn- and Al- containing phases than
on CuO or Cu(0) phases, as it was observed by HRTEM. According
to previous studies [18], nitrates are reduced on metallic copper to
produce nitrites, involving a redox reaction where copper is oxi-
dized. Besides, Pt plays two important roles in the reaction: (1) to
regenerate the copper oxide by reduction to metallic copper, and
(2) to reduce the intermediate product (nitrite), to nitrogen. Also,
it was  reported that Pt-Cu sites can reduce nitrite to nitrogen in
a higher rate compared to the Pt monometallic sites [21]. Conse-
quently, because Pt is not preferentially in close contact with copper
sites on the surface of these catalysts, it seems that the nitrite gen-
erated does not enter in contact enough time with Pt sites or Pt-Cu
bimetallic sites to be reduced to nitrogen or ammonium [45]. In this
case, Pt sites in the catalysts are close enough to regenerate cop-
per by hydrogen spillover, but not enough to reduce all the nitrites,
confirming that the interaction between copper and platinum is of
major importance to reduce nitrates and nitrites as mentioned by
Epron et al. [21] and Sá et al. [23,44]. Nevertheless, the influence of
the interaction between Pt-Cu in the nitrate hydrogenation reac-
tion is still not clear; as a consequence a more detailed study is
being performed currently.

Ammonium concentrations up to 1 ppm were detected
(Fig. 12C), these concentrations are significantly lower compared
to the reported by Palomares et al. [29] using 5%Pd/CuMgAl cat-
alysts. The low ammonium formation in all catalysts is due to the
low amount of Pt. Besides, the hydrogenation ability of Pt is affected
by the high content of copper in the supports [45], avoiding over-
reduction of nitrites.

The samples do not present partial reconstruction of the mixed
oxide phase into HT structure after the catalytic tests, as it was
observed by Palomares et al. in [29] using Pd supported on CuMgAl
calcined HT. This is due to the insertion of Zn instead of Mg  in the
HT structure and to the significant difference in copper content. The
mechanism proposed in [29] could not be verified in this case using
HT-type materials due to their different rehydration properties.

3.2.2. Incidence of the Pt metal loading

Considering the high nitrite selectivities observed, different Pt

metal loadings were supported on the CuZnAl-1 sample (the sup-
port that presented the highest nitrogen yield and best conversion
reported in Table 5), to obtain more Pt particles available on the
surface to reduce the excess of nitrites. Fig. 13 presents the conver-
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Fig. 13. Study of the incidence of the metal loading over Pt/CuZnAl-1 samples.

Table 6
Yields of Pt/CuZnAl catalysts with different Pt metal loading.

Catalysts Ynitrites (%) Yammonium (%) Ynitrogen (%)

s
P
p

t
a
i
i
m
s
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d

3

s
l
t
r

t
s
p

0.5%Pt/CuZnAl-1 34.8 3.6 6.6
1%Pt/CuZnAl-1 32.0 2.4 7.6
2%Pt/CuZnAl-1 26.4 3.3 5.4

ion and selectivities obtained for catalysts with 0.5%, 1%, and 2%
t. The ammonium, nitrite and nitrogen yields in steady state are
resented in Table 6.

From Fig. 13 it is observed that similar conversions and selec-
ivities are obtained in a range between 0.5 and 2 wt% Pt, and
mmonium selectivities around 10% are achieved. No significant
mprovements in the nitrogen yield (see Table 6) are observed, and
t seems that the Cu–Pt interaction does not change with the Pt

etal loading in this range. A higher Pt content and other synthe-
is method should be tried in order to cause a different interaction
etween the metals on the surface as it was previously reported
52]. Also, it would be interesting to co-precipitate Pt precursor
uring the HT synthesis to favor Pt–Cu interaction.

.2.3. Support catalytic tests
To complement the study, the catalytic activities of the CuZnAl-Y

upports were tested as reference materials (monometallic cata-
ysts). The samples were pretreated at 300 ◦C in hydrogen flow, and
hen tested in the same conditions described for catalytic tests. The
esults are presented in Fig. 14.
CuZnAl-Y are practically inactive for the nitrate reduction reac-
ion, indicating that nitrate can be reduced on copper monometallic
ites, but the degradation rate is very low in agreement with
revious investigations [31,53]. It is generally accepted that

Fig. 14. Conversion of CuZnAl supports with different Cu/Zn atomic ratios.
Fig. 15. Adsorption tests of Pt-impregnated CuZnAl mixed oxides with different
Cu/Zn atomic ratio.

monometallic sites are inactive for nitrate reduction, and the results
confirm that the presence of a noble metal (like Pt) is necessary to
enhance the catalytic activity. No ammonium formation or desorp-
tion is observed, and up to 0.5 ppm of nitrites are detected due to
the catalytic reduction of nitrates.

3.2.4. Catalysts stability
It is important to evaluate the stability of the catalysts in order to

determine the leaching of copper, thus after the reaction the copper
concentration in the treated water was  analyzed by atomic absorp-
tion. The copper concentration was  less than 15 ppb in all cases and
the values were under the potable water limitations (2 ppm) of the
European Union [54].

3.3. Adsorption tests

Adsorption test for the 1%Pt/CuZnAl-Y catalysts were performed
in the same conditions as the catalytic tests, but no hydrogen was
fed to the reactor while the nitrate solution was pumped. The mate-
rials were previously reduced under hydrogen flow at 300 ◦C before
the tests. The results are presented in Fig. 15.

It is observed that the nitrate removal rate decreases rapidly
in time when no hydrogen was fed to the reactor; this is due to
surface oxidation of copper showing that hydrogen is necessary as
reducing agent to regenerate copper sites [18,21]. Ammonium con-
centrations under the detection limits (after 500 min) and nitrite
concentration around 0.4 ppm were detected. Consequently, after
1000 min  the contribution of nitrate removal due to adsorption

can be neglected in the catalytic tests. The same tendency was
observed in the tests performed with CuZnAl-Y supports, for which
no ammonium was detected.
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. Conclusions

Pt-supported CuZnAl calcined HT materials, with different
u/Zn atomic ratios (0.5, 1 and 2) and a (Cu + Zn)/Al atomic ratio
f 3, were synthesized and characterized by different techniques.
he catalysts were tested in the catalytic reduction of nitrates in
ater, and demonstrated to be active and stable in this reaction.

he Cu/Zn atomic ratio in the active support (CuZnAl-Y) has a strong
nfluence in the nitrate conversion and in the nitrogen selectivity,
ndicating that the interaction of the different components in the
upport plays an important role in the catalytic activity. The highest
onversion and nitrogen yield were obtained with 1%Pt/CuZnAl-

 catalysts. A simple correlation of the catalytic activity with the
opper content was not observed. The Pt content does not influ-
nce significantly the selectivity or conversion in the range studied
0.5–2 wt%), due to the low Pt/Cu ratio. A further optimization of
he system should be performed in order to improve the nitrogen
electivity.

The CuZnAl calcined HT as supports are practically inac-
ive for nitrate reduction and Pt is necessary to enhance the
ctivity.
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