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Abstract

The use of Pd-Cu bimetallic catalysts in the reduction of aqueous nitrate ions by hydrogen was
studied. The catalysts were supported on multi-walled carbon nanotubes (MWCNTSs),
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activated carbon (AC), and Titania, and the influence of the support on the nitrate reduction
activity in water was then investigated. The catalysts were characterized before and after use
by FT-IR, XRD, SEM, EDX, and Laser Granulometry. It was found that the surface characteristics
of the support have an influence on the catalyst activity, with Pd-Cu supported on MWCNT
displaying the highest reduction efficiency.

Keywords
Pd-Cu bimetallic catalyst; multi-walled carbon nanotubes (MWCNTs); XRD; BET; SEM; FTIR

1. Introduction

Nitrate and nitrite are naturally occurring ions that play active roles in the nitrogen cycle.
However, while nitrogen is essential for all living things as it is a component of protein, excessive
concentrations of nitrate-nitrogen in drinking water can be hazardous to health [1]. This problem
has become acute, as the intensive use of fertilizers and pesticides has led to the presence of
extensive nitrate concentrations in groundwater, which is considered the main source of drinking
water [2].

Nitrate is highly soluble, so it readily enters soil and groundwater and can be carried directly into
surface water in run-off and field run-off [3]. This has led to nitrate levels in many groundwater
bodies and rivers around the world to have increased over the past 50 years. While not directly toxic
to the human body, nitrate in an anaerobic state, such as when in the human gut, is converted to
nitrite, which can lead to so-called “blue baby syndrome”. Nitrates are also precursors to
carcinogenic nitrosamines and other N-nitroso compounds [4].

Many physicochemical processes can be used to remove nitrates from the water, such as ion
exchange [5], reverse osmosis [6, 7], electrodialysis [8], or adsorption [9, 10]. However, with all
these processes, the nitrates require treatment post-removal to be made harmless [11]. Biological
treatment can convert nitrates into harmless nitrogen directly, but such processes (either
heterotrophic or autotrophic) introduced handling difficulties and can lead to the release of
undesirable biomass or toxic by-products [11]. The third approach to nitrate removal is the
reduction of nitrates to nitrogen using hydrogen as a reducing agent over a supported bimetallic
catalyst. Several studies have been conducted on this approach following early work by Vorlop et al.
[12], all of which follow a general scheme of using a promoter metal or bimetal system (preferably
Pd-Cu) that allows nitrate adsorption. Following this adsorption, nitrate is first reduced to nitrite;
then nitrite is converted to other intermediates (NO, N>O), before. Finally, nitrogen is formed as the
main product, alongside ammonium, which is an unwanted by-product generated due to excessive
hydrogenation [13]. Although this general mechanism suggests that the activity of the noble metals
must be enhanced (promoted) by a second metal in the first step of nitrate reduction to nitrite,
some studies that have used monometallic catalysts supported on metal oxides such as ceria [14]
or Titania [15] to reduce nitrates, and the mechanism includes the partly reduced species of the
support. In 1989, Vorlop et al. proposed the catalytic hydrogenation of nitrate over a bimetallic
palladium catalyst to remove nitrate from drinking water [12]. In this process, nitrate passes through
several steps via NO,-, NO and N,O intermediates as it is reduced to molecular nitrogen. Ammonia
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is also generated as an undesirable by-product, forming from the secondary reaction of hydrogen
and NO adsorbed on the catalyst surface. Priisse et al. [16] proposed a mechanistic model with three
principal elements: 1) nitrate reduction occurs primarily at the bimetallic site (Pd-Cu; palladium-tin),
2) nitrite reduction occurs at monometallic sites (Pd), and 3) reaction selectivity is determined by
the N/reducer ratio at the single metal site of palladium. According to Prisse et al., as the promoter
metal content increases, the nitrite reduction activity on the bimetallic catalyst decreases [17] - the
significant formation of nitrite during the nitrate reduction process supports this conclusion. Later,
[llinich et al. [18] proposed an 18-step mechanism for nitrate reduction over supported Pd-Cu
bimetallic catalysts. However, the most accepted mechanism is that of Epron et al. [19], who
proposed that the promoter metal is responsible for the reduction of NOs™ by redox reactions, and
the primary function of the noble metal (Pd or Pt) is to activate hydrogen, which reduces the
promoter metal. Although the noble metals show no activity in reducing NOs-, they are very active
in the degradation of nitrite (this is thought to occur due to the presence of active hydrogen) [19,
20].

Studies have shown that bimetallic catalysts are more effective than monometallic catalysts [16,
21, 22]. And bimetallic catalysts typically consist of a noble metal (primarily Pd or Pt, but also Ru,
Rh, or Ir) and a promoter metal (such as Cu, Sn, Ag, Ni, Fe, or In) deposited on different supports.
Pd-Cu, Pd-Sn, and Pt-Cu appear to be the most efficient combinations, but the metals alone are
insufficient in their selectivity to nitrogen [23, 24]. To increase their selectivity, they are usually
deposited on a support. Many support materials have been used, including alumina [16, 25-27],
silica [28, 29], Titania [30], activated carbon [29-32], ceria [14], tin oxide [33], polymers [34], zirconia
[35], and alumina membranes [36].

Carbon materials and titanium dioxides have proved to be particularly good supports for nitrate
reduction. Yoshinaga et al. [37] reported that Pd-Cu catalysts supported on activated carbon were
highly selective to nitrogen, with activities that were higher than those supported on silica or
alumina. Similarly, Gao et al. [13] reported that Pd-Cu catalysts supported on TiO, were much more
active than those supported on Al;Os3. While S3 et al. [15] found that palladium supported on titania
was also active for this reaction. Nitrate is adsorbed at the exposed Lewis acid sites (oxygen
vacancies) of the support via electrostatic interactions, such that, for example, electrons associated
with the reduction process can be located at the Ti3* center of Titania supports. However, Pd
catalysts supported on TiO, have very low nitrogen selectivity, as shown by the strong
hydrogenation properties of this catalyst, which lead to over-reduction. However, according to
Soarez et al. [38], titanium dioxide provides high activity for nitrate reduction, and the use of
composites with carbon nanotubes significantly improves selectivity for nitrogen.

In general, carbon materials are good supports for this process, and, consequently, activated
carbon (AC) is one of the most used materials in adsorption and catalysis. This is due to many factors:
their high surface areas and pore volume, the variety of surface chemical properties that they have,
the rapid recovery of supported metal by simple combustion of the support, and the chemical
inertness both in acidic and basic media [33-35]. Carbon nanotubes (CNTs) have also attracted
attention as a new support in heterogeneous catalysis due to several unique properties [39, 40, 41].
Combined with the ability to attach (functionalize) essentially any chemical species to their sidewalls,
the use of CNTs creates opportunities for unique catalyst supports whose electrical conductivity can
also be used to find new catalysts and catalytic behaviors. Supporting transition metal nanoparticles
on CNTs for catalytic reactions leads to simple product separation, high atomic efficiency, and ease
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of catalyst recovery [42]. CNTs offer several advantages over traditional supports, in that, they have
a high degree of flexibility in dispersing active phases because their specific surface area or inner
diameter can be adjusted, it is easy to chemically functionalize their surfaces and change their
chemical composition, and they can catalyze phase deposits on both their outer surface and their
inner cavities [43]. Salomé et al. [40] studied the activity and selectivity of Pd-Cu, and Pt-Cu
bimetallic catalysts on different carbon material supports for the reduction of nitrate in water. They
found by comparing the different supports under the same conditions that carbon nanotubes were
the best support. This may be due to the interaction between the precursor and the support during
impregnation, which could affect the size of the metallic particles.

Although the focus of the above review has been the role of the support, it must also be
acknowledged that several other factors play a role in the activity and selectivity of nitrate reduction,
such as the reaction conditions, catalyst preparation, how the noble metals are promoted, etc. [44].

The aim of this present study was to investigate the use of multi-walled carbon nanotubes
(MWCNTSs), activated carbon, and titania as supports for Pd-Cu bimetallic catalysts for nitrate
reduction in water using hydrogen as a reducing agent. The catalyst preparation conditions, catalyst
characterization, as well as the effect of the support and pH on the activity of the catalyst, were
considered.

2. Experimental
2.1 Materials

The supports used in this study were multi-walled carbon nanotubes (MWCNTs) (70-80%),
Activated carbon (AC), and titanium oxide (Titania, TiO3), purchased from Sigma-Aldrich. TiO; and
AC were used as received. However, the MWCNTs were purified and functionalized before use.
Nitric acid (69%), palladium chloride (99%), copper nitrate (99%), potassium nitrate (299%), and
sodium borohydride (296%), purchased from Sigma-Aldrich, were used in the preparation of the Pd-
Cu supported catalysts. Acetonitrile (99.85%) from Scharlau was used as the solvent. While
chloroform (99.0-99.4%), potassium sodium tartrate tetrahydrate (99%), sodium salicylate (99.5%),
sulfuric acid (98%), purchased from Sigma-Aldrich, and sodium hydroxide (99%), purchased from
Riedel-de Haén, were used in the nitrate coloration.

2.2 Purification and Functionalization of the Carbon Nanotubes

The MWCNTSs were first heated at 350 °C for 30 min to remove amorphous carbon [45]. Then
they were functionalized by using one of two approaches:

2.2.1 Oxidation of the MWCNTSs by 8 M Nitric Acid with sonication

The MWCNTSs (200 mg) were first sonicated in 8 M nitric acid solution (200 mL) for 1, 2, and 3 h
at 40-50 °C to oxidize their surfaces [46], and then filtered and washed with deionized water until a
neutral pH was reached [45], before, finally, being dried at 80 °C for 24 h [47, 48].

2.2.2 Oxidation of the MWCNTSs by 3 M Nitric Acid at Reflux
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The MWCNTSs (80 mg) were transferred to a round-bottom flask containing 100 mL of 3 M nitric
acid and equipped with a magnetic stirrer bar and a reflux condenser. Then the flask was immersed
in an oil bath at 120 °C. The mixtures were heated at reflux for 3 h, cooled to room temperature,
and then filtered before. Finally, the solid filtrate was washed with water until the pH became
neutral [46].

2.3 Catalyst Preparation

The same procedure was used for all the supports used in this work. The catalysts were first
prepared by co-impregnating each support in a mixture of deionized water and acetonitrile (V/V,
3:1) with PdCl; and Cu(NOs); in the required amounts to obtain 4 wt.% Pd - 1 wt.% Cu catalyst. Then
NaBHs was added dropwise to the solution. After sonication at 65 °C for 1 h, the mixture was filtered
and washed several times with deionized water to completely remove any remaining reducing
agents before; finally, the solid filtrate was dried at room temperature for several days under
vacuum.

2.4 Catalyst Characterization

X-Ray Diffraction (XRD) was used to identify the crystalline phases and purities of the different
supports and to confirm the deposition of Pd and Cu metals onto them. The XRD patterns were
recorded using a Bruker D8 Advance diffractometer operating in the reflection mode with Cu Ka (A
= 0.154056 nm) radiation at 35 kV, 30 mA in a 26 range of 5° to 80° with a step-size of 0.02° and a
count time of 2 s/step. The specific surface areas were measured by N, adsorption using a
Micromeritics ASAP 2420 analyzer and a multipoint BET method. The morphology and the particles
size of the different supports were characterized using Field Emission Gun Scanning Transmission
Electron Microscopy (FEG-STEM) on a JEOL JSM7100F instrument. The Pd and Cu content of the
catalysts and their distribution were determined using Energy Dispersive Spectroscopy (EDS) on an
EDAX SDD operating at 20 kV equipped with an SDD Apollo X detector. Fourier Transform Infra-Red
(FTIR) Spectroscopy on a Jasco FT/IR-6300 was used to analyze the chemical bonds and the
functional groups grafted onto the nanotubes. The particle size distribution of the MWCNTs before
and after functionalization was analyzed using the Partica LA-950V2 laser scattering particle size
distribution analyzer.

2.5 Nitrate Reduction

Reduction experiments have been carried out in a glass reactor, equipped with a magnetic stirrer
at room temperature and atmospheric pressure, using hydrogen as the reducing agent and at a pH
that varied with the type of support. In a typical run, 25 mg of catalyst was added to a reactor
containing 50 mL of sodium nitrate (NaNOs) solution (30 mg/L NOs’) in demineralized water, which
was then flushed with H, to remove air while being continuously stirred. At the end of the reaction
(15 min or 120 min), the solution was filtered with 0.45 um micro-filter paper, and the filtrate was
colorized for nitrate determination, which was done using a U-2900 Diodes Array UV-Vis
spectrophotometer [44].
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2.6 Determination of Nitrate Concentration

Beer-Lambert law states that a solution’s absorbance is directly proportional to the
concentration of the absorbing species it contains. Thus, UV/Vis spectroscopy can be used to
determine the concentration of the absorbing species. An alternative to plotting calibration curves
is to make use of the relationship:

C=kA [1]

where C is the concentration of the unknown, A is the measured absorbance of the unknown, and
k is a factor derived from the reference or standard solution. A plot of absorbance against
concentration will be linear in a certain domain of concentration, and, thus, the concentrations of
nitrate can be determined by comparison with the calibration curve.

3. Results and Discussion
3.1 Catalyst Characterization

Figure 1 shows the XRD pattern of the MWCNTSs (after functionalization), AC, and titania. The
MWCNTs pattern has typical peaks at 25.9° and 42.7°, corresponding to the graphite (002) and (100)
planes [48], respectively, indicating a pristine structure. While the typical peaks at 24" and 42°in the
AC pattern correspond to the (002) and (100) planes of activated carbon, respectively [49], their
broad widths show that the ACis in an amorphous state. Two phases that can be attributed to titania
(anatase (80.5%) and rutile (19.5%)) can be seen in the titania pattern. Figure S1 shows the XRD
patterns of the functionalized MWCNTs and Pd-Cu catalyst deposited on the functionalized
MWOCNTs. The peaks typical of pristine graphite are again present at 25.9° (reflection 002) and 42.7°
(reflection 100). There are also peaks at 40.1°and 46.7 corresponding to the reflection planes (111)
and (200), respectively of crystalline Pd with a face centered cubic structure (fcc) [50]. However,
there is no clear peak that can be attributed to Cu, which would be expected to appear at 43°,
corresponding to the reflection of the (111) plane. This may be due to the low percentage of Cu
and/or by overlapping with the graphite peak at 42.7°.

Page 6/19



Catalysis Research 2022; 2(2), doi:10.21926/cr.2202011

R, A A AA A

TiO

Intensity (a.u.)

MWCNT

0 10 20 30 40 50 60 70 80 90
2-theta (deg)

Figure 1 XRD patterns of the MWCNTSs, AC, and Titania; A: Anatase, R: Rutile.

Surface modification of the MWCNTSs with HNOs solution was investigated by FTIR to confirm the
formation of the functional groups on the surface of the MWCNTSs. The results are shown in Figure
2(a). The peak at 1430 cm™ can be assigned to C=C asymmetric stretch [51], while the C-OH
stretching mode can be found at 3430 cm™tand the stretching vibration of the C =0 double bond
can be found close to 1710 cm™. The peaks at 1710 cm™ and 3430 cm™3, corresponding to the C =0
of carboxylic acid and the OH hydroxyl group, indicate oxidation of carbon atoms on the surface of
the MWCNTSs by the HNOs. For comparison, figure 2(b) shows the FTIR spectrum of the AC. The
peak at about 3440 cm™ can be assigned to the O-H stretching mode of hydroxyl groups, the band
at about 1700 cm™ to C =0 stretching vibrations of ketones, aldehydes, lactones or carboxyl groups,
the broad band at 1000-1300 cm™ to C-O stretching in acids, alcohols, phenols, ethers and esters
groups; and the peak at 1430 cm™ to C =C asymmetric stretch.
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Figure 2 FT-IR spectra of (a) the functionalized MWCNTs, and (b) AC.

The evolution of the particle size distribution of MWCNTSs during sonication in 8 M HNOs solution
and after refluxing in 3 M HNO3 solution is shown in Figure 3. The dispersion of the MWCNTSs is
noticeably enhanced after 1 h of sonication; however, there is little further increase in dispersion
when the sonification period is increased to 3 h. Compared to the sonication process, refluxing
seems to be less effective in decreasing the size of the MWCNT particles. And the sizes remain
micrometric in both cases, which is due to the length of the carbon nanotubes.
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Figure 3 Particle size distribution of the MWCNTSs functionalized using two different

approaches - sonification and refluxing.

SEM micrographs of the as-received MWCNTSs, purified MWCNTSs, titania, and activated carbon
are shown in Figure 4. Curved MWCNTs with a cylindrical shape are visible in the as-received
MW(CNTs (Figure (4-a)). The cylindrical shape of the MWCNTSs, with a nanometric diameter size and
micrometric length, becomes more obvious following the purifying step at 350 C (Figure (4-b)). The
surface morphology of the TiO, (Figure 4-c) shows a uniform and homogeneous distribution of
spherical TiO, particles with nanometric size. The activated carbon image reveals particles with
micrometric sizes (Figure 4-d). At this magnification, the surface of the AC, which is usually full of
irregular cavities that can serve as the main channels to connect to the inner and outer surfaces of
the AC, is not well-resolved. Energy-dispersive X-ray spectroscopy (EDS) was used to provide
gualitative and semi-quantitative information about the elemental composition of the surface of
the catalysts. The EDS spectra are given in supporting information (see Figures S1-S3). The results
show that Pd and Cu are present on the surface of all three prepared catalysts.
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Figure 4 Scanning Electron Microscopy (SEM) images of: (a) MWCNTs as-received; (b)
Purified MWCNTs; (c) TiO2; and (d) AC.

To further analyze the morphology of bimetallic Pd-Cu catalysts, TEM of Pd-Cu/MWCNTs was
carried out, as shown in Figure 5. Supported active metal particles on the MWCNTSs are visible in the
TEM images. The EDX elemental mappings of Pd-Cu nanoparticles on the MWCNTs show the
dispersion of each metal (Pd and Cu) on the surface of the MWCNTs. This shows that the Cu is
dispersed homogeneously, while some of the Pd is present in agglomerations on the surface of the
support (Figure S4 in the supporting information).

Figure 5 TEM micrographs of the Pd-Cu/MWCNTSs: a) 1 um resolution and b) 100 um
resolution.

Table 1 summarizes the BET surface areas and the pores volumes of the supports used in this
study. The activated carbon support presents both the highest BET surface area and the highest
total pore volume. Titania shows the lowest BET surface area and the lowest mesoporous surface
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area, while MWCNTs show the highest BET mesopore surface area. These differences can, in part,
be attributed to the absence of micropores in both TiO; and the MWCNTs. To confirm the specific
surface area of the samples, N2 adsorption-desorption isotherms were performed. The MWCNTSs
and TiO; isotherms (Figures 6a and 6c, respectively) are of type IV, characteristic of mesoporous
materials with a finite multilayer formation followed by capillarity condensation. At the same time,
the ACisotherm (Figure 6b) is of type |, characteristic of microporous materials. The hysteresis loops
of the MWCNTSs and TiO; are close to the H1 type, which corresponds to materials with cylindrical
pore geometry and high pore size uniformity. While for the AC, the hysteresis loop is of the H4 type,
characteristic of narrow slit-like pores.

Table 1 Texture properties of the supports.

Support SgeT (mZ/g) Vmicro (cm3/g) Smeso (mZ/g) V total (Cm3/g)
F - -
unctionalized 250 0 264 1,59
MWCNTs
AC 837 0.32 88 0.50
Tio, 53 0 27 920
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Figure 6 Nitrogen adsorption-desorption isotherms for: (a) Pd-Cu/MWCNTs; (b) Pd-
Cu/AC; and (c) Pd-Cu/TiO,.

3.2 Catalytic Reduction of Nitrate
3.2.1 Effect of the Support

To study the influence of the support on the performance of nitrate reduction catalysts, catalytic
reduction experiments were performed using all three supported bimetallic catalysts (Pd-
Cu/MWCNTs, Pd-Cu/AC, and Pd-Cu/TiO;). The degree of nitrate conversion after 2 h of the reaction
using each of these three supports is shown in Figure S5. All experiments were carried out with Cno,-
=30 ppm, Ceatalyst = 0.5 g/L, and pH = 7. The results show that the MWCNTs-supported catalyst had
the best performance, with a nitrate conversion rate of more than 98%. Titania also shows a high
nitrate conversion rate (88.7%). However, for the activated carbon, the performance was moderate
at best (43%).
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The differences in performance can be related to the surface chemistry of each support. For
carbon material supports, MWCNTs have advantages over activated carbon, as aggregates of the
tubes can act as mesoporous materials with the active metal sites located on the outer walls of the
tubes, thus, avoiding the mass transfer limitations common in porous materials such as activated
carbon that will decrease the apparent activity and even modify the selectivity of the catalyst [52].
The limitation of mass transfer in AC stems from the fact that most of the adsorption occurs in its
micropores, only a few of which are located on the outer surface, with mesopores and macropores
acting as channels for the adsorbate into the inner micropores. This interpretation is supported by
the BET analysis, as shown in Table 1. Although the activated carbon has the highest BET surface
area and the highest total pore volume, it shows the lowest catalytic activity. This is due to the low
number of mesopores (low mesopore surface area). In contrast, the high catalytic activity of carbon
nanotubes can be attributed to the high numbers of mesopores and the absence of micropores. The
presence of specific metal-support interactions may also affect the catalytic activity. The presence
of oxygen and hydrogen in the surface groups has a great influence on the adsorption properties of
activated carbons, while the random arrangement of incomplete aromatic sheets can lead to
incompletely saturated valence states and unpaired electrons, affecting their adsorption behavior
[53]. The fact that MWCNTs have a highly oriented structure results in them possessing better
adsorption properties after being functionalized.

The good performance shown by Titania can be explained by the nature of the interaction
between the metal nanoparticles and the TiO, support. Anatase TiO; is frequently used as a catalyst
support for metal heterogeneous catalysts due to its strong interaction with metal nanoparticles.
The XRD pattern of the Titania used in this study shows that it is 80.5% anatase. Although TiO;
presents the lowest BET surface area and the lowest mesopore surface area, it presents higher
catalytic activity than activated carbon. This can be explained by the mechanism proposed by S3
and Anderson [30], in which, in the case of bimetallic catalysts, nitrate adsorption occurs not only
on the transition metals but also on the support. It has been proposed that nitrate, after the
exchange with OH’, may be adsorbed on the Lewis acid sites of TiO, and reduced by an electron-rich
titania species (presumably Ti;O;) formed from hydrogen spillover, which leads to the formation of
nitrites.

3.2.2 Effect of pH

The effect of varying the pH on the nitrate conversion rates of the three supported catalysts was
studied while keeping Cno,-= 30ppm and Ccatalyst = 0.5 g/L. The results are shown in Figure S5.
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Figure 7 Nitrate conversion (%) after 2 h of catalytic reduction using a) Pd-Cu/MWCNTs,
b) Pd-Cu/Activated Carbon, and c) Pd-Cu/TiO; as catalysts at a range of pH (Cno,-= 50
ppm, Ccataly5t=0.5 g/L).

For Pd-Cu/MWCNTs (Figure 7-a), the catalytic activity significantly decreases in an acidic medium.
Muataz et al. [54] reported that the point of zero charge “pHpzc” of the MWCNTSs is 6.6 drops from
6.6 to 3.1 after being functionalized with the carboxylic functional group. Hence, in an acidic
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medium, the pH is almost equal to that of the point of zero charge (3.1), leading to the neutralization
of the surface charge. The resulting agglomeration of carbon nanotubes can lead to a decrease in
catalytic activity. It is also possible that, at certain pH, this support might be involved in the nitrate
reduction mechanism.

Pd-Cu/TiO, (Figure 7-b) shows a decrease in the catalytic activity in a basic medium. According
to Sa et al. [15], nitrates adsorb onto exposed Lewis acid sites (oxygen vacancies) of the support via
electrostatic interactions. Electrons associated with the reduction process can therefore be found
on Ti**centers, and, thus, nitrate reduction decreases at basic pH due to inhibitory binding of
hydroxide ions at these centers at high pH.

The effect of activated carbon surface chemistry is clearly pH-dependent (Figure 7-c). The
different interactions of the oxygenated groups found on its surface (carbonyls, hydroxyls, lactones,
pyrone, and quinine) in acidic and basic mediums determine the surface charge of the AC and thus
its activity in the reduction of nitrate. At high pH (pH > pHpzc), the low absorption is due to
electrostatic repulsion between the negatively charged carbon surface and nitrate anions. The
improved catalytic activity in an acidic medium can be explained by the fact that the surface is
positively charged, which promotes the absorption of nitrate ions [55].

4. Conclusions

The catalytic reduction of nitrates in water by the bimetallic catalyst Pd-Cu on three different
supports (MWCNTS, AC, and Titania) has been studied. The highest catalytic performance in a
neutral pH medium was observed by using MWCNTSs as the support, with nitrate conversion of up
t0 99%. The effect of pH on the surface chemistry of the catalyst was found to have a great influence
on their activity, with Pd-Cu/MWCNTs showing better catalytic performance in a basic medium, Pd-
Cu/AC better performance in an acidic medium, and Pd-Cu/Titania better performance in a neutral
pH medium. These results show that it is very important to select support according to the practical
conditions to efficiently reduce nitrate ions in aqueous solutions.
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