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In this manuscript, studies of catalytic activity in two environmental processes were
performed: NO reduction with NH3 (DeNOx process) and N2O decomposition over the
commercial CHA zeolite. In the first part of the studies, the parent CHA zeolite was
modified with different contents of copper (1, 5, 10 and 15%) by wet impregnation, and
optimum Cu loading was chosen. In the second part of the studies, CHA was modified by
the use of different bases and acids (NaOH, TPAOH (tetrapropylammonium hydroxide),
HCl, and Na2H2EDTA (ethylenediaminetetraacetic acid)) in order to generate mesoporosity.
The influence of demetallation agent concentration, temperature and duration of treat-
ment was examined. The most efficient treatment, resulting in an almost four-fold increase
in the mesopore volume, was found to be with a 0.2 M Na2H2EDTA solution (treatment for
4 h at 100 �C). Moreover, despite the modification of the textural properties, the phase
composition, acidity and form of the introduced copper species were also influenced by
the applied modification techniques (the samples were examined with the use of tech-
niques such as N2 sorption, XRD, NH3-TPD and UVevis-DRS). The Cu-CHA samples ob-
tained with the use of commercial zeolite supplied by Clariant (Germany) exhibited high
activity in the DeNOx process under the applied conditions. The stability of the Cu-CHA
sample (doped with 5% of Cu) in the DeNOx process was examined by five subsequent
catalytic runs, and only a small drop in catalytic activity was observed. Moreover, the
treatment of CHA with Na2H2EDTA increased its activity in N2O decomposition, which
makes the applied modification techniques interesting for the potential application of this
zeolite in catalysis.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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Dans cet article, l'�etude de l'activit�e catalytique a �et�e r�ealis�ee dans deux processus envi-
ronnementaux : la r�eduction de NO avec NH3 (processus de DeNOx) et la d�ecomposition de
N2O sur la z�eolithe CHA commerciale. Dans une premi�ere partie de l'�etude, la z�eolithe CHA
m�ere a �et�e modifi�ee selon des teneurs variables en cuivre (1, 5, 10 et 15%) par impr�egnation
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Processus de DeNOx

R�eduction de NO par l'ammoniac
NH3-SCR
D�ecomposition du N2O
humide et une charge optimale en Cu. Dans une seconde partie de l'�etude, la CHA a �et�e
modifi�ee par l'utilisation de bases et d'acides diff�erents (NaOH, TPAOH (hydroxyde de
t�etrapropylammonium), HCl, Na2H2EDTA (acide �ethyl�enediaminet�etrac�etique)) afin de
g�en�erer la m�esoporosit�e. Les influences respectives de la concentration de l'agent de
d�em�etallation, la temp�erature ainsi que la dur�ee du traitement ont �et�e examin�ees. Le
traitement le plus efficace qui a �et�e observ�e concerne une solution de Na2H2EDTA 0,2 M
(traitement pendant 4 h �a 100�C); il a entraîn�e une augmentation d'environ quatre fois le
volume de m�esopores initial. En outre, malgr�e la modification des propri�et�es texturales, la
composition de phase, l'acidit�e et la forme des esp�eces de cuivre introduites ont aussi �et�e
influenc�ees par les techniques de modification appliqu�ees (les �echantillons ont �et�e
examin�es en utilisant des m�ethodes telles que la sorption de N2, la XRD, la NH3-TPD et
l'UV-vis-DRS). Les �echantillons Cu-CHA obtenus en utilisant la z�eolithe commerciale
fournie par Clariant (Allemagne) ont pr�esent�e une activit�e �elev�ee et une stabilit�e dans le
processus de DeNOx. De plus, le traitement de la CHA avec Na2H2EDTA a augment�e son
activit�e dans la d�ecomposition du N2O, ce qui rend les techniques de modification
appliqu�ees int�eressantes pour l'application potentielle de cette z�eolithe en catalyse.

© 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Chabazite (CHA topology) is a small pore, 8-membered
ring zeolite. During the last few years, Cu-modified zeo-
lites with CHA topology in the form of silicoaluminates or
silicoaluminophosphates (such as e.g., Cu-CHA, Cu-SSZ-
13, Cu-SAPO-34) gained great scientific interest due to
the high catalytic performance (in a large temperature
range) and superior hydrothermal stability in NOx

reduction [1,2]. These exceptional properties of Cu-CHA
led to its implementation as part of the emission con-
trol systems for diesel-powered passenger vehicles
(reduction of NOx under the highly oxidizing lean-burn
conditions). Since that time, various aspects of SCR (Se-
lective Catalytic Reduction) catalysts based on copper-
modified chabazite were studied. Factors such as the
form of active Cu sites [e.g., Refs. [3e5]], type of ammonia
species formed on the catalyst surface and their interac-
tion with the catalyst [e.g., Refs. [6e8]], poisoning effect
of propene during SCR of NOx [e.g., Refs. [9,10]] and
impact of different hydrothermal treatment and aging
conditions [e.g., Refs. [10e12]] were investigated. More-
over, various experimental and kinetic modelling studies
were performed [e.g., Refs. [13e15]] concerning different
Cu-CHA catalysts.

Recent trends in zeolite modifications are mainly
focused on the generation of mesoporosity [16,17]. The
presence of micropores (pore size <2 nm) is a very
important feature of zeolites, which is responsible for their
various catalytic properties, including shape selectivity.
However, they are also responsible for the low rate of
molecule access into the zeolite crystals, as well as the
unwanted adsorption effect of reactants and/or products
during the catalytic process. Thus, by steric limitations, the
accessibility of micropores is restricted and the catalytic
potential of zeolites is not being used effectively, especially
in the case of bulky molecules. It is very important to
mention that the modification of zeolite porosity, despite
the textural properties, also affects their acidity as well as
the content, form and reducibility of the introduced tran-
sition metal species. The modification of such properties is
very important for catalytic reactions (with the participa-
tion of significantly smaller molecules, such as the DeNOx

process or N2O decomposition), which proceed on acid or
red-ox active sites.

As found in our previous studies, micro-mesoporous
zeolites obtained by different techniques such as the
mesotemplate-free method [18e20], desilication [21] or
delamination as well as pillaring of layered zeolites [22] are
characterised by enhanced catalytic activity, improved
stability and increased resistance against the coke deposit
formation.

In contrast to the other zeolite topologies, the modifi-
cation of the CHA framework by mesopore generation is
still an open field for scientists. The reports presenting
studies in this area are connected with the following
methods of CHA modification: (i) preparation of the hier-
archical CHA structure using the supramolecular (double
templating) method [23e25] e.g., for the CO2 capture under
moderate temperatures and high pressure conditions, (ii)
desilication of SSZ-13 with NaOH solution for the applica-
tion in the methanol-to-olefin (MTO) process [26], (iii)
dealumination of CHA and SSZ-13 zeolites using ammo-
nium hexafluorosilicate [27] and (iv) the generation of
mesopores by solid templating using carbon nanoparticles
or nanotubes [28].

In the presented studies, commercial CHA zeolite
supplied by Clariant was modified with different amounts
of copper and tested as a catalyst of two environmental
processes, which is related to the reduction of nitrogen
oxide emission into the atmosphere: (i) NO reduction
with ammonia (DeNOx process) and (ii) N2O catalytic
decomposition. The emission of NOx into the atmosphere
is one of the main factors contributing to acid rain,
depletion of the ozone layer and the greenhouse effect.
One of the major sources of NO emission is the trans-
portation sector and its selective catalytic reduction
(DeNOx) with NH3 (Eq. 1) is considered one of the most
promising technologies [29]. While in the case of N2O, the
production of nitric acid is the most important anthro-
pogenic emission source. Direct catalytic decomposition
of N2O (in the presence of oxygen, which is a typical
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component of tail gases and is regarded as a reaction
inhibitor), presented in Eq. 2, is a preferable way for its
emission abatement [20].

4NO þ 4NH3 þ O2 / 4N2 þ 6H2O (1)

2N2O þ O2 / 2N2 þ 2O2 (2)

In the second part of the studies, the parent CHA catalyst
was modified by treatment with different basic and acidic
solutions (under various treatment conditions) in order to
modify its physicochemical properties. The sample chosen
with the optimal textural parameters was modified with
copper and tested in both of the above-mentioned catalytic
processes.
2. Experimental methods

2.1. Catalyst preparation

Commercial CHA zeolite used in this workwas delivered
in H-form by Clariant Company (Germany) in the form of
silicoaluminophosphate (3.5 wt. % Si, 20.2 wt. % Al,
55,8 wt. % O, 18.7 wt. % P, and 1.8 wt. % Ti).

In the first part of the studies, the parent CHA zeolite
was modified with copper by the wet-impregnation
method with water solution of copper acetate tetrahy-
drate: Cu(CH3COO)2$4H2O. The concentration of the copper
acetate solution was adjusted to introduce 1, 5, 10 and
15 wt. % of copper to the samples. After impregnation, the
samples were dried at 60 �C and calcined at 600 �C for 6 h.
The obtained samples were denoted as x%Cu-CHA, where x
is the assumed, calculated percentage content of Cu in the
samples.

In the second part of the studies, the parent CHA sample
was modified in order to generate mesoporosity. For this
purpose, two techniques were applied: (i) base treatment
(BT) (NaOH or TPAOH (tetrapropylammonium hydroxide))
and (ii) acid treatment (AT) (HCl or Na2H2EDTA (ethyl-
enediaminetetraacetic acid)). The obtained samples were
denoted as: CHA(BT/AT_CMA_MA_T)t, where BT/AT is the
type of modification, CMA is the concentration of the
modification agent, MA is the modification agent, T is the
temperature of treatment, and t is the duration of treat-
ment. Sample codes and conditions of the performed
modifications are presented in Table 1.

In the case of each modification, a solution of acid or
base was introduced into a round-bottomed flask and
heated using an oil bath. When the proper temperature
was achieved, CHA zeolite was added to the solution with
1 g of zeolite per 100 mL of solution and stirred. After the
proper time, the sample was filtered and washed three
times with double-distilled water. In the next step, the
sample was dried at 60 �C and calcined at 600 �C for 6 h
(synthesis details are presented in Table 1). When
Na2H2EDTA or NaOH were used, an additional synthesis
step was appliedetriple ion-exchange with a solution of
NH4NO3 (0.5 M, SigmaeAldrich) at 80 �C for 1 h (ion-
exchange Naþ / NH4

þ). Finally, the samples were washed,
dried and calcined to convert NH4

þ to Hþ under the same
conditions as in the case of the samples obtained directly
in Hþ-form.

The chosen micro-mesoporous sample obtained in the
second part of the studies (CHA(AT_0.2_EDTA_100)4) was
modified with 5 wt. % of copper by using the wet-
impregnation method using aqueous solution of copper
acetate tetrahydrate: Cu(CH3COO)2$4H2O. After impregna-
tion, the sample was dried at 60 �C and then calcined at
600 �C for 6 h.

2.2. Catalyst characterization

The X-ray diffraction (XRD) patterns of the samples
were recorded using a Bruker D2 Phaser diffractometer (Cu
Ka radiation; l¼ 1.54056 Å). The measurements were
performed in the 2 theta range of 5e50� with a step of
0.02�.

Textural properties of the samples were determined by
N2 sorption at �196 �C using a 3Flex v1.00 (Micromeritics)
automated gas adsorption system. Prior to the analysis, the
samples were degassed in a vacuum at 350 �C for 24 h. The
specific surface area (SBET) of the samples was determined
using the BET (BraunauereEmmett-Teller) model accord-
ing to the recommendations of Rouquerol at al [30]. The
micropore volume was calculated using the Harkins and
Jura model (t-plot analysis, thickness range 0.55e0.85 nm).
The mesopore volume was calculated from the desorption
branch using the BJH model (Kruk-Jaroniec-Sayari empir-
ical procedure) in the range of 1.7e30 nm.

Coordination and aggregation of Cu introduced into
CHA zeolite were studied by using UVevis-DR spectros-
copy. The measurements were performed using an Evolu-
tion 600 (Thermo) spectrophotometer in the range of 200
e900 nm with a resolution of 2 nm.

Surface acidity (concentration and strength of acid sites)
was studied by temperature-programmed desorption of
ammonia (NH3-TPD). The measurements were performed
in a flowmicroreactor system equipped with QMS detector
(Prevac). Prior to ammonia sorption, a sample was out-
gassed in a flow of pure helium at 600 �C for 30 min.
Subsequently, the microreactor was cooled to 70 �C and the
sample was saturated in a flow of gas mixture containing 1
vol. % of NH3 diluted in helium for about 120min. And then,
the catalyst was purged in a helium flow until a constant
base line level was attained. Desorptionwas carried out at a
linear heating rate (10 �C/min) in a flow of He (20 mL/min).

2.3. Catalytic tests

Catalytic studies of NH3-SCR were performed in a fixed-
bed quartz microreactor. The experiments were performed
at atmospheric pressure and in the temperature range from
100 to 400 �C. The reactants concentration was continu-
ously measured using a quadrupole mass spectrometer
(Prevac) connected directly to the reactor outlet. For each
experiment, 0.1 g of catalyst (particles sizes in the range of
0.160e0.315 mm) was placed on a quartz wool plug in the
reactor and outgassed in a flow of pure helium at 600 �C for
1 h. The gasmixture containing 2500 ppm of NO, 2500 ppm
of NH3 and 25,000 ppm of O2 diluted in pure helium (at a
total flow rate of 40 mL/min) was used.



Table 1
Sample codes, modification conditions and textural parameters of the mesostructured CHA samples.

Sample code MA* CMA/M Time/h Temp./�C SBET [m2/g] SEXT [m2/g] VMIC [cm3/g] VMES [cm3/g]

CHA e e e e 706 54 0.246 0.078
CHA(BT_0.1_NaOH_20)0.5 NaOH 0.1 0.5 20 18 14 0.003 0.016
CHA(BT_0.1_NaOH_20)1 NaOH 0.1 1 20 17 13 0.002 0.015
CHA(BT_0.1_NaOH_20)2 NaOH 0.1 2 20 19 15 0.003 0.017
CHA(BT_0.2_NaOH_65)0.5 NaOH 0.2 0.5 65 21 14 0.004 0.023
CHA(BT_0.2_NaOH_65)1 NaOH 0.2 1 65 14 11 0.002 0.016
CHA(BT_0.2_NaOH_65)2 NaOH 0.2 2 65 14 12 0.001 0.017
CHA(BT_0.1_TPAOH_65)0.5 TPAOH 0.1 0.5 65 38 27 0.006 0.036
CHA(BT_0.1_TPAOH_65)1 TPAOH 0.1 1 65 40 30 0.007 0.039
CHA(BT_0.1_TPAOH_65)2 TPAOH 0.1 2 65 38 28 0.006 0.039
CHA(BT_0.025_TPAOH_65)0.5 TPAOH 0.025 0.5 65 713 22 0.259 0.040
CHA(BT_0.05_TPAOH_65)0.5 TPAOH 0.05 0.5 65 631 27 0.231 0.053
CHA(BT_0.2_TPAOH_65)0.5 TPAOH 0.2 0.5 65 176 88 0.057 0.180
CHA(BT_0.3_TPAOH_65)0.5 TPAOH 0.3 0.5 65 205 181 0.016 0.260
CHA(AT_0.2_HCl_65)0.5 HCl 0.2 0.5 65 531 38 0.188 0.059
CHA(AT_0.2_HCl_65)1 HCl 0.2 1 65 538 37 0.191 0.056
CHA(AT_0.2_HCl_65)2 HCl 0.2 2 65 525 36 0.185 0.054
CHA(AT_0.2_EDTA_25)4 Na2H2EDTA 0.2 4 25 746 29 0.265 0.037
CHA(AT_0.2_EDTA_50)4 Na2H2EDTA 0.2 4 50 743 32 0.264 0.043
CHA(AT_0.2_EDTA_100)4 Na2H2EDTA 0.2 4 100 258 189 0.030 0.292
CHA(AT_0.04_EDTA_100)4 Na2H2EDTA 0.04 4 100 819 35 0.290 0.044
CHA(AT_0.1_EDTA_100)4 Na2H2EDTA 0.1 4 100 657 54 0.225 0.064
CHA(AT_0.15_EDTA_100)4 Na2H2EDTA 0.15 4 100 324 166 0.062 0.188
CHA(AT_0.3_EDTA_100)4 Na2H2EDTA 0.3 4 100 247 190 0.025 0.261

(*) Modification agent.
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Catalytic studies of N2O decomposition were performed
in a fixed-bed quartz microreactor. The experiments were
performed under atmospheric pressure and in the tem-
perature range from 300 to 600 �C in intervals of 50 �C. The
composition of outlet gases was analysed using a gas
chromatograph (SRI 8610C) equipped with TCD detector.
For each experiment, 0.1 g of catalyst (particles sizes in the
range of 0.160e0.315 mm) was placed on a quartz wool
plug in a microreactor and outgassed in a flow of pure
helium at 600 �C for 1 h. And then, the gas mixture con-
taining 1000 ppm of N2O and 40,000 ppm of O2 diluted in
pure helium (at a total flow rate of 50 ml/min) was passed
over the catalyst and the reaction proceeded for about 1 h
to stabilise the catalyst. The analysis of the outlet gases was
performed 20 min after temperature stabilisation and a
steady state regime was achieved.
Fig. 1. XRD patterns of the parent CHA and the samples modified with Cu.
3. Results and discussion

3.1. Conventional (microporous) CHA zeolite

The crystalline structure of the parent CHA zeolite and
the samples modified with different amounts of Cu were
investigated by using the XRD method (Fig. 1). The XRD
pattern of the starting material corresponds to patterns of
the CHA chabazite structure [31]. However, the analysis of
the parent sample diffractogram with X'Pert HighScore
(PDF-4þ database) revealed the presence of impurities in
the form of silicoalumnophosphate SAPO-11 (AEL topol-
ogy) and titanium-phosphorus oxide (TiP2O7). The modi-
fication of CHA with copper by using the incipient wetness
impregnation method (with the assumed Cu wt. % of about
1, 5, 10 and 15) did not influence the crystalline structure of
the samples; however, the intensity of the reflections
slightly decreased. Moreover, in the case of the samples
with the copper content above 1%, new reflections at about
35.7� and 38.9� 2q appeared, which is connected to the
formation of CuO aggregates on the catalyst surface. The
average CuO crystal sizes calculated using Scherrer's
equation (k¼ 1, l ¼ 0.154 nm) for (111) reflection are in the
range of 30e40 nm.

The textural properties of the parent CHA zeolite and its
modifications with different amounts of copper were
characterised by using the low-temperature N2 sorption
(Table 2). CHA zeolite used in the presented studies is
characterised by the relatively high BET surface area (about
700 m2/g) and micropore volume (about 0.240 cm3/g).
After modification of the samples with copper, values of
textural parameters (such as BET surface area, external



Table 2
Textural properties of the samples determined from the N2-sorption
measurements.

Sample code SBET [m2/g] SEXT [m2/g] VMIC [cm3/g] VMES [cm3/g]

CHA 706 54 0.246 0.078
1%Cu-CHA 679 14 0.243 0.030
5%Cu-CHA 631 33 0.222 0.053
10%Cu-CHA 570 19 0.202 0.026
15%Cu-CHA 550 23 0.193 0.031

Fig. 3. UVevis-DR spectra of the CHA samples modified with Cu.
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surface area, and volume of micro- and mesopores)
decreased. The observed changes can be connected to a
partial blocking of the zeolite pores by CuO aggregates,
which led to a decrease in BET and external surfaces of the
samples. Not all changes in the textural properties had a
similar trend, which can be connected to the random
deposition of copper oxide aggregates; however, the BET
surface area and the volume of micropores decreased
together with an increase in the Cu content of the samples.
Nitrogen adsorptionedesorption isotherms obtained for all
the samples (Fig. 2) are of type I(a) (according to the IUPAC
classification [32]), which is characteristic of microporous
materials. The slight increase in the adsorbed N2 volume at
higher partial pressures can be connected to the inter-
particle porosity. After modification with copper, the
sorption isotherms shifted to lower values of adsorbed ni-
trogen, which corresponds to a decrease in the BET surface
area and micropore volume of the samples.

The coordination, aggregation and oxidation state of
copper species deposited on CHA zeolite was examined by
using the UVevis-DR spectroscopy (Fig. 3). The obtained
spectra indicated the presence of four absorption bands,
which can be assigned to (i) charge transition between the
zeolite lattice oxygen and isolated Cuþ/Cu2þ cations (about
220e230 nm), (ii) two charge transfer bands in CuxOy
complexes, which can be attributed to OeCueO and
CueOeCu respectively (about 250e450 nm) and (iii) ded
transitions in dispersed CuO particles, where Cu2þ is sur-
rounded by oxygen in distorted octahedral coordination
(about 600e800 nm) [33e35]. Moreover, the absorption at
Fig. 2. Nitrogen adsorptionedesorption isotherms of the parent CHA and
the samples modified with Cu.
about 650 nm is related to the presence of bulk CuO, the
presence of which was also confirmed by XRD analysis
[36,37]. Together with an increase of the copper content in
the samples, the bands related to aggregated copper spe-
cies appeared. The absorption in the range of 400e900 nm
was observed for the sample with Cu loading above 5 wt. %,
which is in agreement with the presence of CuO reflections
in XRD patterns for this series of samples.

The obtained samples modified with copper were
examined in two catalytic reactions: DeNOx process
(Fig. 4A) and N2O decomposition (Fig. 5). In the case of both
reactions, the unmodified CHA sample does not show any
catalytic activity. After modification with copper, the cata-
lytic activity of the samples significantly increased. In the
case of the former reaction, the NO conversion increased
together with an increase of the copper content up to 10%.
The differences in NO conversions obtained for the samples
modified with 5, 10 and 15 wt. % of Cu are very small and
close to the experimental error. However, the conversion
drop observed in the case of 15%Cu-CHA could be con-
nected to the high Cu content resulting in the formation of
CuO aggregates on the catalyst surface and partial blockage
of micropores (decrease in the catalyst BET surface area).
The reaction selectivity to N2 is significantly high in the
case of all samples (above 90%) and remains stable over a
wide temperature range (only slight drop at high temper-
atures was observed). The lower reaction selectivity to ni-
trogenwas connectedwith the increased Cu content, which
is especially evident in the case of the 15%Cu-CHA sample.
Yu et al. [38] identified surface CuO aggregates as a phase
responsible for the consumption of ammonia and the for-
mation of N2O at high temperatures. Also, Yashnik et al.



Fig. 4. Temperature dependence of NO conversion and N2 selectivity in SCR of NO with NH3 for the CHA samples modified with Cu (A) and for 5%Cu-CHA
(stability test) (B). Conditions: the balancing gas is 2500 ppm NO, 2500 ppm NH3, 25,000 ppm O2; He; the total flow rate is 40 ml/min; and the weight of the
catalyst is 0.1 g.

Fig. 5. Temperature dependence of N2O conversion for the CHA samples
modified with Cu. Conditions: the balancing gas is 1000 ppm N2O,
40,000 ppm O2; He; the total flow rate is 50 ml/min; and the weight of the
catalyst is 0.1 g.
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[39] recognised CuO-like species as copper sites with the
relatively low activity in NO-SCR, which corresponds to the
presented results.

This phenomenon can be connected to the competition
to the DeNOx process side-reaction of direct ammonia
oxidation by oxygen at high temperatures. Ammonia can be
oxidised to different nitrogen oxides (Eq. 3e5), which was
also observed in the present studies; together with an in-
crease in the copper content, the reaction proceeded to-
ward N2O (Eq. 4). N2O could also be produced by the non-
selective reduction of NOwith ammonia (Eq. 6). However, a
decrease in NO conversion highlights ammonia consump-
tion in a side-reaction.

4NH3 þ 3O2 / 2N2 þ 6H2O (3)

2NH3 þ 2O2 / N2O þ 3H2O (4)
4NH3 þ 5O2 / 4NO þ 6H2O (5)

4NO þ 4NH3 þ 3O2 / 4N2O þ 6H2O (6)
In the case of the second studied reaction (N2O
decomposition, Fig. 5), the catalytic activity increases
continuously with an increase in the copper content (the
best results were obtained for the 15%Cu-CHA sample). The
only nitrogen product detected in this reaction was N2.
Taking into account the mechanism of N2O decomposition,
in which the rate-determining step is the recombining of
desorbing oxygen atoms adsorbed on Cu sites, the overall
reaction rate is higher for samples with higher Cu loading
(shorter CueCu distance) [40]. Groothaert et al. [41,42]
attributed the high catalytic activity of Cu-modified zeo-
lites in N2O decomposition to the presence of Cu-dimers,
bridged by two adsorbed oxygen atoms (from which O2

can be easily desorbed), which are the so-called bis(m-oxo)
dicopper species. Thus, the increased catalytic activity in
the Cu-CHA series can be related to the increase in the Cu
content (decreased distance between the active sites)
which facilitated oxygen desorption. It is worth noting that
together with an increase in the copper content, the
contribution of the CuxOy oligomeric species, which are
expected as the most active in this reaction, also increased
(Fig. 3).

Taking into account the very high activity of the Cu-
modified CHA samples in the DeNOx process, the stability
of such a system in this reaction was examined. Among the
catalysts with different Cu contents, the 5%Cu-CHA sample
was chosen (due to its high NO conversion and selectivity
to N2 with simultaneous low copper content (economical
issue)) to perform the stability test. Over the chosen sam-
ple, five cycles of the catalytic test were conducted without
any catalyst regeneration (Fig. 4B). After the first catalytic
test, a small drop in NO conversionwas observed in the low
temperature range (100e275 �C). At higher temperatures
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(275e350 �C), when the conversion reaches about 100%,
the results do not practically differ from each other. During
subsequent cycles, NO conversion remained practically
unchanged. Also, in the case of reaction selectivity to N2, no
significant changes were observed. It seems that after the
first catalytic run, the steady-state was obtained and the 5%
Cu-CHA sample showed high stability during further cycles.

3.2. Mesopore-structured CHA zeolite

In the second part of the studies, CHA zeolite was
modified by the use of base and acid solutions of various
agents (with different concentrations), temperatures and
durations of treatment (all modification parameters are
presented in Table 1). The efficiency of the base and acid
treatments was evaluated based on the changes in textural
properties of the samples (SBET, SEXT, VMIC, and VMES; Table
1). Upon base treatment with NaOH (the most frequently
used desilication agent), a significant dissolution of CHA
was observed. All of the textural parameters decreased
significantly, even under relatively mild conditions (0.1 M
NaOH, 0.5 h, 20 �C), which can be related to the low stability
of aluminophosphate domains in alkaline media [43] (the
content of phosphorus in the sample is significantly high).
The application of weaker base solutions, such as quater-
nary amines (TPAOH), is known as a way for the generation
of mesoporosity in zeoliteswith better preservation of their
microporosity [44,45]). The best results were obtained with
the use of TPAOH, when 0.2 and 0.3 M solutions were used,
at 65 �C and for 0.5 h (the CHA(BT_0.2_TPAOH_65)0.5 and
CHA(BT_0.3_TPAOH_65)0.5 samples). In the case of these
samples, base treatment resulted in a significant develop-
ment of the external surface area and mesopore volume,
accompanied by a decrease in the BET surface area and
micropore volume. In the case of the CHA(BT_0.3_T-
PAOH_65)0.5 sample, such modification of treatment con-
ditions enabled themesopore volume of CHA to increase by
about 3 times. The use of strong acidic conditions (0.2 M
HCl, 65 �C, 2 h) did not significantly influence the CHA
porosity (all the textural parameter values were slightly
decreased), in contrast to the use of NaOH solution,
showing the higher sensitivity of the parent sample for the
alkaline conditions. Acid treatment with Na2H2EDTA under
mild conditions (low concentratione0.04 M or low tem-
peraturee25e50 �C; the CHA(AT_0.2_EDTA_25)4, CHA(A-
T_0.2_EDTA_50)4 and CHA(AT_0.04_EDTA_100)4 samples)
enhanced the crystallinity of the CHA material. Both the
BET surface area and volume of micropores increased,
which could be connected to the dissolution of extra-
framework aluminium or other impurities and resulted in
enhanced microporosity [43]. More severe conditions
resulted in a significant enhancement of mesoporosity and
external surface area of the samples. The best results were
obtained in the case of the CHA(AT_0.2_EDTA_100)4 sam-
ple, which was characterised by a mesopore volume that
was almost 4 times greater than that of the parent CHA.
Thus, the best results for mesopore formation were ob-
tained with the use of TPAOH and Na2H2EDTA; however,
taking into account the greatest volume of generated
mesoporosity and the smallest decrease in SBET and VMIC,
the CHA(AT_0.2_EDTA_100)4 sample was chosen as the
most promising for further modification with copper and
expanded physicochemical characterisation.

A comparison of N2 sorption isotherms of the parent
CHA and the mesopore-modified CHA(AT_0.2_EDTA_100)4
sample is presented in Fig. 6A. A decrease in the adsorbed
N2 volume at low partial pressures is connected with the
loss in microporosity. At higher partial pressures after
porosity modification, a hysteresis loop, which is the result
of capillary condensation, appeared in mesopores. The
shape of the loop can be classified as H4 (according to the
IUPAC classification [32]), which is characteristic of meso-
porous zeolites with a wide distribution of pore sizes.

The modification of the porous structure also resulted in
the changes of phase composition of the parent sample.
Fig. 6B shows XRD patterns of the unmodified CHAmaterial
and the sample after treatment with Na2H2EDTA. The
analysis of the obtained diffractogram with X'Pert High-
Score (PDF-4þ database) revealed the presence of silicoa-
luminate of the MFI structure, silicon oxide and TiO2 in the
form of rutile and anatase. This result suggests the disso-
lution of the parent material and the formation (besides Si
and Ti oxides) at high temperatures (100 �C) of a new phase
with MFI topology or selective dissolution of the zeolite
framework (dissolution and reverse incorporation), which
resulted in a different zeolite structure. It is worth noting
that, despite the partial transformation of the zeolitic ma-
trix intoMFI zeolite, the properties of the resultingmaterial
are significantly different in comparison to conventional
ZSM-5 zeolite. The volume of micropores in the modified
material is very low for the zeolite material, which means
that the content of the MFI phase is relatively low and the
majority of the sample consists of mesoporous TiO2 and
SiO2.

The changes in the porous structure and phase
composition observed after acid treatment of CHA were
accompanied by changes in the strength and concentration
of acid sites. Fig. 7A shows the NH3-TPD profiles of CHA and
the modified CHA(AT_0.2_EDTA_100)4 sample. In the case
of both samples, two desorption maxima attributed to
weak (about 200 �C) and strong acid sites (about 400 �C)
were obtained [1,46]. After the modification of CHA with
Na2H2EDTA, the concentration of acid sites significantly
decreased (about 4.5 times), which can be connected to
both a decrease in the external surface area and the
extraction of framework aluminium. Moreover, the high-
temperature peak was shifted to lower temperatures in
comparison to the parent sample (overlapped with the
low-temperature peak). This proves that the applied
modification method disturbed the structure of CHA and
resulted in a smaller quantity of acid sites of lower strength.

The changes in the porous structure and acidity caused
by dealumination of zeolite with Na2H2EDTA also influ-
enced the form and content of the introduced copper
species. Fig. 7B shows the UVevis-DR spectra of CHA and
CHA(AT_0.2_EDTA_100)4 modified with 5 wt. % of copper
by using wet impregnation. The generation of meso-
porosity resulted in the introduction of copper, mainly in
the form of monomeric cations and small CuxOy aggregates
(absorption at about 200e400 nm). Moreover, the contri-
bution of the oligomeric CuxOy species increased in relation
to monomeric copper cations. It can be concluded that the



Fig. 6. Nitrogen adsorptionedesorption isotherms (A) and XRD patterns (B) of the parent CHA and the micro-mesoporous sample CHA(AT_0.2_EDTA_100)4.

Fig. 7. NH3-TPD profiles (A) and UVevis-DR spectra (of the samples modified with Cu) (B) of parent CHA and the micro-mesoporous sample
CHA(AT_0.2_EDTA_100)4.
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modified porous structure increased accessibility to the
ion-exchange positions in the sample. Thus, the formation
of Cu sites with high dispersion was favoured and the for-
mation of bulk CuO on the catalyst surface was not
observed.

The influence of the applied modifications of the
parent zeolite on its catalytic activity in both considered
processes (NO reduction with NH3 and N2O decomposi-
tion) is presented in Fig. 8. In the case of the DeNOx

process (Fig. 8A), the NO conversion over the modified
CHA sample slightly decreased in comparison to con-
ventional zeolite. The difference in the catalysts' activities
was observed, especially at higher temperatures (300
Fig. 8. Temperature dependence of NO (A) and N2O (B) conversion over 5%Cu-
2500 ppm NO, 2500 ppm NH3, 25,000 ppm O2 and the total flow rate is 40 ml/min (
50 ml/min (B); He is the balancing gas and the weight of the catalyst is 0.1 g.
e400 �C). The drop in NO conversion at this temperature
range can be connected to the competitive side-reaction
of direct ammonia oxidation (Eq. 3e5), which suggests
that the CHA(AT_0.2_EDTA_100)4 sample could be
considered a better catalyst of the ammonia oxidation
reaction. Especially, the selectivity of this process to ni-
trogen did not change significantly (results are not
shown), which means that the main product of ammonia
oxidation was nitrogen (Eq. 3).

The lower activity of themodified sample in comparison
to the parent CHA material can be connected to the
decreased BET surface area and acidity, which are impor-
tant factors in the DeNOx process.
CHA and 5%Cu-CHA(AT_0.2_EDTA_100)4. Conditions: the balancing gas is
A) and the balancing gas is 1000 ppm N2O, 40,000 ppm O2 and total flow rate
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The comparison of catalytic activity of the 5%Cu-CHA and
5%Cu-CHA(AT_0.2_EDTA_100)4 samples in N2O decompo-
sition is presented in Fig. 8B. The treatment of CHA with
Na2H2EDTA resulted in an increase in the catalytic efficiency.
N2Odecompositionproceedswith thecontributionof red-ox
active sites, so that the higher catalytic activity of the
modified sample can be related to the higher contribution of
oligomeric CuxOy species; these were found as active Cu
forms in this reaction.However, thehigh contributionof TiO2
in themodified sample can also play a significant role in N2O
decomposition. TiO2 is knownas an active component in this
reaction, used both as the catalyst promoter [47] and the
support [48]. The role of TiO2 in this process could be related
to the facilitation of oxygen species migration (through the
oxygen vacancies sites) and its easier recombination [49]
(oxygen desorption from the catalyst surface is regarded as
a rate-determining step of this reaction).

4. Conclusions

Commercial CHA zeolite supplied by Clariant Company,
modified with copper by wet impregnation method, was
examined as a catalyst in two catalytic reactions: NO
reduction with NH3 and N2O decomposition; this showed
high catalytic activity, especially in a former reaction.
Among the studied catalysts with various Cu contents (1, 5,
10 and 15%), the sample modified with 5 wt. % was chosen
as the optimal sample; for this sample, the high catalytic
stability in five subsequent reaction cycles was observed.

Modification of CHA by base and acid treatment with
NaOH/TPAOH and HCl/Na2H2EDTA under various condi-
tions enabled the selection of optimal modification pa-
rameters, resulting in the highest generated mesopore
volume. Based on the results of nitrogen sorption mea-
surements, the sample modified with 0.2 M Na2H2EDTA at
100 �C for 4 h was chosen as the most promising for the
more detailed catalytic studies. The physicochemical char-
acterisation of the mesopore-modified sample by using X-
ray diffraction, NH3-TPD and UVevis-DR spectroscopy (the
sample modified with Cu) revealed the changes in the
phase composition, decrease in surface acidity and differ-
ences in the form of introduced copper species. The applied
modification methods increased the catalytic efficiency of
the Cu-CHA zeolite in N2O decomposition, which can be
related to the higher contribution of Cu species in a less-
aggregated form (mainly in the form of monomeric cat-
ions and CuxOy aggregates, which are known to be active in
this reaction) and the higher contribution of TiO2.

In conclusion, modification of the CHA zeolite by the
applied methods enabled the adjustment of its porous and
crystalline structure, acidity and form of introduced tran-
sition metal species, which increased its catalytic activity in
the process of N2O decomposition. Thus, based on the
presented results, modification of the commercial CHA
zeolite (Clariant) can influence its activity in catalysis.

Acknowledgements

The authors would like to acknowledge Clariant Com-
pany for the providing of the CHA zeolite material for this
research work.
This work was financed from the budget for science of
the Polish Ministry of Science and Higher Education in the
years 2016/2019, under project No. 0670/IP3/2016/74.

One part of the research was carried out with the
equipment purchased thanks to the financial support of the
framework of the Polish Innovation Economy Operational
Program, the European Regional Development Fund (con-
tract No. POIG.02.01.00-12-023/08).
References

[1] U. De-La-Torre, B. Pereda-Ayo, M. Moliner, J.R. Gonz�alez-Velasco,
A. Corma, Appl. Catal. B-Environ. 187 (2016) 419e427.

[2] M. Li, V.G. Easterling, M.P. Harold, Appl. Catal. B-Environ. 184 (2016)
364e380.

[3] S.A. Bates, A.A. Verma, C. Paolucci, A.A. Parekh, T. Anggara,
A. Yezerets, W.F. Schneider, J.T. Miller, W.N. Delgass, F.H. Ribeiro, J.
Catal. 312 (2014) 87e97.

[4] U. Deka, I. Lezcano-Gonzalez, S.J. Warrender, A.L. Picone,
P.A. Wright, B.M. Weckhuysen, A.M. Beale, Micropor. Mesopor. Mat.
166 (2013) 144e152.

[5] J. Xue, X. Wang, G. Qi, J. Wang, M. Shen, W. Li, J. Catal. 297 (2013) 56
e64.

[6] M. Moreno-Gonza

́

lez, B. Hueso, M. Boronat, T. Blasco, A. Corma, J.
Phys. Lett. 6 (2011) 1011e1017.

[7] I. Lezcano-Gonzalez, U. Deka, B. Arstad, A. Van Yperen-De Deyne,
K. Hemelsoet, B.M. Waroquier, V. Van Speybroeck,
B.M. Weckhuysen, A.M. Beale, Phys. Chem. Chem. Phys. 16 (2014)
1639e1650.

[8] X. Hou, S.J. Schmieg, W. Li, W.S. Epling, Catal. Today 197 (2012) 9
e17.

[9] L. Ma, W. Su, Z. Li, J. Li, L. Fu, J. Hao, Catal. Today 245 (2015) 16e21.
[10] Q. Ye, L. Wang, R.T. Yanga, Appl. Catal. A-Gen. 427e428 (2012) 24

e34.
[11] L. Ma, Y. Cheng, G. Cavataio, R.W. McCabe, L. Fu, J. Li, Chem. Eng. J.

225 (2013) 323e330.
[12] S.J. Schmieg, S.H. Oh, C.H. Kim, D.B. Brown, J.H. Lee, C.H.F. Peden,

D.H. Kim, Catal. Today 184 (2012) 252e261.
[13] S.Y. Joshi, A. Kumar, J. Luo, K. Kamasamudram, N.W. Currier,

A. Yezerets, Appl. Catal. B-Environ. 165 (2015) 27e35.
[14] P.S. Metkar, M.P. Harold, V. Balakotaiah, Chem. Eng. Sci. 87 (2013)

51e66.
[15] P.S. Metkar, V. Balakotaiah, M.P. Harold, Catal. Today 184 (2012) 115

e128.
[16] J. �Cejka, S. Mintova, Catal. Rev. 49 (2007) 457e509.
[17] M.S. Holm, E. Taarning, K. Egeblad, C.H. Christensen, Catal. Today

168 (2011) 3e6.
[18] M. Rutkowska, D. Macina, Z. Piwowarska, M. Gajewska, U. Díaz,

L. Chmielarz, Catal. Sci. Technol. 6 (2016) 4849e4862.
[19] M. Rutkowska, Z. Piwowarska, E. Micek, L. Chmielarz, Micropor.

Mesopor. Mat. 209 (2015) 54e65.
[20] M. Rutkowska, L. Chmielarz, D. Macina, Z. Piwowarska, B. Dudek,

A. Adamski, S. Witkowski, Z. Sojka, L. Obalov�a, C.J. Van Oers, P. Cool,
Appl. Catal. B-Environ. 146 (2014) 112e122.

[21] M. Rutkowska, D. Macina, N. Mirocha-Kubie�n, Z. Piwowarska,
L. Chmielarz, Appl. Catal. B-Environ. 174 (2015) 336e343.

[22] M. Rutkowska, U. Díaz, A.E. Palomares, L. Chmielarz, Appl. Catal. B-
Environ. 168 (2015) 531e539.

[23] S.-H. Hong, M.-S. Jang, S. June Chob, W.-S. Ahn, Chem. Commun. 50
(2014) 4927e4930.

[24] L. Wu, V. Degirmenci, P.C.M.M. Magusin, N.J.H.G.M. Lousberg,
E.J.M. Hensen, J. Catal. 298 (2013) 27e40.

[25] J. Kim, C. Jo, S. Lee, R. Ryoo, J. Mater. Chem. A 2 (2014) 11905
e11912.

[26] L. Sommer, D. Mores, S. Svelle, M. St€ocker, B.M. Weckhuysen,
U. Olsbye, Micropor. Mesopor. Mat. 132 (2010) 384e394.

[27] H.S. Shin, I.J. Jang, N.R. Shin, S.H. Kim, S.J. Cho, Res. Chem. Intermed.
37 (2011) 1239e1246.

[28] M. Rincon Bonilla, R. Valiullin, J. K€arger, S.K. Bhatia, J. Phys. Chem. C
118 (2014) 14355e14370.

[29] M. Rutkowska, I. Pacia, S. Basąg, A. Kowalczyk, Z. Piwowarska,
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