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Abstract: As the population grows and the demand for
water rises, the development of efficient and sustainable
water purification techniques is becoming increasingly
important to ensure access to clean and safe water in
the future. The pollution of surface and groundwater by
nitrate (NO3) is a growing global concern due to the rise
in nitrogen-rich waste released from agriculture and
industry. The removal of nitrate ions from aqueous media
using bimetallic catalysts loaded on several supports was
studied. Multiwalled carbon nanotubes, activated carbon,
titanium dioxide, titanium dioxide/multiwalled carbon
nanotubes, and Santa Barbara Amorphous-15 were used
as supports to synthesize these bimetallic catalysts. The
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Graphical Abstract

effects of the support type, supported metal, and catalyst
reduction method on the nitrate reduction activity in water
were investigated. The catalysts were characterized by
X-ray diffraction, fourier-transform infrared spectroscopy,
Brunauer-Emmett-Teller isotherm, inductively coupled
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plasma spectroscopy, and field emission gun scanning
transmission electron microscope. In terms of nitrate con-
version, high-temperature hydrogen reduction of the cat-
alysts was a more effective method of catalyst preparation
than NaBH, reduction. Except for the carbon nanotube-
TiO, composite, pH fixation using CO, flow improved the
efficiency of supported catalysts. The catalysts 1Pd—-1Cu/
TiO, and 1Pd—-Cu/SBA-15 presented the highest catalytic
activity, but the latter was the most selective to nitrogen.

Keywords: nitrate reduction, bimetallic catalyst, SBA-15,
carbon nanotubes, TiO2, activated carbon, XRD, BET,
SEM, FTIR

1 Introduction

The worldwide nitrogen cycle has changed altogether
over the past 200 years. Pollution from the excessive
use of nitrate is the major disrupter of this natural cycle.
Nitrate enters the environment through various human
activities, such as agricultural and urban activities, the
use of pesticides, improper disposal and dumping of
industrial waste, etc. Nitrate is highly soluble in water
and readily enters groundwater reservoirs and nearby
water systems. At a concentration above 50 mg/L, nitrate
causes many health complications such as methemoglo-
binemia, diabetes, and the spread of infectious diseases
[1]. Aquatic systems with high concentrations of nitrate
and weak buffering capacity may suffer from water acid-
ification due to the generation of nitric acid by the nitrate
reductase in freshwater, compromising the survival of
acid-sensitive fish and other aquatic biota. In addition,
in open water systems, nitrate promotes eutrophication,
impairing aquatic life’s ability to breathe [2].

Nitrate nondestructive treatment methods, such as
electrodialysis, ion exchange, and reverse osmosis, pro-
duce residual streams with high nitrate concentrations
that require proper disposal [3-7]. The commonly used
nitrate-destructive treatment method, biological denitri-
fication, produces water that necessitates deep postdisin-
fection and waste sludge that needs to be dealt with
[8-10]. Another promising nitrate destructive treatment
method is catalytic reduction. The absence of posttreat-
ment requirements and sludge production, along with
energy and space-saving, are advantages of catalytic
reduction over the previously stated methods. Studies
have shown that nitrates can be reduced effectively using
bimetallic catalysts supported on active or passive mate-
rials, but this releases byproducts such as nitrite and
ammonia [11]. These byproducts are more hazardous to

DE GRUYTER

human health than nitrates. The World Health Organiza-
tion sets a maximum limit of 10 ppm for nitrates, but even
lower limits of 0.03 and 0.4 ppm for nitrites and ammo-
nium, respectively. The main challenge in making the
catalytic reduction of nitrates competitive is to develop
innovative catalysts and configurations to increase nitrogen
selectivity [3,11-13].

Numerous studies have been conducted on the reac-
tion mechanism of nitrate reduction over supported bime-
tallic catalysts utilizing hydrogen as the reducing agent
[14]. Based on the earlier work of Vorlop and Tacke [5],
using a bimetallic system (preferably Pd—Cu) promotes the
adsorption of nitrate [5]. After adsorption, nitrate is first
reduced to nitrite; nitrite is preconverted to other inter-
mediate products (NO and N,0). Ultimately, nitrogen is
formed as the main product, and the long-sided ammo-
nium is an undesirable by-product of overhydrogenation
[15]. Priisse and Vorlop [13] proposed a mechanistic model
involving three main elements: 1) nitrate reduction mainly
occurs at bimetallic (Pd—Cu; Pd—Sn) sites, 2) nitrite reduc-
tion occurs at monometallic (Pd) sites, and 3) the reaction
selectivity is determined by the N/reductant ratio of a
single metal site of palladium. As per Deganello et al., the
nitrite reduction activity of bimetallic catalysts decreased
with the increasing promoter metal content [16], a conclu-
sion supported by the abundant formation of nitrite during
nitrate reduction. Later, Ilinitch et al. [17] proposed an
18-step mechanism for nitrate reduction over supported
Pd-Cu bimetallic catalysts. However, the most widely
accepted mechanism is that of Epron et al. [18]. They sug-
gested that the promoter metal reduces NO5 through redox
reactions, while the noble metal (Pd or Pt) activates
hydrogen to reduce the promoter metal. Although noble
metals do not appear to be active in reducing NO3, they
are very active in decomposing nitrite (this is believed to
be due to the presence of active hydrogen) [18,19]. Bime-
tallic catalysts usually consist of a noble metal (mainly 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 effective
combination, but the metals alone are not selective enough
for nitrogen [20,21]. To increase their selectivity, they are
usually deposited on supports. Many support materials
have been used, including alumina [13,22—24], silica [25,26],
titania [27], activated carbon (AC) [26—29], carbon nanotubes
(CNTs) [30,31], ceria [32], tin oxide [33], polymer [34],
zirconia [35], and aluminum oxide film [36,37].

Several reasons behind catalyst deactivation have
been reported, including surface fouling of the catalyst
surface, promoter irreversible oxidation, and decomposition
of the bonding between the catalyst and the support [38].
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Furthermore, catalyst deactivation is aggravated in the pre-
sence of other ions and pollutants. Metal impregnation
and metal aggregation during the catalyst preparation are
among the reasons that affect the catalyst reactivity and N,
selectivity. Catalyst support appears to influence all the
aforementioned issues.

The fundamental objective of this work is to screen
classical supports: titanium oxide (TiO,) and AC along
with newly developed supports such as CNTs and meso-
porous silica materials SBA-15 for different bimetallic cat-
alysts (Pd—Cu, Pt-Cu, and Pd-Sn) in the reduction of
nitrates and the production of nitrogen. The active phase
of the catalysts, which is responsible for catalyzing the
reaction, was prepared using various methods (NaBH, vs
H, reduction, at 100°C vs 200°C). The physico-chemical,
textural, and compositional characterizations of the
supported catalyst were then evaluated using different
analytical techniques (X-ray diffraction (XRD), fourier-
transform infrared spectroscopy (FTIR), Brunauer-Emmett-
Teller (BET) isotherm, inductively coupled plasma spectroscopy
(ICP), and scanning electron microscope (SEM)) to determine
the structure and the composition of the materials. Finally,
the efficiency of the supports was tested to determine their
catalytic activity in reducing nitrate selectively into
nitrogen gas.

2 Experimental

2.1 Materials

SBA-15 (Santa Barbara Amorphous-15) synthesized at our
laboratory three types of CNTs, which differ between
them by properties: CNT1 (specialty multiwalled) SMW
210; >98% carbon-based, O.D. x I.D. x L: 10nm + 1nm
X 4.5nm + 0.5nm x 3-~6pm), CNT2 (NA.230; >90%
carbon-based, D x L: 110-170 nm x 5-9 pm), and CNT3
(' Nanocyl 3100; <5% metal oxide followed by thermogra-
vimetric analysis, 9. 5nm x 1.5 pm) were purchased from
Sigma-Aldrich. AC originated from Fluka Analytical, and
titanium oxide (Titania, TiO,) Degussa P25, purchased
from Sigma-Aldrich, were used as supports. TiO, and
AC were used as received. However, the multiwalled
carbon nanotubes (MWCNTSs) were purified and functio-
nalized [39,40] before use in some experiments. Nitric acid
(69%), palladium chloride (99%), platinum(u) chloride
(99.9%), tin(m) chloride (98%), tetraethyl orthosilicate,
reagent grade 98 in weight%, poly-block (oxyethylene) —
blockpoly (oxypropylene) — block-poly (oxyethylene)
triblock copolymer Pluronic, P123, of molecular weight
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5,800 g/mol, copper nitrate (99%), sodium nitrate (>99%),
sodium borohydride (>96%), and titanium isopropoxide Ti
(OC3Hy), purchased from Sigma-Aldrich were used in the
preparation of the bimetallic supported catalysts. Acetoni-
trile (99.85%) from Scharlau was used as the solvent. While
chloroform (99.0-99.4%), potassium sodium tartrate tetra-
hydrate (99%), sodium salicylate (99.5%), and sulfuric acid
(98%), purchased from Sigma-Aldrich, and sodium hydro-
xide (99%), purchased from Riedel-de Haén, were used in
the nitrate coloration. Hydroxide pellets originated from
UNI-CHEM, ammonium chloride, sodium nitroprusside,
and phenol were purchased from Sigma-Aldrich for the
ammonia coloration.

2.2 SBA-15 synthesis

In an open container, 500 mL of ultrapure water is acid-
ified with 79.36 mL of HCI (37%). Then, 16.69 g of the pre-
cursor “P123” was dissolved in the acidic solution. P123 is a
tri-block polymer (PEOPPO-PEO). The thermostat attached
to the reactor was set at 35°C, and the solution was kept
under mechanical stirring. After the complete dissociation
of P123, a clear solution was obtained. Then 39 mL of
“TEOS” silica source was added slowly to the solution
using a graduated burette.

Immediately after the addition of TEOS, stirring was
stopped, and the temperature was maintained at 35°C
for 24 h, keeping the container open to evaporate the
ethanol that was formed. Afterward, the solution was
transferred to a sealed polypropylene container and
hydrothermally treated at 130°C for 33 h. Then, it was
cooled to room temperature. The solid material was recov-
ered through Buchner filtration, washed three times with
ultrapure water, and dried overnight at room temperature
for 24 h. The resulting white powder was then calcined at
500°C in an oven with a heating rate of 2°C/min for 6 h [41].

2.3 Catalyst Preparation

In this work, the following supports were used: SBA-15,
titanium oxide (TiO,), AC, and three types of CNTs (CNT1,
CNT2, and CNT3). All the supports were used as received
without modification, except for the CNTs, which were
sometimes functionalized with 8.0 M HNO; before metal
impregnation functionalized carbon nanotubes (FCNT).
In addition, the MWNTC/TiO, composite was pre-
pared using an acid-catalyzed sol-gel method from an
alkoxide precursor. The preparation was performed at
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room temperature as follows: First, 1.86 mL of Ti(OCs;H5),
was dissolved in 12.6 mL of ethanol. The solution was
magnetically stirred for 30 minutes, and then we added
0.1 mL of nitric acid. The mixture was coated and kept
under constant stirring until a homogeneous gel was
formed. The gel was matured in the air for a few days,
and the subsequent xerogel was ground into a fine powder.
The CNT/TiO, composite catalyst was produced using a
CNT/TiO, weight ratio of 1:5, and the CNT/TiO, composite
catalyst was calcined under vacuum at 550°C.

In this work, two methods for support preparation
were used:

Method 1: Reduction by NaBH,

The catalysts were first prepared by co-impregnating
each support in a mixture of ultrapure water and aceto-
nitrile (V/V, 3:1) with PdCl, or PtCl, and Cu(NOs), or SnCl,
in the required amounts to obtain the following bime-
tallic catalysts: 1 wt% Pd—-1 wt% Cu, 4 wt% Pd-1 wt% Cu,
1 wt% Pt-1 wt% Cu, and 1 wt% Pd-1 wt% Sn. Then an
excess amount of NaBH, was added dropwise to the solu-
tion. After sonication at 65°C for 1h, the mixture was
filtered and washed several times with ultrapure water
to completely remove any remaining reducing agents;
finally, the solid filtrate was dried at room temperature
for 5 days under vacuum.

Method 2: Reduction by thermal treatment under
H,

The catalysts were also prepared by co-impregnating
each support in ultrapure water, only this time with PdCl,
and Cu(NOs), in the required amounts to obtain 1 wt

Table 1: The prepared catalysts and their preparation conditions

Reduction
temperature (°C)

Catalyst Preparation method

4Pd-1Cu/FCNT1
4Pd-1Cu/FCNT2
2Pt-1Cu/FCNT2
2Pd-1Sn/FCNT2
2Pd-1Cu/FCNT2
1Pd-1Cu/FCNT2
1Pd—1Cu/FCNT3
1Pd—-1Cu/CNT3
4Pd-1Cu/AC
4Pd-1Cu/TiO,
4Pd-1Cu/SBA-15
1Pd-1Cu/SBA-15
1Pd-1Cu/FCNT3
1Pd-1Cu/TiO,
1Pd-1Cu/CNT3-TiO,
1Pd-1Cu/AC

NN RNNNRRRRRB R R B B 13 3
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% Pd-1 wt% Cu catalyst. After sonication at 65°C for
1h, the mixture was filtered and washed several times
with ultrapure water. Finally, the solid filtrate was dried
at room temperature for several days under vacuum and
then reduced at 100 or 200°C for 3 h under an H, gas flow
after being calcinated for 1h under an N, gas flow. In
Table 1, the prepared catalysts are listed with the condi-
tions of preparation.

2.4 Catalyst characterization

The XRD diffractometer was used to identify the crystal
phase and the purity of the supports in this study, as well
as to detect the presence of deposited metals. The XRD
patterns were recorded using a Bruker D8 Advance dif-
fractometer in the reflection mode, with a Cu Ka (35 kV,
30 mA) radiation wavelength of 0.154056 nm and a count
time of 2 s/step in the 26 range of 5-80° with 0.02° incre-
ments. The surface area and isotherms were measured
through N, adsorption using the multipoint BET method
on a Micromeritics ASAP 2420 analyzer. The morphology
of the supports was characterized using field emission
gun scanning transmission electron microscope electron
microscopy on a JEOL JSM7100F instrument. The che-
mical bonds and functional groups of the different sup-
ports were analyzed using the Jasco FT/IR-6300. The
Pd and Cu content of the catalysts and their distributions
were determined using energy-dispersive spectroscopy
(EDS) on an EDAX SDD operating at 20 kV and equipped
with an SDD Apollo X detector. Metal loading for some
catalysts was measured by ICP-OES (ICAP 6300DUO,
Thermo). The temperature programmed reduction (TPR)
experiments were performed with an Altamira Instrument type
an AMI-200 apparatus; samples (150 mg) to 600°C. H, con-
sumption was monitored using a thermal conductivity detector
and mass spectrometer (Dymaxion 200 amu, Ametek).

2.5 Nitrate reduction

To evaluate the catalytic activity of the nitrate reduction
reaction in water, a glass reactor equipped with a mag-
netic stirrer and gaseous hydrogen and carbon dioxide
inlet, capable of generating a reducing atmosphere and
fixing the pH at approximately 5.5 at room temperature
and atmospheric pressure, was used. Some reduction
experiments were performed at approximately constant
pH (5.5) using different catalysts (with CO, flow), while



DE GRUYTER

other catalysts are tested in the reduction of nitrates
without pH fixation (without CO, flow) for comparison.
In a typical run, 25mg of catalyst was loaded into a
reactor containing 50 mL of sodium nitrate NaNOs solu-
tion (30 mg/L NO3) in demineralized water and the reactor
was continuously stirred using an H, stream as a reducing
agent and CO, as a buffer solution in some cases. To mea-
sure nitrates converted and nitrites or ammonium formed
at the end of the reaction, the solution was filtered through
a 0.45 pm micro-filter and analyzed by UV and sometimes
by ion chromatography (IC) (Hitachi Elite Lachrom, auto
sampler 2200) for the kinetic study.

The selectivities for nitrite, ammonium, and nitrogen
are calculated as follows:

nNo;
Sno; = —————, 1)
nno; ; — Nno;
NNH;
Swij = @)
NO; ; — 1NO;
npy,
Sy, = (3)

-
nno; ; — NNo;

where nyo; ,is the initial amount of nitrate, and nyo;,
nno;, and nyg; are the amount of each species at the
end of the reaction. The measures of nitrogen (ny,) were
determined by a mole balance.

2.6 Adsorption

For the comparison with catalytic reduction, adsorption
experiments are carried out with some supports and sup-
ported catalysts under the same conditions of catalytic
reduction in the absence of H, to assess the support
adsorption capacity despite the catalytic activity.

2.7 Determination of nitrate and ammonium
concentrations by UV-Vis

At the end of the reduction experiments, the nitrate and
ammonium concentrations in water treated with different
catalysts were determined using a visible spectrophot-
ometer. The following reagents were used to color the nitrate
for visible spectroscopic analysis: sodium hydroxide, potas-
sium sodium tartrate solution, and sodium salicylate solu-
tion. The absorbance is measured at a wavelength of 415 nm.

The following reagents were used for the detection of
ammonium by the mean of visible spectroscopic analysis:
chlorinated solution (sodium hydroxide pellets + sodium
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citrate dihydrate + sodium hypochlorite), solution of sodium
nitroprusside and phenol. The absorbance is measured at a
wavelength of 630 nm.

3 Results and discussion

3.1 Catalyst characterization

Figure 1 shows the XRD patterns of CNT1, CNT2, AC, and
TiO,, and the patterns of the two types of CNTs CNT1 and
CNT2 are almost similar and both show typical peaks at
25.9° and 42.7°, corresponding to the (002) and (100)
planes of graphite [42], respectively, indicating a pristine
structure. The typical peaks at 24 and 42° in AC corre-
spond to the (002) and (100) planes of AC [43,44], and
their widths indicate that AC is in an amorphous state.
Two phases can be seen in the TiO, pattern, which can be
assigned to TiO, (anatase (80.5%) and rutile (19.5%))
[45,46]. The XRD small angle pattern (0-4° 20) of the
SBA-15 sample is shown in Figure 2. The typical XRD
pattern of SBA-15 has three characteristic peaks relative
to the (100), (110), and (200) planes at 20 of 0.96, 1.6,
and 1.9°, respectively. These peaks characterize the two-
dimensional hexagonal structure of SBA-15 [47], which is
consistent with SBA-15 synthesized using TEOS as the
silica source. So far, SBA-15 material has been success-
fully synthesized.

Figures 3 and 4 show the XRD patterns of the FCNT1
(after functionalization), 4Pd-1Cu/FCNT1, and FCNT2,
4Pd-1Cu/FCNT2. The CNTs patterns in this two figures
have typical peaks at 25.9 and 42.7°, corresponding to

N

A

Tio,
A A A A A

——CNT 2

—AC

——CNT1

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

Figure 1: XRD patterns of CNT2, TiO,, CNT1, and AC.
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100 the graphite (002) and (100) planes [42], respectively,
SBA-15 TR . -

indicating a pristine structure. There are also peaks at

40.1 and 46.7° corresponding to the reflection planes

3 (111) and (200), respectively, of crystalline Pd with a

s face-centered cubic (fcc) structure [48]. However, there

rg is no distinct peak that can be attributed to Cu, which

S would be expected to appear at 43°, which corresponds to

£ 110,44 the reflection of the (111) plane. This may be due to the

low copper content and/or by overlapping with the gra-

phite peak at 42.7°. The same results for Pd and Cu are

. . . . . . shown in Figure 5, which shows the XRD patterns of AC

0.5 1.0 1.5 2.0 2.5 3.0 35 40  and 4Pd-1Cu/AC, and Figure 6 shows the XRD patterns of
2-theta (deg) TiO, and 4Pd-1Cu/TiO,.

Figure 2: XRD small angle pattern of SBA-15. The surface modification of MWCNTs by HNO; solu-
tion was studied by FT-IR to detect the presence of sur-
face functional groups of MWCNTs. The FT-IR results of

[——Pd-CulFCNT 1
Pd
v
0 10 20 3 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90
2-theta (deg) 2-theta (deg)
Figure 3: XRD patterns of FCNT1 and 4Pd-1Cu/FCNT1. Figuree 5: XRD patterns of AC and 4Pd-1Cu/AC.
—— Pd-Cu/Tio,
Pd
J Pd /\
N W SR N (O 0 I W
—To]
0 10 20 30 40 5 60 70 80 90 0 10 20 30 40 5 60 70 8 90
2-theta (deg) 20 (deg)

Figuree 4: XRD patterns of FCNT2 and 4Pd-1Cu/FCNT2.

Figuree 6: XRD patterns of TiO, and 4Pd—1Cu/TiO,.
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C-OH

c=C c-0

Transmittance (%)

~]
C-OH "V coc
(a) c=0
T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 7: FT-IR: (a) FCNTL, (b) CNT1, (c) CNT3, (d) SBA-15, (e) AC.

FCNT1, CNT1, CNT3, SBA-15, and AC are shown in Figure 7;
the same peaks are noticed in the spectra of the CNTs:
the peak at 1,430 cm ™! can be assigned to an asymmetric
C=C stretch [49], while the C-OH stretch is located at
3,430 cm ™}, and the nearby C=0 double bond is found
to have a stretch of 1,710 cm™. The peaks at 1,710 and
3,430 cm™! correspond to the C=0 and OH hydroxyl
groups of the carboxylic acid. Thus, we can confirm the
presence of these groups even before oxidation with
HNO,. In the FT-IR spectrum of AC, the peak at 3,440 cm™
is assigned to the O—H stretching vibration of the hydroxyl
group; the band at 1,700 cm™ is assigned to the C=0
stretching vibration of the ketone, aldehyde, lactone, or
carboxyl group; and the broadband at 1,000-1,300 cm™ is
assigned to C-O stretching in acid, alcohol, phenol, ether,
and ester groups; The FT-IR spectrum of the calcined
SBA-15 sample shows the absorption bands at 1,082
and 800 cm™! belong to the asymmetric and symmetrical
extensions of the Si—O-Si framework, respectively. The
strong band at 3,456 cm ™! and the weak band at 965 cm™!
represent the stretching and bending modes of Si—OH,
respectively [50]. The presence of small absorption peaks
corresponding to the C-H stretching mode (2,852 and
2,926 cm™) and bending mode (1,384 cm™) of the triblock
copolymer was also observed [51]. The band at 1,636 cm™
is assigned to the stretching vibration of the carboxyl
group (C=0). This indicates that a small amount of sur-
factant is still present in the sample after calcination.

Figure S1 in the supplementary information shows
the FT-IR results of FCNT1, CNT1, and Pd-Cu/FCNT1,
and it can be noted that there is no big difference between
the three results.

The SEM images of the as-received CNT1, CNT2, and
CNT3 are shown in Figure 8. CNTs are of cylindrical shape
with nanometric diameter and micrometric length can be
seen in the as-received CNTs. We can see clearly the
active metals deposited on the surface of the nanotubes
in the case of 4Pd-1Cu/CNT2 (Figure 8d and e).

Figure 9 shows the SEM images of titanium dioxide,
SBA-15, 1Pd-1Cu/SBA-15, and AC. The surface morphology
of TiO, (Figure 9c) shows a uniform distribution of nanos-
cale spherical TiO, particles. The AC image shows micron-
sized particles (Figure 9d). At this magnification, the sur-
face of the AC is often filled with irregular cavities that can
act as primary channels connecting the inner and outer
surfaces of the AC, which are not well resolved. SEM
images show clearly visible supported active metals on
SBA-15 (Figure 9b).

Table 2 summarizes the BET surface area and total
pore volume of the supports used in this study before and
after impregnation of Pd-Cu metals. AC and SBA-15
media have the two highest BET surfaces. CNT2 has the
lowest specific surface area among CNTs and among all
other substrates (11 m?/g), but CNT1 has the largest spe-
cific surface area and the largest pore volume among the
three types of CNTs, and titanium dioxide exhibits a low
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Figure 8: SEM images: (a) CNT2, (b) CNT1, (c) CNT3, (d) and (e) 4Pd-1Cu/CNT2.

Figure 9: SEM images: (a) SBA-15, (b) 1Pd—1Cu/SBA-15, (c) TiO,, and (d) AC.
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Table 2: BET properties of the used catalysts

Sample BET surface area (m?/g) Viotat (cm>/g)
SBA-15 699 0.985
4Pd-1Cu/SBA-15 686 1.09
1Pd-1Cu/SBA-15 684 1.07
AC 977 0.51
4Pd-1Cu/AC 837 0.5
TiO, 54 0.5
4Pd-1Cu/Ti0, 53 0.5
CNT1 198 1.003
FCNT1 250 1.59
FCNT2 1 N. D.
FCNT3 186 0.405
CNT3 197 1.284
CNT3-TiO, 95 0.105

BET surface area. In cases where metals are deposited on
the surface of the supports, it can be seen that the BET
surface area decreases a little (Pd—Cu/SBA-15, Pd-Cu/AC,
and Pd-Cu/TiO,).

To study the specific surface area of the samples, N,
adsorption—desorption isotherms were performed. The
CNT1, CNT3, and TiO, isotherms (Figures S2a,b and S3a)
belong to type IV, characteristic of mesoporous materials
formed by finite multilayers, followed by capillary con-
densation. Meanwhile, the AC isotherm (Figure S3b)
belongs to type I, which is the characteristic of micro-
porous materials. The hysteresis loops of CNTs and TiO,
are close to H1 type, which corresponds to materials
with cylindrical pore geometry and high pore size uni-
formity. In AC, however, the hysteresis loops are of H4

Counts

80K
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type, characterized by slit-like pores. In addition, Figure S3c
shows the results of nitrogen adsorption—desorption ana-
lysis of SBA-15 with a good hysteresis and the adsorption
isotherms correspond to type IV [52]. At 0.78, the nitrogen
adsorption varies greatly, which is attributed to the capil-
lary condensation of nitrogen through the mesopores. This
phenomenon is known as the change that occurs when
there is a uniform distribution of the pore size [53].

EDS was used to provide qualitative and semi-quan-
titative information on the elemental composition of the
catalyst surface. The EDS spectra of 4Pd-1Cu/CNT1,
4Pd-1Cu/CNT2, 4Pd-1Cu/AC, and 4Pd-1Cu/TiO, are pre-
sented in Figures 10-13, respectively. The results show that
Pd and Cu are present on the surfaces of these catalysts.

4Pd—-1Cu/CNT1 catalyst was chosen to study its TPR
profile before its reduction under H, to select the appro-
priate reduction temperature for the bimetallic catalyst
and to study the effect of the temperature on the catalyst
activity. The result is shown in Figure S4. The reduction
peaks attributed to Pdp-hydride decomposition were
observed around 60°C [54,55], which may indicate that
Pd is not well dispersed on the support [56]. 4Pd-1Cu/
CNT1 catalyst shows a reduction peak in the range of
140-200°C, which can be attributed to the reduction of
copper oxides [54,56]. The presence of palladium leads
to a decrease in the reduction temperature of copper in
bimetallic catalysts, which indicates that intimate contact
between copper and palladium species is achieved [56].

Table 3 summarizes the measured ICP results of
active metal loading for some selected catalysts. The
results show that the loaded metal values differ from
the nominal values in most catalysts except in the case

Cu

Figure 10: EDX pattern of 4Pd-1Cu/CNT1.

8.10 keV
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Figure 11: EDX pattern of 4Pd-1Cu/AC.

of 4P-1Cu/TiO, and 4P-1Cu/SBA-15 prepared by method
1, and in the case of 1Pd-1Cu/SBA-15 and 1Pd-1Cu/FCNT3
prepared by method 2 at 200°C, where the deposited
metal percentage is close to the set values. In the case
of 4Pd-1Cu/AC prepared by method 1, 1Pd-1Cu/AC pre-
pared by method 2, and 2Pd-1Sn/CNT2 prepared by
method 1, the transition metal is not loaded; this can be
related to the method of preparation, the support surface
chemistry, and the type of metal. The nitrate reduction
results will be discussed in relation to these ICP results.

Courts

3.2 Catalytic reduction of nitrate

3.2.1 Catalysts prepared by method 1

3.2.1.1 Effect of support

To investigate the effect of supports on the performance
of nitrate reduction catalysts, catalytic reduction experi-

ments were performed on the following supported bime-
tallic catalysts prepared by method 1 (4Pd-1Cu/FCNT1,

080 1.60 .40 3.20 100

Figure 12: EDX pattern of 4Pd-1Cu/TiO,.

180 5.60 6.40 .20 800 keV
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Figure 13: Nitrate conversion (%) analyzed by UV-Vis after 3 h of catalytic reduction using the supported catalysts: 4Pd—1Cu/FCNT1,
4Pd-1Cu/FCNT2, 4Pd-1Cu/AC, 4Pd-1Cu/SBA-15, and 4Pd-1Cu/TiO, prepared by method 1 (Cno,- = 30 ppm, Ceatatyst = 0.5 g/L).

4Pd-1Cu/FCNT2, 4Pd-1Cu/AC, 4Pd-1Cu/SBA-15, and
4Pd-1Cu/Ti0,). All experiments were carried out under
the same conditions: Cno,” = 30 ppm, Ccatatyst = 0.5 g/L
in absence of CO,. The nitrate conversion levels after 3h
of reaction in the presence of the prepared catalyst ana-
lyzed by UV-Vis are shown in Figure 14. The results

Table 3: ICP results of some of the prepared catalysts

showed that the order of efficiency of the supported catalysts
is the following: 4Pd—1Cu/TiO, (92%) > 4Pd—1Cu/AC (22%) =
4Pd-1Cu/FCNT; (22%) > 4Pd—1Cu/SBA-15 (4%) = 4Pd-1Cu/
FCNT, (4%).

The differences in performance can be related to the
surface chemistry of each support. The good properties of

Catalyst Palladium Platinum Copper Tin content
content (Wt%) content (Wt%) content (Wt%) (wt%)

4% Pd-1% Cu/FCNT1 (Method 1) 4,15 0.43

2% Pd-1% Cu/CNT2 (Method 1) 1.13 0.87

2% Pd-0.6% Cu/CNT2 (Method 1) 1.05 0.59

1% Pd-1% Cu/CNT2 (Method 1) 1.09 0.46

2% Pd-1% Sn/CNT2 (Method 1) 1.88 0.05

2% Pt-1% Cu/CNT2 (Method 1) 0.81 0.46

4% Pd-1% Cu/TiO, (Method 1) 3.47 0.84

4% Pd-1% Cu/AC (Method 1) 419 0.05

4% Pd-1% Cu/SBA-15 (Method 1) 3.96 0.9

1% Pd-1% Cu/TiO, (Method 2, 200°C) 0.44 0.62

1% Pd-1% Cu/CNT3-TiO, (Method 2, 200°C) 0.85 0.24

1% Pd-1% Cu/FCNT3 (Method 2, 200°C) 0.92 0.93

1% Pd-1% Cu/AC (Method 2, 200°C) 1.03 0.09

1% Pd-1% Cu/SBA-15 (Method 2, 200°C) 0.85 0.89
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Figure 14: Nitrates conversion (%) analyzed by UV-Vis after 3 h of
catalytic reduction using the supported catalysts: 2Pt—1Cu/FCNT2,
2Pd-1Sn/FCNT2, 2Pd-1Cu/FCNT2, 1Pd-1Cu/FCNT2, and 4Pd-1Cu/
FCNT2 prepared by method 1 (Cyo,- = 30 ppm, Ccatatyst = 0.5 g/L).

TiO, can be explained by the nature of the interaction
between the metal nanoparticles and the TiO, support.
Anatase TiO, is widely used as catalyst support for het-
erogeneous metal catalysts due to its strong interaction
with metal nanoparticles [57]. The XRD pattern of the
titanium dioxide used in this study indicates that it is
80.5% anatase. Although TiO, has the lowest BET surface
area and lowest mesopore surface area, it exhibits higher
catalytic activity than AC. This can be explained by the
mechanism proposed by Sa and Anderson [27], in which
nitrate adsorption occurs not only on transition metals
but also on supports of bimetallic catalysts. It has been
proposed that nitrate, after exchange with OH™, adsorbs
on the Lewis acid sites of TiO, and is reduced by the
electron-rich titania species (presumably Ti,O;) formed
by hydrogen spillover, leading to the formation of nitrite.
The low conversion of nitrate by the AC-supported cata-
lyst could be attributed to the absence of transition metal
Cu as seen in ICP results. It is well known that the pre-
sence of transition metal is mandatory for the conversion
of nitrate [6]. As we can see, 4Pd-1Cu/FNTC2 and
4Pd-1Cu/SBA-15 show the lowest catalytic activity
although they have advantages in terms of smooth
mass transfer of reactants and products during the reaction
due to its mesopores structure. As we can see from Sggr
results in Table 1, FNTC2 has a very low specific surface
area, which can decrease the catalytic activity. In contrast,
4Pd—1Cu/SBA-15 has a relatively high specific surface area
(686 m?/g). The low conversion on 4Pd-1Cu/FCNT1 and
4Pd-1Cu/SBA-15 supports could be attributed to the pre-
sence of oxygen groups on their surface, which result in
a high interaction between copper and O groups [58]
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avoiding the close contact of Cu with Pd. Thus, the reduc-
tive power is decreased as observed on oxidized CNTs in the
work of Soares et al. [49]. In the presence of TiO,-supported
catalyst, the catalytic activity remains high despite the pre-
sence of hydroxyl groups due to the intervention of TiO, in
the nitrate reduction, as we explained earlier. Moreover, the
obtained results in this work are contradictory to those
obtained in our previous work concerning the catalytic
activity of 4Pd-1Cu/FCNT1 [59] where this latter catalyst
showed the highest efficiency among the other supported
catalysts (4Pd-1Cu/TiO,, 4Pd—1Cu/AC). We should notice
that the batch of CNT1 used in this work was opened 2 years
before this work. Most likely, their properties have been
changed or damaged with time. In addition, the production
of these CNTs (CNT1) was interrupted by Sigma Aldrich for
unknown reasons. Even by repeating the preparation of this
catalyst in the same conditions used in the previous work,
the high catalytic activity could not be obtained anymore
with this support (FCNT1). Thus, this support will not be
further used or discussed in this work. Soares et al. [30]
have reported that CNT is effective as a catalyst support
for the reduction of nitrate, which has not been verified
under the conditions used in this work. We conclude that
under the same conditions of preparation, the formation of
active metals is achieved depending on the type of sup-
port and the metal-support interaction. Thus, the cata-
lytic activity is related to the preparation method as well
to the type of support.

3.2.1.2 Effect of metal type and loading

Catalytic reduction experiments on bimetallic catalysts
prepared by method 1 and supported on FCNT2 were con-
ducted to determine the impact of the supported metal
type (2Pt—1Cu/FCNT2, 2Pd-1Sn/FCNT2, and 2Pd-1Cu/
FCNT2) and metal loading (1Pd-1Cu/FCNT2 and 4Pd-1Cu/
FCNT?2) on the performance of the catalysts in nitrate reduc-
tion. The nitrate conversion levels after 3h of reaction
in the presence of the prepared catalysts are presented in
Figure 15. All experiments were performed under the same
conditions: Cyo,- = 30 ppm, Ceatayst = 0.5 g/L in absence of
CO,flow.Generally, due to the low specific surface area of
CNT2 shown in Table 2 (BET), catalysts based on this sup-
port seem inactive in the reduction of nitrate, even when
the loading is changing. However, by comparing the dif-
ferent metals tested on this support, it can be noticed that
Pd-Sn supported on FCNT2 gave a slightly better conver-
sion of nitrates.
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Figure 15: Nitrate conversion (%) and formed nitrites percentage (%)
analyzed by IC after 2 or 3 h of catalytic reduction using the sup-
ported catalysts: 4Pd—1Cu/FCNT1, 4Pd-1Cu/FCNT2, 4Pd-1Cu/AC,
4Pd-1Cu/SBA-15, and 4Pd-1Cu/TiO, prepared by method 1 (Cyo,- =
30 ppm, Ccatalyst =0.5 g/L)

3.2.2 Catalysts prepared by method 2
3.2.2.1 Effect of support

a) Without CO, flow

To investigate the effect of supports on the perfor-
mance of nitrate reduction catalysts, catalytic reduction
experiments were performed on the following supported
bimetallic catalysts prepared by method 2 (1Pd-1Cu/
FCNT3, 1Pd-1Cu/Ti0,, and 1Pd-1Cu/CNT3-TiO,) at 200°C.
All experiments were carried out under the same condi-
tions: Cyo,- = 30 ppm, Cecataryst = 0.5 g/L, and without CO,
flow. The nitrate conversion levels after 3 h of reaction in
the presence of the prepared catalysts analyzed by UV-
Vis are shown in Table 4. The results show that 1Pd-1Cu/
TiO, presents the highest nitrate conversion (85.5%) and

Table 4: Nitrates conversion (%) analyzed by UV-Vis after 3 h of
catalytic reduction using the supported catalysts: 1Pd—1Cu/FCNT3,
1Pd-1Cu/TiO,, 1Pd-1Cu/CNT3-TiO,, 1Pd-1Cu/SBA-15, and 1Pd-1Cu/
AC prepared by method 2 at 200°C. (Cyo,- = 30 ppm, Ceatalyst =
0.5g/L)

Catalyst Support UV% of conv-3h
1Pd-1Cu/AC AC 22 with CO,
1Pd-1Cu/CNT3-TiO, CNT3-TiO, 77.7 without CO,
1Pd-1Cu/CNT3-TiO, CNT3-TiO, 65.5 with CO,
1Pd-1Cu/FCNT3 FCNT3 47 without CO,
1Pd-1Cu/FCNT3 FCNT3 57 with CO,
1Pd-1Cu/SBA-15 SBA-15 96 with CO,
1Pd-1Cu/TiO, TiO, 85.5 without CO,
1Pd-1Cu/TiO, TiO, 100 with CO,

Bimetallic catalysts for nitrate remediation in water =— 13

1Pd-1Cu/FNTC3 presents the lowest nitrate conversion
(47%). These results are in agreement with those obtained
with the catalysts prepared by method 1 and those obtained
in the previous work [31], where TiO, showed the best cat-
alytic activity. The catalyst supported on the composite
CNT3-TiO, gave an intermediate conversion (78%).
b) With CO, flow

The effect of supports on the performance of nitrate
reduction catalyst was studied using CO, flow (fixed pH =
5.5). Catalytic reduction experiments were performed on
the following supported bimetallic catalysts, prepared by
method 2 (1Pd-1Cu/FCNT3, 1Pd-1Cu/TiO,, 1Pd—1Cu/CNT3-
TiO,, 1Pd-1Cu/SBA-15, and 1Pd-1Cu/AC) at 200°C. The
nitrate conversion after 5h of reaction in the presence of
the prepared catalysts analyzed by UV-Vis is shown in
Table 4. All experiments were carried out under the same
conditions: Cyo- = 30 ppm, Ceatatyst = 0.5 8/L, and pH = 5.5.

The order of catalyst efficiency is as follows: 1Pd—1Cu/
TiO, (100%) > 1Pd-1Cu/SBA-15(96%) > 1Pd—1Cu/CNT3-
TiO0x(66%) > 1Pd-1Cu/FCNT3 (57%) > Pd-1Cu/AC (22%).
As we can see from these results, TiO, and SBA-15 are the
most efficient supports, whereas AC showed lower activity.
FCNTS3 also presents a good activity, but the nitrate reduc-
tion is enhanced on the composite CNT3-TiO,. The catalysts
supported on AC and CNT have given better results in the
previous works [30,31,49,60,61], and therefore, the prepara-
tion conditions used in this work are not suitable for these
supports, while in the case of catalysts supported on TiO, or
SBA-15, the result of TiO, is the same when comparing it
with works already [15,31,62] done, but for SBA-15, there is
an improvement in the percentage of nitrate conversion
when comparing it with the only work done using this
support in nitrate reduction [63]. The low activity in the
presence of 1Pd-1Cu/AC can be explained by the absence
of the transition metal Cu, as seen in ICP results. In addi-
tion, the presence of CO, flow seems to be effective in the
nitrate reduction since the nitrate conversion increases for
all the catalysts compared to the results obtained in the
absence of CO,. In general, pH fixation using CO, flow has
a positive effect on the efficiency of catalysts in the reduc-
tion of nitrates present in water. This can be explained by
the fact that nitrate reduction increases pH values to basic
medium [25] (pH increases to 8 during the reaction) that
could have a negative effect on the conversion of nitrates
due to the anionic groups generated, which repeal the
nitrate ions from the support. However, the increased cat-
alytic activity in the acidic medium can be explained by the
fact that the surface is positively charged, which favors the
absorption of nitrate ions [64,65]. CO, is known to have an
ideal buffer effect near a pH value of 5 (in this work, pH = 5.5
in the presence of CO,) [1]. Also, the use of CO, reduces the
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Table 5: Nitrate conversions (XNO3) and nitrite, ammonium, and
nitrogen selectivities (SNO3, SNH;, SN,) of some of the prepared
supported catalysts prepared by method 2 and reduced at 200°C at
the end of the catalytic reduction (Cno,- = 30 ppm, Ceatalyst = 0.5 g/L,
pH = 5.5)

t =300 min
Catalyst XNO3 SNO; SNH; SN,
1Pd-1Cu/FCNT3 0.57 0.04 0.75 0.25
1Pd-1Cu/TiO, 1.00 - 0.84 0.2
1Pd-1Cu/CNT3-TiO, 0.65 0.00 0.21 0.79
1Pd-1Cu/SBA-15 0.96 - 0.13 0.87

formation of ammonia, which is an undesirable by-product.
It is important to conclude that the surface chemistry of the
support affects the formation of metals and thus the cata-
lytic activity [66—68].

The selectivity to nitrite/ammonium/nitrogen is pre-
sented in Table 5, only for the catalysts showing a
conversion percentage higher than 50. Although the selec-
tivities should be compared at the same conversion, it was
shown in the work of Soares et al. [30] that the selectivities
remained practically constant after a conversion of 50%.
Therefore, the selectivities at 50% conversion are compared
to those at 90-100% conversion. It was observed that the
catalyst 1Pd—1Cu/SBA-15 is the most selective to nitrogen,
while the catalyst 1Pd-1Cu/TiO, is the most selective to
ammonium. The catalyst supported on FCNT3 is also highly
selective to ammonium. However, the selectivity to nitrogen
increases in the presence of the catalyst supported by the
composite CNT3-TiO,. These results are probably related to
the surface chemistry of the supports and are in agreement
with the previous work [31]. It is important to note that the
catalyst supported on SBA-15 has high catalytic activity as
well as high nitrogen selectivity, whereas the catalyst sup-
ported on TiO, has high catalytic efficiency but low nitrogen
selectivity.

3.2.2.2 Effect of concentration

To investigate the effect of the initial concentration of
nitrates on the performance of nitrate reduction catalysts,
catalytic reduction experiments were performed with two
different initial concentrations of nitrates (30 ppm and
100 ppm), using the same catalyst, 1Pd—1Cu/CNT3-TiO,,
prepared by method 2 at 200°C. These two experiments
were carried out under the same conditions: Ceatalyst =
0.5 g/L, with CO, flow (pH = 5.5). The results of the con-
version using the same catalyst were affected by the
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starting nitrate concentration. When the same catalyst
was used, at a higher initial nitrate concentration of
100 ppm, the conversion of nitrates was 74%, while at
a lower initial nitrate concentration of 30 ppm, it reduced
to 65.5%.

3.2.2.3 Effect of the preparation method

The effect of the preparation method on the performance
of nitrate reduction catalysts was studied in the catalytic
reduction experiments using catalysts prepared by methods
1 and 2. The nitrate conversion levels after 3 h of reaction
with each of the catalysts are shown in Tables 4 and 5. The
result shows us that all the catalysts prepared by method 2
have a higher catalytic activity in the reduction of nitrates,
than those prepared by method 1 which seems inactive. We
can conclude that NaBH, used as a reducing agent is not
the best choice to reduce the precursor salts when CNTs or
SBA-15 are used as supports. This may be due to the fact
that CNTs and SBA-15 have a large number of O groups that
interact with copper, avoiding the close contact between Cu
and Pd, which decreases the reducing power, and thus, the
thermal reduction under hydrogen will be more effective
in reducing the precursor metals since the temperature
decomposes some of the oxygenated groups and since H,
reduces CuO at appropriate temperatures [30]. It is impor-
tant to notice that method 1 was effective when TiO, was
used as support. Thus, the formation of active metals and
their catalytic activity depend on the support surface chem-
istry, which affects the metal-support interaction.

3.2.3 Kinetic study

The nitrate conversion levels and the formed nitrites per-
centage during 3h of reaction with the following sup-
ports prepared by method 1 (4Pd-1Cu/FCNT1, 4Pd-1Cu/
FCNT2, 4Pd—-1Cu/AC, 4Pd—1Cu/SBA-15, and 4Pd—-1Cu/TiO,)
analyzed by ionic chromatography (IC) are shown in Figure 16.
The outcomes are nearly identical to those of the UV ana-
lysis, where the catalyst supported by TiO, had the highest
conversion of nitrates (100%) with a very rapid increase in
the conversion during the first 30 minutes. The concentra-
tion of nitrites, however, is still high even at the end of the
reaction (after 2 hours), indicating that nitrites in this case
are not transformed into final products (N, or NH;) despite
the significant conversion of nitrates. The nitrate conversion
levels and the formed nitrites percentage during 3 h of reac-
tion with each one of the supported catalysts (1Pd—1Cu/
FCNT3, 1Pd-1Cu/TiO,, and 1Pd-1Cu/CNT3-TiO,) prepared
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Figure 16: Nitrate conversion (%) and formed nitrites percentage (%) analyzed by IC after 3 h or 5 h of catalytic reduction using the
supported catalysts: 1Pd—1Cu/FCNT3, 1Pd-1Cu/TiO,, and 1Pd-1Cu/CNT3-TiO, prepared by method 2 with and without CO; flow (Cyo,- = 30
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Figure 17: EDX pattern of 4Pd-1Cu/CNT2.
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by method 2 tested with or without CO, flow and analyzed
by IC are shown in Figure 17. The results of the nitrate
conversion are similar to those analyzed by the UV spectro-
photometer. Results from a catalyst test that involved
converting nitrates and forming nitrites over the course
of a 3-hour reaction period showed the following:
during the first 30 minutes, there is a rapid increase
in nitrate conversion; after that, the conversion rises
gradually during the remainder of the reaction. Second,
the percentage of generated nitrite is reduced but
still high in the cases of 1Pd-1Cu/CNT3-TiO, and
1Pd-1Cu/FCNT3 catalysts. Nitrite created in the pre-
sence of the 1Pd-1Cu/TiO, catalyst had the greatest
percentage throughout the process and continued to
form until the completion of the reaction (after 3h). In
the absence of CO, flow, we conclude that nitrite is the
end result of nitrate reduction. We can see that the
conversion of the two supported catalysts, FCNT3 and
CNT3-TiO,, tested with CO, flow increases slowly with
time until the end of the reaction after 5h. According to
Figure 11, we can notice that the concentration of nitrite
is low during the reaction in the case of two catalysts,
and this is explained by the continuous transformation
of nitrite into the final product (N, or NH,~) which is not
observed in the absence of CO, flow in the same figure.
Thus, we conclude that the presence of CO, helps to
decrease the nitrite concentration during the nitrate
reduction.

4 Conclusions

In this study, we tested bimetallic catalysts based on
different supports by changing the metals deposited,
the methods of preparation of catalysts and the reaction
conditions to study the effect of all these parameters on
the efficiency of catalysts, and to choose the best catalyst
in the reduction of nitrates in terms of efficiency and
selectivity toward nitrogen in the best reaction condi-
tions. The results obtained showed that SBA-15 is a sui-
table supported catalyst for nitrate reduction where com-
plete conversion of nitrate is obtained for 4Pd-1Cu/SBA-
15 reduced with H, at 100°C and 96% conversion for
1Pd-1Cu/SBA-15 reduced with H, at 200°C and the highest
selectivity toward nitrogen (87%) when compared with
other supported catalysts. In spite of the total conversion
of nitrates using the supported catalysts on TiO, whatever
the method of preparation, the high selectivity shown by
these catalysts toward ammonium is a great disadvantage
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because they solve a problem on the one hand and create
a greater problem in terms of toxicity on the other hand.
In general, the catalytic activity and selectivity toward
nitrogen or ammonium depend on the many factors such
as the support type, the metal type, the preparation method,
the reduction temperature of the catalysts, and the experi-
mental conditions of nitrate reduction. It has been observed
that the preparation of the catalysts with H, at high tempera-
ture allows the formation of active metals and thus improves
the efficiency of these supported catalysts in nitrate conver-
sion. The pH fixation using CO, flow improved the efficiency
of supported catalysts except in the case of CNT-TiO, com-
posite. The mesoporous silica SBA-15 is a very suitable cat-
alyst support for nitrate reduction in terms of catalytic
activity and selectivity to nitrogen. This opens up new oppor-
tunities in the development of new supported catalysts to
improve the catalytic activity and selectivity for nitrogen in
nitrate reduction. However, optimization of catalyst N, selec-
tivity, activity, and lifetime is still needed before catalytic
reduction can be implemented as a full-scale method for
effective water treatment.
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