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Introduction
The presence of nitrate in water is presently a common problem across Europe. The

catalytic reduction of nitrate has been suggested in the literature as a promising method for its
elimination, without the drawbacks of the conventional technologies. This process consists in
the reduction of nitrate to nitrogen over bimetallic catalysts in the presence of a reducing
agent.

The main objective of this thesis was the study of the catalytic reduction of nitrate in
water with hydrogen in a systematic way, testing several metal catalysts and their
composition, preparation conditions and supports, focusing on the use of Ceo.5Zro 50> as
support, and clarifying some kinetic aspects.

In order to accomplish this objective, the thesis investigated:

1) the optimization of the synthesis routes of the catalytic supports;

ii)the characterization of the catalyst by complementary techniques, such as: 1CP-
AES, BET, TGA, XRD, H>-TPR, XPS, TEM, SEM, Raman, Tof-SIMS, H> chemisorption
analysis and catalytic results;

i11) the evaluation of the obtained catalysts in water denitration reaction;

1v) the identification of the denitration reaction products;

v) the study of the kinetics of the processes.

The Ph. D thesis is structured in two parts: the first part of this work is dedicated to a
critical analysis of the reports in the literature (Chapter I) and a short description of the
analysis techniques used for the characterization of the materials ( Chapter II).

The second part, the next 4 chapters (Chapters III, IV, V, VI) discuss the experimental

results and in Chapter VI are presented the general conclusions of the thesis.
Chapter 1

The pollution from domestic, agricultural and industrial sources remain a problem,
despite the actual progress, because of the directness through discharges or indirectly
spreading of nitrogen fertilizers and pesticides through leaching from old landfills or
industrial sources. In Europe, only around one third of the groundwater currently exceeds the
accepted nitrate limits. Large contents of nitrogen and phosphorus in these waters (including
rivers) can lead to eutrophication causing ecological changes. These would contribute to the
disappearance of plant and animal species and will have negative impacts on the health of the

human bean [4,5].



As an example, Figure 1.2. illustrates sources of pollution of the aquatic environment

by nitrogen.
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Figure 1.2. Sources of pollution of the aquatic environment by nitrogen. [4]

The reduction of nitrate in the presence of hydrogen over a solid catalyst mai offer
therefore an alternative and economically advantageous process to the biological treatment as
a means of purifying drinking water streams. The main drawback of this process is the
formation of ammonia as by-product, which is also undesirable in drinking water [4,12,13].
I.2. Catalytic reduction of nitrates/nitrites

The chemical nitrate reduction using a catalyst (catalytic reduction method) was
firstly introduced in the late 1980s. Accordingly, in the presence of a catalyst, nitrate is
reduced by hydrogen. The main advantage of the catalytic denitration compared to other
commercial techniques is the reduced waste management cost. In addition, the process is
generally run at room temperature and atmospheric pressure; thus it is an energy efficient
process. The technical and economic feasibility of the -catalytic hydrogenation of
nitrate/nitrite in water was already demonstrated at groundwater sites at a field-scale [16].

World Health Organization established to: 50 mg/L™' NOs~, 0.5 mg/L! NO> and 0.5
mg/L~' NH4") [16].

The most active and selective catalysts for the nitrate reduction, were considered Pd-
Cu, Pd-Sn and Pt-Cu pairs. However they are still lacking in terms of selectivity towards

nitrogen.



The methods for the preparation of these catalysts are the impregnation of both metal
salts on the support or successive addition of metal salt. For both the preparation methods it is
impossible to provide the formation of only bimetallic particles [19].

The use of monometallic catalysts (Pd or Pt) deposited on reducible supports (SnO-,
TiO2, CeOs, and pillared clays) using appropriate CO, buffering favours the increase of the
activity for the reduction of nitrate. In terms of N> selectivity, as noble metal component of
bimetallic catalysts, palladium and platinum provided similar values. However, the activity
for the nitrate reduction was much higher using Pd-based catalysts [33, 37, 38].

It was thus concluded that the nitrate reduction rate and the selectivity for the final
products are significantly affected by the dispersion of the particles on the support, the size of
the particles and the formation of agglomerates or alloys. These factors, which are strongly
dependent on the preparation method, the metal loading and the Pd:Me ratio (Me = Cu, In or
Sn), determine the distance between the active sites of palladium and noble metal,

influencing the interactions between the reactants and the catalyst.[33]

Cu Pg-Cu site
Edpe or comer

NO, NOy

Isoiated

Figure 1.5. Proposed models of Pd and Pd-Cu particles [33,40]

These conclusions support the fact that the optimization of the metal loading and the
Pd:Me ratio of the catalysts are very important factors for improving the rate of the catalytic
reduction of nitrates.

1.3.3.1. Evaporation Self Assembly Method ( EISA)
The so-called EISA method, initially proposed by Brinker and colleagues [62], is the

effect of the processes taking place upon the formation of mesostructured silica films.
Starting from dilute solutions, a liquid crystalline (LC) mesophase is gradually formed upon
the solvent evaporation. The formation of an inorganic network around this LC phase permits
the formation of well-defined mesostructured hybrids, which present a segregation of organic
and mineral domains at the nanoscale. This procedure permits to avoid the diffusion problems

encountered when infiltrating a real LC structure with a metal precursor (Figure 1.14., route
A). [62]
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Fig. 1.14.. a) Steady-state film thinning profile established during dip-coating of a complex fluid
comprising soluble silica, surfactant, alcohol, and water. Initial surfactant concentration co << cmc.
The surfactant concentration increases with the distance above the reservoir surface [74]. b)
Approximate trajectory taken in ethanol/water/CTAB phase space during dip-coating. Point A
corresponds to the initial composition of entrained solution, Point B is near the drying line, and Point
C corresponds to the dried film. Pathway calculated by combining results of in situ probe experiments
and imaging ellipsometry and superimposing data onto the experimental phase diagram.[74 ]

Chapter II: Experimental techniques

A complete characterization of the prepared materials requires a collection of
informations from a number of physical, chemical and spectroscopic techniques.

Therefore, an adequate structural and physico-chemical characterization of the
catalysts may provide a valuable information for a better understanding of the catalysts
behaviour in terms of stability, activity and selectivity. Thus, a wide range of characterisation
techniques have been utilized: e.g. 1) X-ray diffraction techniques (XRD) (giving information
on the dispersion and composition of metal particles in the catalysts and supports); ii) BET
method (SBET) (affording the calculation of the specific surface area from the N2 adsorption
isotherms); iii) transmission electron microscopy (TEM) (giving the size distribution of the
metallic particles); iv) X-ray fluorescence (giving the metal content and elemental ratios of
the catalysts); v) X-ray photoelectron spectra (XPS) (indicating the evolution of the oxidation
and chemical state of the active phases, and the binding energy of the different element core
levels); vi) CO chemisorption (giving the average metal crystallite diameter and the metal
dispersion in the reduced samples from the double isotherm method); vii) H> pulse
chemisorptionmeasurements (measuring the dispersion of palladium and from the
hemispherical model); viii) temperature-programmed reduction of hydrogen (H-TPR)

(allowing investigation of the reducibility of the metals in the catalysts)[33].



Chapter III: Synthesis of the catalytic support

The purpose of the research discussed in this chapter was to optimize the synthetic
conditions of the mesostructured materials Ceo.sZrosO2 mixed oxides using the evaporation —
induced self-assembly method. To make more clear this attempt they were considered three
objectives: (a) the optimization of the solvent evaporation conditions, (b) the optimization of

the drying process and (c) the optimization of the calcination conditions.

II1.1.2. Experimental
I11.1.2.1. Synthesis of the catalytic support
Evaporation induced self assembly method (EISA) is a method that affording a

phase and pore size control and a good crystallinity of materials. The preparation experiments
used a volatile solvent with the capability to delay both the hydrolysis and condensation rates
of the metal species. Such a behaviour is highly recommended for the formation of ordered
mesostructures. By the evaporation of the solvent, the surfactant becomes highly
concentrated leading to a liquid-crystal incorporating the inorganic species and finnaly to
ordered composite mesostructures [24] . Controlling this important step allows to improve the
textural properties of the targeted mixed oxides. The inorganic framework is then solidified
via a post-treatement. The last step of the process is the removal of the polymer by
calcination. Mixed metal oxides with open pores can be thus generated.

The synthesis started by dissolving 0.5 g of Pluronic P123 ( M av=5800,
EO20PO70EO20, Aldrich) in 10 ml of ethanol. Then, quantitative CeNOs 6H,O (Sigma
Aldrich) and ZrOCl, 8H>O (Sigma Aldrich) were added (the concentration of the Ce and Zr
was Smmol), in order to produce a mixed oxide with an atomic Ce:Zr ratio of 1:1. After
stirring for 3h at room temperature, the homogeneous sol was transferred to an oven under
desired temperature and humidity:

- temperature: 40°C, relative humidity:
S1(40%rH), S2(50%rH), S3(70%rH)

The solvent evaporation have been carried out in a climate chamber. After 48 h
ageing, the gel product was dried at 100°C for 24 h.After 48 h aging, the gel product was
dried at different temperatures. Accordingly the samples were denoted as:

S2. 1.- 60°C, 24h,

S2.2.- 100°C, 24h,

S2. 3.- 60°C, 24h; 100°C, 24h



The calcination was carried out by increasing the temperature from room temperature
to 400°C with aramp of 1°C min~'. After reaching 400°C this temperature was maintained
for another 4h in air.

The resulted solids were labeled as Ceo.5Zro.s02 S1(40%rH), Ceo.5Zro502 S2(50%rH)
and Ceo.5Zro0502 S3(70%rH) , respectively. The parameters of the entire process are described
in Scheme III.1.

Scheme II1. 1. EISA synthesis steps

Solvent *40%RH
evaporation | +50%RH — partialy ordered mesostructure
step *70%RH

*60°C, 24h

> Drying step | -100°C, 24h
+60°C. 24h; 100°C, 24h

:"> Calcination | .400°C, 1h, N,;400°C, 4h, air
step + 400°C, 4h air

According with the processes describe in this chapter, we selected as optimal

conditions for the synthese of catalytic support, the next conditions:
- For the solvent evaporation step 50%rH, for 48 h, in a climate chamber;
- For drying step 60 °C ,24 and 100°C, 24h;
- For calcinations step, 400°C, in air, for 4h.

The small angle XRD analysis of the dried supports results evidence the presence of
the partially ordered mesostructured for the supports synthesized by using method EISA,
contrary to the same supports synthesized by using classical coprecipitation method.
Concerning the optimization route, drying steps were also important and the solvent
evaporation step was finded as: 60 °C ,24 and 100 ° C, 24h. After calcination at 400°C, in air,
for 4h, the partially ordered structured is maintained. These supports will be impregnated and
utilized as catalyst for the water denitration reaction, as we can see in the next chapters.
Chapter IV. Support-induced effect on the catalytic properties of

Pd particles in water denitration : Impact of surface and

structural features of mesoporous ceria-zirconia support
This chapter reports the influence of the support materials on the catalytic properties

of Pd particles in the reduction of nitrites in aqueous phase performed at 20°C. Ceria-zirconia
mixed oxide (CeosZros02) as support was prepared according to co-precipitation and
evaporation-induced self-assembly methods and then calcined in air at 400°C. Straight

forward bulk and surface characterizations showed a preferential tetragonal structure for the

6



mixed-oxide prepared from the EISA method exhibiting a surface zirconium enrichment
whereas the co-precipitation method leads to strong inhomogeneity in composition with the
segregation of the fluorite structure of CeO: coexisting with the mixed oxide. As a
consequence some significant deviations are observed on the surface composition with
surface cerium enrichment corresponding to a greater formation of anionic vacancies
reflected by higher Ce®*/Ce*" ratio on sample reduced at 300°C. Such structural changes have
also some consequence on the textural properties with monomodal pores size distribution on
CZ(EIZA) whereas the CZ(COP) is characterized by a bimodal distribution with larger pores
likely associated to the formation of CeO,. All those changes can alter the impregnation of
palladium which was found more poorly dispersed on CZ(COP) irrespective of the reduction
temperature, i.e., 300°C or 500°C under pure hydrogen.
IV.2.1.1. Ceo.5Zr¢50: support materials

Ceo.5Z10.502 was prepared according to two different experimental protocols. The first
method EISA method was described in Chapter III. For the second protocol, the co-
precipitation method (COP), Ce(NOs)3.6H>0 and ZrOCL-8H>O were dissolved in distilled
water under magnetic stirring and then heated at 60°C. Cerium and zirconium hydroxides
were precipitated by adding dropwise ammonia solution up to pH = 10 and the suspension
was stirred for 4 hours. The solid precursor was washed with distilled water several times
before aging at room temperature for 48 hours, and drying at 120°C for 24 hours[23].

The solid oxy-hydroxide precursors obtained through these two methods were
calcined in air at 400°C for 4 hours. The temperature gradually increased with a gradient

temperature of 1°C/min.

IV.2.1.2. Impregnated Pd/Ceo.sZro50: catalysts
The monometallic catalysts were prepared by incipient wetness impregnation from

aqueous solutions of palladium nitrates (Pd(NO3)2:2H>O, Sigma Aldrich) with concentration
adjusted to get 2.3 wt.% or 0.46 wt.%Pd [24]. After impregnation, the precursors were dried
in air at 105°C overnight, calcined in air at 400°C for 2 hours and finally reduced in pure
hydrogen at 300°C or 500°C for 4 hours with a heating rate of 5°C/min and a H> flow of 60
mL.min"". The reduced catalysts were finally labeled xPd/CZ(EISA) and xPd/CZ(COP)
where x stands for the weight palladium loading equal to 0.46 or 2.3 wt.%.

IV.2.3. Catalytic measurements
The nitrite reduction reaction was performed in a 250 mL batch reactor equipped with

a magnetic stirrer operating at atmospheric pressure. 80 or 400 mg of catalyst in powder

form, with average grain sizeof 250um, were introduced in the reactor and thenpurged with
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pure H; for lhour at RT. In the second stage, 40 mL of ultrapure water was add to the system
under a flow of Hz (200mL/min) for 1 hour. Afterwards, 10 mL of nitrites solution (500mg/L
or 100 mg/L) were introduced and the suspension was stirred with a the rotation speed set at
700 rpm. The experiment was carried out at 20°C with a H» flow rate of 200 mL/min. Nitrite
concentration was monitoredby an ionic chromatograph (Metrohm 844 UV/VIS Compact
IC—Column Metrosep A Supp 16-250/4.0). The concentration of ammonium ions were
measured by using an ion chromatograph (Metrohm 861 Advanced Compact IC — column
Metrosep C 6 -250/4.0).

IV.3.4. Catalytic properties of Pd/Ceo5Zr¢s0: in the reduction of nitrite by hydrogen

1V.3.4.2. Selectivity towards the formation of ammonium ions
Significant information is also related to the selectivity behavior of Pd/CZ samples

with the formation of undesired products such as ammonia. As shown in Fig.IV 14, Pd/CZ
behaves differently mimicking the selectivity recorded on Pd/CeO; with a volcano type curve
suggesting the occurrence of sequential processes involving the formation and the
consumption of ammonia. Additional information relative to the involvement of sequential
processes can be obtained : — (i) Ammonium ions concentration gradually decreases while
nitrites are completely converted as exemplified on 0.46Pd/CZ(EISA) which could rule out
an hypothetical direct redox reaction between NH4" and NO>  contrarily to previous
assumptions [63]. — (i1)) Qualitatively, the sequential consumption of ammonium ions seems
to occur more readily on sample reduced at 500°C by comparing the ammonium
concentration at the maximum and at the end after 6 hours reaction. As exemplified, this

sequential reaction process does not occur significantly on 0.46Pd/CZ(COP) reduced at

300°C.
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Fig. IV. 14. Influence of the palladium loading and reduction temperature on the concentration profiles of
ammonium ions vs. time formed during the reduction of nitrites by hydrogen in batch conditions : (a) on
Pd/CZ(EISA) and (b) Pd/CZ(COP) — full symbol reduction at 300°C, open symbol reduction at 500°C — 0.46
wt%Pd in blue and 2.3 wt.% Pd in green.



Table I'V. 3. Initial rate measurements performed at 20°C on Pd/Ce.5Zrs0 (0.46Pd/CZ and 2.3Pd/CZ) during
the reduction of nitrite to nitrogen.

Catalyst Trea(°C) dpa(nm)  Initial rate TOF (h!')  Interfacial rate NH, ™ NH, "
(mol.h.gpg!) (10"2zmol.st.cm™?) atmax  atthe
end
2.3Pd/CZ(EISA) 300 6.1 5.0x10%? 2903 8.4 15.8 3.0
2.3Pd/CZ(COP) 300 10.9 4.6x1072 47.6 24.2 10.5 3.5
0.46Pd/CZ(EISA) 300 8.6 11.6x102 952 38.2 142 6.2
0.46Pd/CZ(COP) 300 10.2 1.9x102 33.8 30.3 6.1 6.3
2.3Pd/CZ(EISA) 500 19.9 3.4x10%? 64.4 75.1 16.0 1.7
2.3Pd/CZ(COP) 500 493 3.7x10%? 175.9 499 16.0 1.7
0.46Pd/CZ(EISA) 500 31.7 15.8x1072 474.6 886 15.4 7.0
0.46Pd/CZ(COP) 500 30.1 2.6x1072 74.0 130 24.0 33

“Ammonia concentration formed at maximum expressed in mg/L
b Residual ammonia concentration formed at the end of the reaction expressed in mg/L

As demonstrated in this chapter, the implementation of different methods for the
preparation of Ceo 5ZrosO> can lead to solids exhibiting different bulk and surface properties
which can potentially influence the nature and the extent of interactions with palladium. In
terms of structural properties, the Evaporation Induced Self-Assembly method leads mainly
to the stabilization of the tetragonal structure for ceria-zirconia mixed oxides with no
detectable inhomogeneity in bulk composition. As shown, the normalized rate expressed per
gram of palladium provide an overall information which undoubtedly show the superiority of
0.46Pd/CZ(EISA) reduced at the lowest temperature, i.e., 300°C, which formally is not
helpful to differentiate the particle size dependency or the role played by the metal-support
interface. Surprisingly the normalized rate expressed per gram of palladium measured on
reduced samples at 500°C are comparable still verifying the highest performances of
0.46Pd/CZ(EISA) while at higher reduction temperature an increase of the density of anionic

vacancies jointly to a greater metallic character shouldenhance the reaction rate [14].
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IV.5 Conclusions

Catalytic measurements show a faster reduction of nitrates on samples reduced at
500°C with a prominent production of ammonia at the early stage of the reaction at the
expense of nitrogen the target molecule. Unprecedented selectivity behavior is observed with
a sequential ammonia consumption promoted on Pd/CeosZrosO> irrespective of the
preparation route. The changes observed in the reaction rates are strongly dependent on the
pre-reduction leading to significant enhancements when the pre-reduction is performed at
500°C. The comparison of TOF and interfacial rates expressed per cm, reflecting the length
of the perimeter of metallic Pd particles, versus the particle size does not provide clear
evidence to privilege the prevalence of structural or electronic factors which could govern the
catalytic properties but highlight the superiority of 0.46Pd/CZ(EISA) compared to all other
samples.However, it seems that there is no strong evidence that the support materials would
directly participate to the reaction especially on the EISA support stabilizing a tetragonal
structure known for exhibiting lower redox properties than the cubic form. This seems in
relative good agreement with previous investigation that showed nitrite reduction would
occur through classical mechanism involving only metallic sites, the involvement of oxygen
vacancies being more obvious for the reduction of nitrates to nitrites.

Chapter V. Peculiar kinetic properties of Cu-doped Pd/CexZr1x0:

in water denitration : Impact of Pd-Cu interaction vs structural
properties of CexZrixO:

The overall objective of this chapter was to investigate the nature of the
interactionsbetween Cu and Pd, at low and high metal loading, on the catalytic reduction of
nitrates by H> with Ce0>-ZrO, mixed oxides as support material. Conventional co-
precipitation and more innovative evaporation-induced self-assembly methodfor the
preparation of CeO,-ZrO; can lead to different structural and textural features [27] that could
a priori modify the nature of the interactions with Pd and Cu. The consequences on the

kinetics will be discussed in this chapter.
V.2. Experimental

The catalysts are prepared accordingly the previous chapters.. Also the catalytic

measurements are dscribed in chapter I'V.

10



V.3.1.1. Nitrate conversion and reaction products distribution on pre-reduced Pd-
Cu/CZ

As observed in Table V.1., the preparation route of the support material (EISA vs.
coprecipitation method) and the palladium loading influence the catalytic properties with

higher normalized rate on 1Pd/CZ(EISA).

Table V. 1. Kinetic features of Pd/Ceg 5Zry 50, (0.46Pd/CZ and 2.3Pd/CZ) during the reduction of nitrite
by H>O from ref. [1].

Catalyst Trea.(°C) Initial rate TOF (h) NH4* concentration (¢mol.L")
(mol.h™.gpg ) at max ¢ at the end?
5Pd/CZ(EISA) 300 5.0x1072 29.3 929 176
5Pd/CZ(COP) 300 4.6x10? 24.2 617 206
1Pd/CZ(EISA) 300 11.6x1072 38.2 825 365
1Pd/CZ(COP) 300 1.9x1072 30.3 359 370

“ Ammonia concentration formed at the maximum
b Residual ammonia concentration formed at the end of the reaction

By examining the concentration profile of ammonium ions, different regimes are
observable as a function of the progress of the reaction.Indeed, a much faster production of
ammonia occurs at the early stage of the reaction on 5Pd-1Cu/CZ(EISA) than on 5Pd-
1Cu/CZ(COP) which could be assigned to a greater number of electron-rich active metal
statesas already pointed out [21] in agreement with a strengthening of the metal-support
interaction. Intriguingly, SPd-1Cu/CZ(EISA) exhibit a peculiar kinetic behavior related to a
sharp drop of ammonia concentration leading to the lowest residual concentration value after
6h reaction, i.e. 187 ppm.Similar observations also characterize 5Pd-1Cu/CZ(COP) but in
lower extent, the residual ammonia concentration stabilizing near 331 ppm. Such comparison
underlines the occurrence of secondary reaction involving ammonia. It is worthwhile to note
that the opposite trend characterize low loaded Pd and Cu catalysts. Interestingly, a
successive consumption of ammonia is not observed on 1Pd-0.2Cu/CZ(EISA) whereas it
occurs significantly on 1Pd-0.2Cu/CZ(COP)correlated to a stabilization of nitrites
concentration and suggesting that ammonia could be re-oxidized preferentially into Noon the

series Pd-Cu/CZ(EISA) and nitrites onPd-Cu/CZ(COP).
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Fig. VL.1. Catalytic properties of SPd-1Cu/CZ(EISA) (full symbols) and 5Pd-1Cu/CZ(COP) (empty symbols)
pre-reduced at 300°C: Nitrate conversion (circle); Nitrites concentration (square); ammonium concentration
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Fig. VI. 2.Catalytic properties of 1Pd-0.2Cu/CZ(EISA) (full symbols) and 1Pd-0.2Cu/CZ(COP) (empty
symbols) pre-reduced at 300°C: Nitrate conversion (circle); Nitrites concentration (square); ammonium
concentration (triangle)

V.3.1.2. Kinetic analysis
The kinetics of the overall reduction of nitrates has been studied in order to get more

insight into the specific role played by copper and palladium and their potential interactions
that could altered their intrinsic catalytic properties. As afore mentioned, the overall reduction
of nitrates can be regarded asa two-step reaction processthrough theproduction of nitrites and
their subsequent consumption according to the following sequential reaction mechanism

:NO3 X ,NOy %, hydrogenated products (N2 and NH3). In this sequence, we did not

consider side reactions involving the potential re-oxidation of ammonia to nitrites and
nitrogen. One can hypothesize a pseudo first order kinetics for nitrates and nitrites reduction
in agreement with earlier investigations[29-31]which makes easier the resolution of the first

order differential Eq. (4).
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d[Nd?i]t ~ K, [NO3 ] — k, [NO3 ], 4)
with [NO3], =[NO3], exp (—kit) ()

The rate constant kiin Table 3 can be estimated from Eq. (5) by using nitrate concentration
measured vs. time in Figs. 1 and 2. As observed the highest values still characterized the
series Pd-Cu/CZ(EISA). The integration of Eq. (4) leads to Eq. (6) theoretically suited to
describe the evolution of the nitrites concentration vs. time. A seen a maximum usually
appears corresponding to a derivative almost nil which leads to (Eq. (7)and allows a rough

estimation of the rate constant ko.

k;[NO;3

N3, =20 e (k) exp (k)] ©)
27"
In k, /k,

ope = 1L X2. (7)
Pk —ky)

ki and ko values obtained through this method can be used as inlet values for a subsequent
statistical optimization according to a classical least square method. The optimized rate
constant valuesobtained when X(rexp — cal)® tends to a minimum are reported in Table 3. As
seen, those kinetic parameters do not invalidate the normalized rates previously estimated but
clarify the specific role of copper and palladium in the overall reduction process. It seems
obvious that the values for ki are not sensitive to the copper loading and related changes in
Cu dispersion since the reduction of nitrates is recognized as weakly structure sensitive. The
lower value obtained on Pd-Cu/CZ(COP) could be equally explained by a more extensive
copper oxidation which suggestsweaker interactions with Pd or the support to protect the
metallic character of copper. The rate constant k» is expected much higher than kjon 1Pd-
0.2Cu/CZ(EISA) because nitrites species have not been detected. On the other hand only

slight difference between ki and krare discernible for the three other samples.

V.3.2.4. XPS surface analysis of Pd-Cu/CZ
XPS measurements were performed on calcined samples. The characteristic Zr 3d, Ce

3d, Ols, Pd 3d and Cu 2p core levels were investigated. The binding energy values near
~182.3 eV for the Zr3dssphotopeak characterize the presence of Zr*". As earlier discussed,
the complexity of Ce 3d photopeak is connected to different components their decomposition
giving rise to the relative concentration of Ce** and Ce*'[23]. The spectral decomposition

depicted in Fig.V. 10(a) reveal the prevalence of Ce*" on calcined samples. Indeed, the
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estimates for the Ce*"/Ce*"+Ce*" never exceed 0.08. Indeed, the decomposition of the Pd
3dspon this latter catalyst highlights two components at 337.7 eV and 339.1 eV. It is
worthwhile to note that higher B.E. values did not appear on calcined5Pd/CZ(COP). This
contribution appearing near 339.1 eV has been already observedand ascribed to Pd*" and/or
PdOy with 1<y < 2 [42-46]. In fact, different origins can explain the development of high
B.E. contributions related toelectron transfer monitored by the extent of interaction with the
support, with copper and/or by the particle size then stabilizing the electron deficient Pd?"
species with 6>2. The Cu 2ps3» photopeak gives rise to a distinct signal only on5Pd-
1Cu/CZ(EISA) corresponding to a B.E. value of 932.7 eV. The characteristic shake up
structure range 940-950 eV evidences the presence of Cu**(see Fig.V. 10(b)). Nevertheless,
the abnormally low B.E. can suggest the coexistence of oxidic copper species stabilized in a
lower oxidation stateas already pointed out on bimetallic Pd-Cu systems [47,48]. At a first
glance, this observationcould be in connection with the appearance of the high B.E.
contribution on the Pd 3ds» near 339.1 eV then reflecting an electron donation from Pd to Cu
thanks to a closer interaction between these two elements in calcined 5Pd-1Cu/CZ(EISA).
For low loaded Pd-Cu/CZ samples, the weak intensity of thePd 3d photopeak anda significant
overlapping between Zr 3d and Pd 3d photopeaksmake difficult any accurate quantitative
analysis. Unfortunately, the examination of the Cu 2p core level did not lead to detectable
copper species. Particular attention was paid to the photopeak Pd 3d, Cu 2p and Ce 3d. XPS
phopeaks recorded on 5Pd-1Cu/CZ(EISA) are reported in Fig.V. 10.

Cu2p (b)

925 920 915 910 905 500 895 890 885 880 875 955 950 945 940 935 930 925 520
Binding energy (eV) Binding energy (eV)
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Fig. V.10.An example of Ce 3d (a), Cu 2p (b) and Pd
3d photopeak on calcined 5Pd-1Cu/CZ(EISA).
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As illustrated, the envelops corresponding to the sum of the componentsu, u’, u”’, u
(dotted red line) and v, v’, v’*, v’ (dotted blue line) assigned to Ce*" and Ce*'respectively
show that most of cerium is stabilized as Ce*" the atomic fraction of Ce** being less than
8%.Such tendency was usually observed on all calcined samples irrespective of Pd and Cu
loading. Copper was only detected on 5Pd-1Cu/CZ(EISA). As seen on the Pd 3d photopeak
(see Fig. V. 10(¢c)) a significant overlapping of the Zr 3p is observable in most cases only one
component on the Pd 3ds» was observed except on 5Pd-1Cu/CZ(EISA). As shown, the peak
decomposition, illustrated in Fig.V.10(c), reveals two components at 337.7/339.1 eV ascribed
to Pd*" and Pd*". The examination of the surface concentration clearly indicates significant
surface palladium enrichment on 5Pd-1Cu/CZ irrespective of the protocol use for the
preparation of ceria-zirconia mixed oxide.Interestingly, copper is only detected on 5Pd-
1Cu/CZ(EISA) which leads to a slightlylower surface atomic Pd/Cu ratio compared to
elemental analysis.Suchobservation does not indicate significant deviation between bulk and
surface composition according to the margin of error.Useful information arises from the
comparison of Zr/Ce ratio from XPS and elemental analysis. It is obvious that a sharp surface

Ce enrichment occurs on the series Pd-Cu/CZ(COP)especially on 1Pd-0.2Cu/CZ(COP).

V.3.2.5.ToF-SIMS analysis
Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) can detect molecular

secondary ions and then provide unique information on the coordination of
elements.Hundreds of cluster ions were collected on calcined 5Pd-1Cu/CZ and spectra were
particularly complex to assign due to a high number of isotopes for zirconium (5 isotopes)
and palladium (6 isotopes) producing a lot of possible overlappings. In this context, a

particular attention was paid to the detection of mixed oxide clusters containing Pd, Cu and O
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or Ce, Cu and O and their evolution on calcined and reduced samples because they reflect the
close proximity of Pd and Cu in the same nano-sized aggregates. We managed to detect
PdOCu cluster ions in the positive mode. Assignments were confirmed by the detection of
14pdOCu’, %PdOCu”, '“PdOCu* and !'®PdOCu’ molecular ions in the spectra with
intensities in accordance to the natural isotopic ratios. Fig.V.11.reports the evolution of
PdOCu" intensity on calcined and ex situ reduced 5Pd-1Cu/CZ(EISA) and 5Pd-
1Cu/CZ(COP). A comparison can be established with the benchmark 5Pd/CZ(EISA) and
5Pd/CZ(COP). As a general trend, the contribution on mass spectra of the PACuO™ cluster
ions appears more distinctly on the series SPd-1Cu/CZ(EISA) especially of reduced samples
at 300°C. We checked the same trend in Fig.V.12 on samples reduced at 500°C. The opposite
observation is noticeable on 5Pd-1Cu/CZ(COP) while the intensity fragment is observable on
the calcined sample, a strong attenuation is clearly observed in the reduced samples. This
trend is also confirmed when catalyst samples are reduced at 500°C (see Fig. 12) showing
that the fragment assigned to PdACuO™ cluster ions strongly attenuates on 5Pd-1Cu/CZ(COP).
Among the different cluster ions identified, none of them corresponded to association
between copper ceria and oxygen which could suggest a close proximity between those
elements on both series. Unfortunately several attempts on low loaded catalysts, i.e. 1Pd-
0.2Cu/CZ, did not lead to conclusive information likely due to the very low concentration of
those species at the surface in agreement with XPS analysis. Hence, on the basis of those
observations, one can conclude that a greater proximity would characterize Pd and Cu
elements in reduced5Pd-1Cu/CZ(EISA) samples thanks to the evolution of the intensity of
PdOCu" cluster ions. This conclusion seems to be in rather agreementwith TEM-EDS
observations and with the evolution observed on the B.E. values measured for the Cu 2p and

Pd 3d core levels.
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Fig. V.11. Ex situ ToF-SIMS analysis performed on calcined and reduced bimetallic SPd-1Cu/CZ(EISA) (A)
and 5Pd-1Cw/CZ(COP) (B).

The cracking patterns recorded for m/z in the range 184.7-185.1 in Fig. V.12
underline an additional contribution ascribed to CuPdO™ cationic fragments which reflects the
close proximity of copper and palladium. As observed this contribution intensifies on 5Pd-

1Cu/CZ(EISA).
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Fig.V.12. Ex situToF-SIMS analysis performed on reduced bimetallic 5 wt.% Pd — 1 wt.% Cu/CZ(EISA) (A)
and 5 wt.% — 1wt.% Pd-Cu/CZ(COP) (B) in pure H; at 500°C.

V.4. Discussion

Previous investigations reported that the reduction of nitrates on supported bimetallic
Pd-Cu particles can depend on several parameters related to the metal loading, the atomic Pd
to Cu ratio and thestructure of ceria-zirconia supports[51]. We investigated the influence of
the palladium loading recognized as a critical material of strategic importance by the
European Union, with Pd content substantially lessened from 5 wt.% to 1 wt.%. Our kinetic
measurements in batch conditions definitely show higher normalized rates of nitrates
conversion on low loaded palladium catalysts, especially on 1Pd-0.2Cu/CZ(EISA). This
observation is consistent with kinetic analysis leading to higher rate constant ki associated to
the reduction of nitrates to nitrites. The lower values recorded on the series Pd-Cu/CZ(COP)
could be ascribed to a greater sensibility of copper to oxidation. Another benefit associated to
1Pd-0.2Cu/CZ(EISA) is related to the lack of detection of nitrites compared to
otherbimetallicsystems[52,53]. This behaviour suggests a much faster consecutive reduction
of nitrites, i.e. higher ko than on Pd-Cu/CZ(COP). Regarding the production of ammonia at
the early stage of the reaction, opposite behavior characterizes Pd-Cu/CZ(EISA)and Pd-
Cu/CZ(COP) catalysts, the former beingmore prone to produce ammonia at high Pd loading
whereas the reverse trend is observable at low Pd loading. Finally the most important
discrepancy in comparing predicted and experimental curves for nitrites concentration
profiles is related to an extra production over Pd-Cu/CZ(COP) which underline the
occurrence of secondary reaction. All those observations underline complex surface
properties depending on the degree of interaction between Pd and Cu and the peculiar

properties of the support materials.
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Chapter VI. Kinetics of undesired ammonia production during
nitrite reduction on Pd/CeQO:-ZrO:: Impact of metal loading and

structural features of the support
This chapter was devoted to the second step associated to the reduction of nitrites on

Pd/Ce0,-ZrO;. Recently, we showed the advantages provided by the elaboration of CeO»-
ZrO> mixed oxides according to a soft templating method such as evaporation induced self-
assembly (EISA) compared to co-precipitation methods [8,9]. The most promising catalytic
performances were observed on low loaded Pd samples dispersed on CeO»>-ZrO, prepared by
the EISA method depending on preferential interactions of Pd with the tetragonal or cubic
structure of the solid solutions [9]. It was also found that this peculiar interaction can
originate secondary ammonia oxidation to nitrogen whereas re-oxidation to nitrites takes
place more significantly on Pd supported on CeO>-ZrO: prepared by co-precipitation. A
kinetic approach has been implemented in this study to understand more accurately the
specific role of this type of interaction according to the preparation route of the support

material to control ammonia production and especially the extra oxidation of ammonia.

VI1.3.2. Kinetic of nitrites reduction and related production of ammonia
The kinetics of the overall reduction of nitrites on Pd supported on ceria-zirconia mixed

oxide has been earlier reported [9]. Additional experiments were performed in batch
conditions on Pd supported on single ZrO, and CeO> oxide materials to get more insights
into the specific role played by the support composition which can modulate the strength of
interactionswith Pd particles and their related catalytic properties. Particular attention was
also paid to the evolution of ammonia vs. time reported in Fig. VI.3. These observations
reveal different kinetic regimes related to an instant formation and a slower consumption of
ammonia. As earlier explained [14], the initial product distribution reflects the structure
sensitivity of this reaction, ammonia being formed on low coordinated Pd atoms on edge and
corners of Pd particles with distribution declining with a rise in Pd particle size. As a matter
of fact, such structure sensitivity can be regarded because two adjacent Pd atoms are
requested for the recombination of two nitrogen atoms coming from the reduction of nitrites

whereas only one is needed for its subsequent hydrogenation to ammonia.
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Fig.VI. 3.Concentration profiles of ammonium ions vs. time formed during the reduction of nitrites by
hydrogen in batch conditions : (a) on Pd/CZ(EISA), (b) Pd/CZ(COP), (c) Pd/ZrO»(EISA), (d) Pd/CeO»(EISA) —
full symbol reduction at 300°C, open symbol reduction at 500°C — 0.46 wt.%Pd in blue and 2.3 wt.% Pd in
green.

However, in most cases the conclusions are supported by weak evidences with the
hypothesis that this reaction could occur in homogeneous phase. To clarify this point, Fig. VI.
5 can be useful to state on the possible involvement of such reaction in this study.

Fig. VL5 illustrates the evolution observed on nitrites conversion and related ammonia
production[9]. As seen a fast an complete nitrite conversion takes place which corresponds to
the maximum concentration of ammonium ions. Beyond this maxium a decrease in
ammonium ions concentration is noticeable highlighting the occurrence of secondary reaction
involving the consumption of ammonia. Previous investigations [17-19], claimed that the
involvement of nitrites reduction by ammonia could occur. In our particular case, the
comparison of Figs VI.5(A) and (B) rules out this hypothesis which led to the conclusion that
reactive surface oxygen species from the support materials could be involved in ammonia

oxidation.
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Fig. VI. 5.Nitrites conversion (A) and ammonium concentration profiles (B) vs. time on 0.46Pd/CZ(EISA) pre-
reduced at 300°C — full symbol reduction at 300°C, open symbol reduction at 500°C[1].

Fig. VI. 6 provides determining argument through modeling the nitrite concentrationin
the course of nitrates reduction according to a two steps process with subsequent nitrites
reduction to N> and NO,". Experimental curve reveals an overproduction of nitrates assigned
to ammonia oxidation. As these experiments were also performed in batch conditions and in
anaerobic conditions then a point to debate is of course related to the origin of the oxidizing
species involved in this process.At a first glance, the presence of trace amount of dissolved
oxygen in the reaction mixture not completely degassed from water filtration could contribute
to this process. However, such hypothesis seems to be invalidated by the absence of sub-
oxidation observed on Pd/ZrO». The involvement of OSC properties of Pt/CexZri«O> have
been already proven in Catalytic Wet Air Oxidation [20,21].
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Fig. VI. 6.Predicted and experimental nitrites

concentration vs. time on 1Pd-0.2Cu(COP)in the
course on the reduction of nitrates by hydrogen.

200
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By way of illustration, Yang et al. found a rate enhancement in the removal of succinic
acid at increasing Ce concentration. Based on this, sub-oxidationcould be intimately relatedto

the surface density of active oxygen species as well as the metal-support perimeter. Indeed,

21



electron rich neighbor metallic atoms could be capable to weaken the Ce-O bond through
electron transfer. Hence, observations in Fig. VI. 5 can suggest that preferential interaction
between CeO; or Ce-riched mixed oxide and Pd in the series Pd-C/CZ(COP) and
Pd/CeO,would be more prone to oxidize ammonia. As earlier discussed [8], preferential re-
oxidation to nitrites on Pd-Cu/CZ(COP) instead of nitrogenon series Pd-Cu/CZ(EISA) (not
shown) could be partly explained by a lower surface anionic mobility of Zr-riched CZ(EISA)

tetragonal structure compared to CeO> [12].

V1.3.3. Kinetic modelling
A simple kinetic model depicted in scheme VI. 1 can be envisioned for modeling the

sequential formation and consumption of ammonia through reduction and oxidation reaction.
One can hypothesize a pseudo first order kinetics for nitrites reduction in agreement with
earlier investigations [22-24] which makes easier the resolution of the first order differential
Egs. (1) and (5).

K k£ 6o)
NO, NH, Oxidation products

Scheme VI. 1. Suggested parallel and sequencial reactions for nitrite removal on Pd/CZ

ALk NOs . ~ kst (O NI, , (1)
with [NO3 ], =[NO3 1o exp [ (k; +k,)t] (2)

The rate constant k, values were estimated according to a classical least square method.
The optimized rate constant values obtained when Z(rexp — rea)’ tends to a minimum are
reported in Table 4. The order of magnitude for ki+kscan be roughly calculated from the
evolution of nitrites concentration vs. time solving Eq. (1). For ammonia consumption we
have considered a pseudo rate constant which accounts for the available concentration of
surface oxygen species from the support. It is worthwhile to note that the related anionic
vacancies formed are note refilled in anaerobic conditions which means this reaction is not
catalytic but stoichiometric. Eq. (3) from the integration of Eq. (1) is theoretically suited to
model the evolution of the ammonium ion concentration vs. time.

ki [NO3 ]

Ty o - —exp |- 3
k, +k; —k5f(0p) [exp [~ k3£ (80)t] - exp [ (k) +k 1] €)

[NH3]t =
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The numerical values for ki, krand ksf (60) from the adjustment routine are reported in
Table 4 and then compared to those obtained according to the same method on Pd/CeO> and
Pd/ZrO,. Starting with Pd/CZ, at increasing reduction temperature,the rate constant k as well
as the sumki+k> also increase but these evolutions are not strictly related to significant
changes on the ratio ka/ki+ks which reflects the selectivity to ammonia formation. The fact
that the absence of correlation between koand the particle size of palladium is consistent with
previous statements with in connection with a weak sensibility of Pd atoms location for the
hydrogenation of chemisorbed N atoms.Let us now compare these values with those
calculated on supported Pd on single oxides. As a general trend, all the rate constant values
on Pd/CeO; are usually higher than that optimized on Pd/ZrO, which matches the slow
nitrites reduction as observed in Fig. VI.7. The values almost nil for k3f(60) on Pd/ZrO>
underline the weak lability of Zr-O quite unreactive in our experimental conditions in
comparison the Ce-O bond. As exemplified in Figs. VI. 9 a good correlation is obtained

between predicted and measured ammonium ions concentration.
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VI1.4. Conclusions
This study dealt with the kinetics of undesired ammonia production in the course of

catalytic water denitration over supported palladium catalysts on ceria-zirconia mixed oxides.
Different parameters were investigated referring to bulk segregation, according to the
preparation method, palladium loading and pre-reduction temperature which affects
palladium dispersion. In all cases, ammonia production occurs readily but no clear
comparison demonstrate a structure-sensitivity likely due to strong support effect inducing
electron-rich active metallic palladium particle which could provoke an over hydrogenation
of nitrites to ammonia. Interestingly a maximum in concentration profiles revealed the
existence of secondary ammonia oxidation reaction. An extra oxidation of ammonia with
residual nitrites has been rule out based on the comparison with different support materials
exhibiting various surface oxygen mobility and related concentration. Hence, in anaerobic
condition a stoichiometric reaction would involve reactive oxygen species bonded to ceria. A
sequential process is proposed and catalytic exploitation from concentration profiles of
ammonia vs. times led to the estimation of rate constants especially that related to ammonia

oxidation which was found dependent on oxygen coverage.
Chapter VII. GENERAL CONCLUSIONS

The aim of this thesis was: 1) to develop catalytic materials with an open mesoporosity
in order to facilitate the transport of the reagents and products in the pores of the catalytic
supports and ii) to modulate the distribution of the active phase in order to make more
efficace the reduction of the nitrate.

To achieve this aim CeO,, ZrO, and mixed CexZr1xO» oxides were selected as carriers
for palladium and copper, as an active phases for the catalytic reduction of nitrates to
nitrogen. The efficiency of the catalyst is related in terms of :

1) concentration gradients, ii) capacity of the catalysts to avoid inhibition phenomena on the
rate of reduction of nitrites/ nitrates ions and iii) effects to enhance the selectivity to nitrogen
in the detriment of formation of by-products such as ammonium ions.

In summary, the results of this thesis demonstrate that the catalytic reduction of nitrate
in water represents indeed an effective method to remove these. This process is strongly
influenced by the chemical nature of the metal phases, the preparation method and the
support. A high nitrate conversion was obtained for a catalyst with an atomic ratio noble
metal/copper close to 5 treated at calcination temperature of 400 °C and reduced at 300 °C.

Pd-Cu catalysts supported on CeosZro.sO2 showed a much superior behavior compared to
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monometallic ones. In addition to high nitrate conversions for the pair Pd-Cu, the nitrogen
selectivities of 76% and 82%, respectively, were obtained when Ceo.5Zro502 has been used as
a support. The reduction process of nitrates has a important time limitations. It is worth to
notice that the therefore ammonium concentrations after 6 h were always higher than the

allowable values in drinking water.
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