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H20+C02, are the active species in the SCR-reaction. Hydrated-carbonated
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favoring the hindering of ammonia oxidation and nitrate decomposition. In
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We would like to thank the reviewers for their comments and suggestions. We have
clarified some points and have modified the text according to their recommendations in
order to make the manuscript acceptable for its publication.

Reviewer #1: The work by Cortés-Reyes et al represents a thorough experimental study
in which the effect of CO, and H,O co-feeding on the activity and selectivity of the in
the NOx abatement by SCR over an Cu-CHA catalyst is investigated. The topic is of
high interest in environmental catalysis in the area of air pollutants treatment and the
investigation follows some previous studies published by the same authors and others
focused on the same topic. The level of novelty is of the incremental type as no new
concepts are introduced here. | suggest publication of the manuscript after taking care of
the following minor items.

1) Discussion and conclusions should be improved in their deepness
According to the reviewer, the text and the conclusions have been modified in
order to clarify and delve into the most relevant aspects.

2) How close (or far) are the "quasi-real conditions™ as compared with real ones?
We are working in powder form and similar conditions as other authors (in
terms of concentrations, flow, weight of catalyst...). The expression “quasi-real
conditions” considers a reaction atmosphere closer to the real that the catalyst
can find and is referred to the presence of water and CO, in the reaction
atmosphere, since they are detected at the outlet gas exhaust of diesel vehicles.
Although the concentration of both elements is not the same as in the real
conditions is high enough to analyze the influence due to these components. In
the manuscript it has been indicated that quasi-real represents the presence of
H,O+CO,.

3) Some importante chemical engineering aspects, as the influence of mass and

heat transfer rates should be addressed, and, if it is possible, sustented with
experimental and/or teorethical considerations and calculations.
To run the experiments the catalyst's particles are small enough to have kinetic
control and avoid diffusive problems. Previous experiments were carried out to
calculate the dimensionless numbers and discard any problems, using different
weight, flow and particle size and showing that the conversion is constant
regardless of W/F ratio. The ratio of the length of the catalytic bed and the
diameter of the particle is higher than 100 to ensure ideal plug flow reactor.

Reviewer #3: In their manuscript Cortés-Reyes et al. describe the influence of the
presence of CO, and water in the feed on the structure of active sites of Cu-SAPO-34
and its performance in deNOx process. The authors present a nice set of catalytic
measurements and related TPD and TGA data that are of interest by themselves.
Unfortunately, the important conclusions claimed by the authors regarding the
coordination and electronic structure of Cu sites are not supported by the data. The


http://ees.elsevier.com/ces/download.aspx?id=1132141&guid=1431ad8b-74fe-46d1-a313-4bf5f38da6eb&scheme=1

authors should either perform additional measurements (e.g. XAS) or calculations that
directly support the structural models they suggest, or soften their conclusions, probably
orienting them more towards the properties/activity. Therefore, | cannot recommend this
manuscript for publication, until the major revisions aimed to address the following
concerns are implemented:

1)

2)

What is the resulting (Al+P)/Si and Cu/Si ratio of the sample material
(analogous to Si/Al and Cu/Al ratio usually reported for silicon-based
materials)?

The (Al+P)/Si and Cu/Si ratio of the materials are 8 and 0.5, respectively, and in
consequence Si/Al and Cu/Al ratio are 0.2 and 0.1, respectively. Although the
silica content is low, it is in line with the data reported for other authors in the
study of SAPO-34 based materials (Martinez-Franco et al., 2014)(Yu et al.,
2013). In addition, the copper content, which is in consonance with other
authors, has been previously analyzed to ensure the chabazite structure with all
the copper inside the framework and is already published in a work focused on
the synthesis of this type of materials (Cortés-Reyes et al., 2017). Nevertheless,
this value has been included in the text.

Based on the data presented in Figure 1, the authors claim that 65% of Cu is in
the Cu(l) state. The authors should clarify in which conditions (temperature,
atmosphere and pre-treatment) the data were collected. If these data were
collected for the as-prepared material at room temperature, they are certainly
heavily biased by experimental conditions (UHV + soft X-ray beam + surface
sensitivity). Bulk-sensitive Cu K-edge XANES spectroscopy that does not
require UHV and does not cause radiation damage (if the intensity of the
radiation is reasonably low) evidences that for as-prepared CHA (and not only)
zeolites with isolated Cu centers, at RT in air virtually all Cu is in Cu(ll) state,
and the dominant fraction of Cu ions are surrounded by hydration shell. See for
example [Martini et al Chem. Sci., 2017, 8, 6836] or [McEwen et al Catalysis
Today 184 (2012) 129-144]. Besides, given the data quality in the inset of the
Figure 1, a fit with just one peak instead of two is likely to give similar
agreement with the experimental data... Therefore, the conclusions drawn by the
authors based on this figure are of dubious value.

The XPS data have been obtained at room temperature and for the fresh samples
as was clarified in the text. As the reviewer suggested, they are certainly heavily
biased by experimental conditions and it has been noted. Currently, the author
cannot use XANES spectroscopy as other studies, so the conditions and
materials are not comparable. A fit of the curve with just one peak the fitting
parameters got worse.

In addition, the presence of Cu® species has also been demonstrated by CO
adsorption at low temperature (data not shown here) and, in comparison with
other catalysts prepared with the modification of the synthesis conditions, the
sample used in this work presents a higher Cu*/Cu?* ratio in fresh conditions. In
the previous work (Cortés-Reyes et al., 2017) the study of the physico-chemical
properties of this type of materials was detailed in depth and with the intention
of not being repetitive we decided not to include it in this manuscript.



3)

4)

5)

For the TPD data experiment the pre-treatment conditions should be reported.
Also, the data reported in the Figure 3 lack error bars. Since the quantity of the
NH; adsorbed at high temperature is very low, the associated error for the
storage capacity decrease is expected to be quite high.

The authors appreciate the comment and the pre-treatment conditions have been
now included in the text. However, the values represented in Figure 3
correspond to the increment with respect to the values in dry conditions
according to the temperature and there is no an accurate determination of
adsorption values based in a series of repetition. The trend line is only included
with the purpose of increasing the visual effect. The Figure shows how the
presence of copper modifies the ammonia storage capacity in incremental terms
and, therefore, there is no statistical signification.

Discussing the NH; oxidation experiment, the authors claim that "Cu®" species
do not influence the ammonia oxidation and Cu+ hydrated species are involved".
How is this conclusion reached? What is the basis for the claim of having Cu(l)-
H.O species in the sample? | would not expect too much Cu(l) in H,O+NH3;+0,
atmosphere. ldea of having water as a reducing agent also requires further
justification. Has the role of CO, been considered?

The authors agree the comment, because of this fact, the text has been modified,
and all the dubious aspects has been clarified in order to properly justify the
conclusions.

In general, when the authors make the hypotheses regarding the oxidation state
or coordination of Cu species in the material, they do not present any data by the
techniques (theoretical or experimental) sensitive to the local atomic and
electronic structure of Cu species. The only data of such kind that are shown is
FTIR, but the interpretation is rather vague, especially given the fact that
discriminating between the signals coming form the molecular species adsorbed
on Cu and those coordinated to the framework sites is not always an easy task.
The authors thank the comment and agree in the difficulty of the discrimination
between the species adsorbed is not always an easy task. The manuscript has
been modified to delve into the species. Nevertheless, although there are XPS,
UV-Vis-DR and FTIR data that are more detailed in previous papers, this work
is not a physical chemistry study focused on the atomic or theoretical level but
on understanding the influence of some reagents, such as water and CO,, on the
SCR performance of these materials. even though
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Abstract

Cu-SAPO-34 materials with 2wt% of copper synthesized in one pot with all the copper inside
the framework are hydrothermally stable. Copper oxide species were not detected by XRD
after thermal and hydrothermal aging at 750 °C. CO, and H,O molecules are retained on Cu-
SAPO catalyst and are related to CO, adsorption aided by water involving the Cu-species.
Copper species coordination is modified by the reaction atmosphere and the species are
directly involved in the SCR-process. A decrease in the ammonia storage capacity in the
presence of water has been justified due to the cooperative competition between the ammonia
and water adsorption and/or CO, carbonation over the same sites. Higher coordinated Cu
species localized inside of CHA-framework, up to a loading close to 4% with this
methodology, are highly efficient in the removal of NOx by reaction with ammonia, in the
presence of oxygen, water (1.5%) and CO;, (0.3%) as reaction atmosphere. The SCR
mechanism is essentially the same as in dry conditions because the Cu?*/Cu* ions, in
equilibrium with H,O+CO,, are the active species in the SCR-reaction. Hydrated-carbonated
Cu(ll) and Cu(l) species are associated with the redox-chemistry of NO, abatement as
responsible for the improvement in the standard SCR; favoring the hindering of ammonia
oxidation and nitrate decomposition. In the SCR temperature range, the conversion values

registered for this catalyst are higher than 80% with total selectivity to No.

Keywords: Cu-CHA catalyst, copper species, hydrothermal stability, SCR-DeNOy, real

conditions, CO, and H.0 co-adsorption



1. Introduction

Nowadays, the obtaining of zero emission at the outlet gas of a diesel engine is expected to be
achieved by the use of coupled technologies NSR-SCR (NOy Storage and Reduction —
Selective Catalytic Reduction) (Bonzi et al., 2010; Can et al., 2015; De La Torre et al.,
2016b; Lindholm et al., 2010). Regarding the SCR catalytic bed, zeolitic materials are
presented as more suitable NHs-traps due to their acidity and structure (Colombo et al.,
2012a), their high performance at low temperature conditions and their efficiency at high
space velocities. Lots of zeolites have been proposed, such as ZSM5 or BETA, with
completely different characteristics, framework types or Si/Al ratios, which are important
factors for the catalytic properties of the materials (De La Torre et al., 2012; Heo et al., 2011;
Kim et al., 2012; Mihai et al., 2014; Mrad et al., 2015). Recently, zeolites with small pore
diameter such as chabazite (3.8A) have been proposed to improve hydrothermal stability with
regard to large pore zeolites (Blakeman et al., 2014; Kim et al., 2014; Martinez-Franco et al.,
2012), since the pore size is smaller than the diameter of AI(OH); and inhibits the
dealuminitation process (Blakeman et al., 2014; Leistner and Olsson, 2015). Significant
numbers of recent works compare this type of structure with other materials and ensure that
SAPO-34 acts effectively in the SCR temperature range and has a better resistance to thermal
aging and hydrothermal stability than others, such as SSZ-13, for example (Ma et al., 2014;
D. Wang et al., 2015). In addition, a metal is required in the formulation in order to
effectively act on the selective catalytic reduction. There are several works in which the
differences between the use of iron or copper are detailed (Cheng and Bi, 2014; Colombo et
al., 2010). Fe-zeolites usually have less ammonia storage capacity than Cu-zeolites and the
latter being more active in the ammonia oxidation process and presenting higher SCR activity
at low temperatures, as well as high efficiency in the N,O decomposition process (Chen et al.,
2016; Colombo et al., 2012b; Rutkowska et al., 2015). Therefore, Cu-SAPO-34 can be
considered as a promising material for this technology. The content of metal is another key
point since a high metal content could lead to extra-framework metal oxide clusters that are
active for parallel reactions such as ammonia oxidation or nitrate formation (Brandenberger
et al., 2008; De La Torre et al., 2012; Mihai et al., 2014; Shwan et al., 2012). The synthesis
method also influences the catalytic activity and the location of the active species. For that
reason, in a previous work (Cortés-Reyes et al., 2017) the one-pot synthesis of Cu-SAPO-34

materials with all the copper inside the framework has been widely studied.



The hydrothermal stability of the zeolite and its behaviour in the presence of water are two
main concerns in the use of these materials as SCR catalysts. In addition to the beneficial
effect of the small pore zeolites on hydrothermal stability, as has been demonstrated in the
bibliography, copper species migrate from the external surface into the micropores during
hydrothermal treatment at high temperatures (L. Wang et al., 2013), improving the redox
ability of the aged Cu/SAPO-34 zeolite and maintaining its acidic properties (Gao et al.,
2015; Su et al., 2015). The migration of surface clusters into the cavities also suppresses
competitive ammonia oxidation (Liu et al., 2016). During thermal aging the copper ions
could be stronger bound as if structural Cu®* were present (Palella et al., 2003). However,
several authors have exposed these materials to extreme conditions and have not always
obtained good results. The exposure of a Cu-SAPO-34 synthesized in one-pot to a stream
with 80% of humidity at 70 °C produced the collapse of the structure; however, this effect
decreased with an increase in copper content, and Cu®* ions seem to be the active species and
structure protective agents (J. Wang et al., 2015). K. Leistner et al. (Leistner and Olsson,
2015) have also observed similar effects when a Cu/SAPO-34 synthesized by exchanged was
exposed to a feed containing water vapor at temperatures below 100 °C. Nevertheless, the
structural changes in the presence of water and after hydrothermal aging are still not clear for

catalysts synthesized in one pot with the copper inside.

The study of the SCR reaction in the presence of water and CO, simultaneously is also
relevant because of the presence of these compounds in exhaust gas. T. Yu et al. (Yu et al.,
2015) investigated the influence of water and CO; in the SCR reaction over a Cu/SAPO-34
synthesized by solid state ion exchange, and observed that the CO; did not present a high
impact on the conversion, whereas the water presence improved the acidity of Bronsted acid
sites and the reducibility of the Cu?* species and, therefore, the SCR activity. The isolated
copper species can be modified in the presence of water and converted into a hydrated copper
species, which is the active site (Bates et al., 2014). Other authors have shown that Cu?* are
the active species via ammonia solvated intermediate modifying the redox-cycle during the
process (Gao et al., 2017; Paolucci et al., 2017). However, the influence of the combination
of water and CO; in the SCR activity and the co-side reactions together with the structural

changes and the active metal species have not previously been considered in detail.

Several authors indicate that CO, does not influence the SCR activity, whereas the presence
of water inhibits the co-side reactions; nevertheless, the effects of the combination of water



and COg, real conditions, on the hydrothermal stability, the metal species and the SCR
performance have not been evaluated. Therefore, the influence of the combination of water
and CO, remains unclear in the literature and will be addressed in this work, using a Cu-
SAPO-34 material that has been directly synthesized with limited extra-framework copper
ions. The hydrothermal stability, the active species and their location and the SCR efficiency

in water and CO; environment are going to be studied.

2. Experimental

2.1. Materials preparation and characterization

SAPO-34 was synthesized by ultrasound assisted hydrothermal method, using the molar gel
composition: 2 DEA: 0.6 SiO,: 1 Al,03: 0.8 P,Os: 50 H,0, keeping the mixtures autoclaved
at 200 °C during 4h. After that, the solid product was filtered and washed with distilled water
and dried at 110 °C overnight. Finally, it was calcined at 550 °C in air for 5h. The detailed
procedure is reported in previous works (Cortés-Reyes et al., 2017, 2016). Copper (2wt%,
expressed as copper metal) was incorporated during the synthesis process, by complexation

of copper and TEPA (tetraethylenepentamine, Sigma Aldrich) in a molar ratio 1:1.

The catalysts were characterized by different techniques. X-ray Powder Diffraction data were
recorded with an X’Pert MPD PRO diffractometer (PANalytical) using Cu Kal radiation
(L=1.54059 A) and a Ge(111) primary monochromator. The X-ray tube worked at 45 kV and
35 mA. The measurements were registered from 5° to 80° (260). The composition of the
samples was analyzed with the XGT-5000WR Fluorescence spectrometer by X-ray
dispersive energy) N, adsorption-desorption isotherms were obtained at 77K using a
Micromeritics ASAP 2020 Analyzer. Before the analysis, the samples were outgassed in
vacuum (1-10° Pa) for 5h at 453K. UV-Vis Diffuse Reflectance spectra were registered with
a T92+UV Spectrophotometer (PG Instruments), equipped with conventional integrating
sphere. X-ray Photoelectron Spectra were recorded by using a Physical Electronic 5701
equipped with a PHI 10-360 analyzer using the MgKa X-ray source. The values of binding
energy (BE) were referred to the Cls peak (284.8 eV) from the adventitious carbon. All
deconvolutions of experimental curves were done with Gaussian-Lorenzian line fitting of
varying proportions (60-80%). Adequate and short times of exposure were used in order to

diminish the reduction of the copper.



2.2.Hydrothermal stability

The thermal aging and hydrothermal stability were performed by non-isothermal and
isothermal protocol in water and water-free environments. The TG-DTA and mass signals
were recorded with the SDT Q600 thermobalance from T.A. Instrument connected to a
Pfeiffer Prima™ Quadrupole Mass Spectrometer QMS 200. The runs were carried out by
steaming 20 mg of the samples with 1% of water in Helium, heating the sample from r.T. to
750 °C at 10K-min™, keeping at this temperature for 5h. The analysis of the zeolite structure
was studied by XRD Rietveld refinement.

2.3.Catalytic activity

Catalytic tests were performed in a fix bed reactor consisting of a quartz tube, loaded with 60
mg of powder catalyst (100-125 um) and working without outer diffusional problems. A total
flow of 100 cm®min™ (at 1 atm and 0 °C) was used in all the experiments. The reactor was
directly connected to a mass spectrometer (QMS 200, Pfeiffer Vacuum Prisma™) and a
micro-gas chromatograph (3000A, Agilent) in a parallel arrangement to analyze the reaction
products.

Ammonia trap capacity was tested by isothermal ammonia adsorption experiments at
different temperatures (150-450 °C), feeding 750ppm of NHj3 in He for two hours, and then a
Helium purge of 90 min was performed in order to remove the physisorbed ammonia.
Finally, the sample was heated up to 500 °C at 15 K-min™. The catalytic activity for the
standard SCR process was studied at different temperatures (150-500 °C), exposing the
sample to a flow that was composed of 750ppm NHjz;, 750ppm NO and 3%0,. To
individualize the processes, ammonia oxidation was also studied, introducing a stream of
750ppm of NH3 and 3% of O,. All these processes were also performed in 1.5% H,0+0.3%
CO; atmosphere.

2.4. CO, adsorption study

In order to study the influence of the presence of water in the CO, adsorption, TG-MS
experiments were carried out in a thermobalance, using 10mg of the sample and 100 ml-min™
of total flow. CO, was fed into the chamber in the presence and absence of 1% of H,0O at

200°C until the saturation of the surface. The product distribution was registered by the QMS



200, Pfeiffer. In addition, the same experiments were performed over the self-supported disk
of the sample held in a cell connected to a vacuum system that allow the analysis by FTIR.
Over the activated surface at 500°C, 5 torr of CO, were adsorbed at 200°C in dry conditions
or over the surface previously hydrated with 3 torr of water. Spectra were recorded at

different temperatures.

3. Results and Discussion

The characterization of this type of material has been well detailed in a previous work
(Cortés-Reyes et al., 2017). Nevertheless, some relevant data are here explained. The

based materials'(Martinez-Franco et al ., 2014)(Yu'etial"2018)i The textural properties for

these materials are shown in Table 1. Superficial area and micropore volume values are
similar to those reported in the bibliography, in spite of the different copper concentrations,
P/Al ratio and the synthesized method (Fan et al., 2013; Leistner and Olsson, 2015; Niu et al.,
2016; Shen et al., 2015; Xiang et al., 2016; Yu et al., 2015) and closer to 560 mz-gca{l.

Table 1. Textural properties of SAPO-34 and 2Cu-SAPO-34.

SgeT V, V, IV

Catalyst . " ne P

U migh) (emigh) (%)
SAPO-34 559 0.24 82
2Cu-SAPO-34 556 0.22 79

These materials are mainly microporous and the incorporation of copper did not destroy the
structure. In fact, the micropore/total pore volume ratio for SAPO-34 is 83%, and this value
only decreases to 79% with the copper incorporation, maintaining the micropore volume
close t0 0.22 cm®-geat ™.

The species location and distribution for 2Cu-SAPO-34 were analyzed by UV-Vis-DR and
XPS. The UV-Vis-DR spectra recorded for both catalysts are displayed in Figure 1 and the
profiles are similar to those previously reported (Cortés-Reyes et al., 2017, 2016). For SAPO-

\]



34, a weak peak was detected around 255 nm and as other authors have described (Dang et
al., 2009; L. Wang et al., 2013) is associated with the charge transfer (CT) band of the zeolite

(0%~ - AI3*) and no additional signals were registered in the whole visible range.

238
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938 93 934 932 930 928

Binding Energy (eV)
2Cu-SAPO-34

SAPO-34

300 400 500 600 700 800 900
Wavelength (nm)

Figure 1. UV-Vis-DR spectra of SAPO-34 and 2Cu-SAPO-34 and XPS
of Cu2p region of 2Cu-SAPO-34 (inset).

For 2Cu-SAPO-34, the UV-Vis-DR spectrum is completely different and several intense
signals appeared. The most energetic signal was observed at 238 nm and was related to
02~ - Cu?* ligand to metal charge transfer transition of isolated Cu®* species in agreement
with M. Turco et al. (Turco et al., 2004). In addition, the broad band centered at 800 nm was
assigned to electron d-d transitions of Cu®* ions in distorted octahedral symmetry (Leistner
and Olsson, 2015; Turco et al., 2004; L. Wang et al., 2013). Signals related to di-nuclear
copper species were barely detected around 425nm. Only Cu?* species can be detected by

UV-Vis-DR spectroscopy.

XPS confirms the presence of Cu* species Besides CU2'Species. The deconvolution of the
Cu2p signal for the fresh catalyst at room temperature is also displayed inside Figure 1. In
consonance with other authors (Andonova et al., 2014; Biesinger et al., 2010; Cao et al.,
2015; Niu et al., 2016; Pereda-Ayo et al., 2014; L. Wang et al., 2013) that have delved into
the XPS analysis of copper, a signal below 933 eV (932.8 eV) and other above (934.8 eV)
were observed, as well as the satellite around 943 eV (not shown), necessary to confirm the
Cu?* presence. The first represents the 65% of the total amount of copper and, taking into

account the Auger parameter, was associated with Cu® species. The latter, 35%, corresponds



to isolated Cu”" species. It is noteworthy that these values do not have to coincide with the
al., 2017) both species are involved in the process. On the catalyst surface, a combination of

Cu* and Cu?" oxidized-species was observed, with a higher population of Cu* species.
Although the amount of Cu® species could be overestimated due to the fact that is a
superficial technique and a partial photoreduction could take place, despite working with
short exposure times. However, the values are similar to those reported by other authors
(Chen et al., 2014; Wilken et al., 2012) and in consonance with previous works (Cortés-

Reyes et al., 2017) where the easy reduction of Cu®* to Cu* was demonstrated.

The hydrothermal stability of the samples analyzed by TG-MS experiments indicated that the
evolution of the weight profile and the specific heat flow with the time and the temperature
for 2Cu-SAPO-34 are identical regardless of the presence of water in the atmosphere.
Moreover, no severe changes in the sample were detected as consequence of the thermal
aging. However, the XRD patterns and the unit cell characteristic obtained by Rietveld
refinement for the fresh 2Cu-SAPO-34 and after the hydrothermal aging, which are displayed
in Figure 2, revealed a slight modification of the structure. A structurally apparent
modification was not observed in the diffractogram when CO, was present.

—— 2Cu-SAPO —— 2Cu-SAPO@750°C, He 2Cu-SAPO@750°C, H,0

2CU-SAPO  2Cu-SAPO(He)  2Cu-SAPO (H,0)

a=b(A) 13.60 13.64 13.67
c(A) 14.86 14.88 14.86
Vit e (A3) 2379 2397 2403

Bragg Angle (20)

Figure 2. X-ray diffraction patterns of 2Cu- SAPO-34 (fresh and after thermal aging in
He and in H,O) and unit cell values (inset table).



In all cases, the XRD patterns showed the diffraction lines associated with chabazite (CHA)
structure (JCPDS 01-087-1527) with 26 signals at 9.4, 12.9, 16.15, 20.5, 26.1 and 30.5°,
representative of SAPO-34 samples (Alvaro-Mufioz et al., 2012; Cui et al., 2013; Petitto and
Delahay, 2015), with crystal sizes of around 1-5 pum. For the fresh 2Cu-SAPO-34, peaks
related to copper oxide were not detected around 35.4 and 38°, as other authors have observed
(Gao et al., 2015; D. Wang et al., 2014; Zabilskiy et al., 2015), when the materials are
synthesized by ion-exchange method or wet impregnation. The comparison between the 2Cu-
SAPO-34 and the wet aged materials did not show a significant difference in the structure
and it could even seem that the hydrothermal aging slightly increases the crystallinity. No
other copper phases, such as Cu, Cu,O or CuO, were detected, in line with that reported by D.
Wang et al. (D. Wang et al., 2015) for a Cu-SAPO-34 synthesized by ion-exchange of a
commercial material with 4% of copper or J. Wang et al. (Wang et al., 2012) with the same
procedure but a lower copper percentage (1%). Nevertheless, as can be observed in the
inserted table, the data obtained by Rietveld refinement pointed out an almost insignificant
increase in the unit cell volume of 0.8 and 1% for dry and wet conditions, respectively,
caused by the hydrothermal treatment. Regarding the distances, the parameter “c” did not
suffer any modification, whereas “a” and “b” distances increased, indicating that the cell
widens. Other authors have also observed a lattice expansion of the SAPO-34 support after
the hydrothermal aging when a 0.9% of copper was incorporated by ion-exchange (L. Wang
et al., 2013). Although it is possible to find some work (Cao et al., 2015) that indicates the
significantly decrease of crystallinity over a Cu-SAPO-34 synthesized by wetness
impregnation, it is generally accepted that the ion exchange method (Duan et al., 2015; Fan et
al., 2013; J. Wang et al., 2014) or even the one-pot synthesis with different precursors and
protocols (Gao et al., 2015) produce materials with high hydrothermal stability and the
copper is well dispersed or may have migrated into the SAPO-34 cavity, next to 8-membered
rings. Therefore, hydrated copper in octahedral position and the structure are minimally

affected by hydrothermal aging.

In order to study the influence of the water and CO, presence in the ammonia adsorption
capacity, NH3-TPD of the different samples activated during 1h at 500°C in reaction
environment were performed in He and in H,O+CO, atmospheres, adsorbing 750 ppm of
NH3 up to saturation (around 2 hours) at several temperatures (150-450 °C, 100 °C steps) of
the operation range. In all cases, an hour is needed to obtain the completely saturation of the

catalyst; however, the breakthrough time and the adsorption rate depend on the temperature
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and the reaction atmosphere. In dry conditions, an increase in the temperature produces an
increment in the adsorption rate and a decrease in the breakthrough time. Nevertheless, in
water and CO, environment higher values of the breakthrough time were detected, whereas
the saturation was faster, increasing the rate with respect to the experiments in Helium.

Values of net adsorbed NH; (mmol NHs.ge ") calculated subtracting the ammonia desorbed
in the purge are shown in Table 2 and are similar to the previously reported (Duan et al.,
2015).

Table 2. NH; adsorption values (mmol-ge. ") of NH;-TPD experiments.

Temperature (°C) 150 250 350 450
SAPO-34 (He) 0.87 0.55 0.20 0.16
SAPO-34 (H,0+COy,) 0.82 0.51 0.18 0.14
2Cu-SAPO-34 (He) 0.87 0.53 0.18 0.11
2Cu-SAPO-34 (H,0+COy) 0.76 0.43 0.11 0.05

As general trend, it is possible to assume that the ammonia adsorption capacity decreases
with the increase of temperature, as expected, independently of the copper presence or the
reaction atmosphere. When copper is present in the structure, the retention was slightly lower
than SAPO-34, indicating that the SAPO-34 is the main responsible for the overall ammonia
adsorption capacity. The decrease in the acid sites of SAPO-34 with the loading of copper
can be justified due to the substitution of the proton (-Si-OH-AI-) of the support by Cu?*
species (Duan et al., 2015; Wang et al., 2012). The presence of water and CO; in the reaction
atmosphere caused a decrease in the ammonia adsorption capacity, being more evident for
2Cu-SAPO-34. Some authors (Yu et al., 2015) have observed an increase in the adsorbed
NH3 contents by an increment in the acid density, whereas in general a decrease in the
ammonia storage in the presence of water has been justified due to the cooperative
competition between the ammonia and water adsorption and/or CO, carbonation over the
same sites (Leistner and Olsson, 2015). The data of the reduction of the ammonia storage
capacity due to the presence of water and CO,, expressed as percentage, are represented in
Figure 3.
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Figure 3. Ammonia storage capacity decrease percentage in the presence of
1.5%H,0 and 0.3% CO, in relation to dry conditions.

These data indicated that the adsorption capacity seems not to be further affected by
temperature for the SAPO-34 material, since the slope of the fitted data according to
temperature remains close to 0.1.10°. Nevertheless, the slope registered for 2Cu-SAPO-34
increased ten times with respect to Cu-free catalyst. This fact is associated with the impact of
H,0+CO, combination on the NH3 adsorption, related to overall acidity behavior of copper
species. Therefore, the reduction of acid sites corresponds to the partial occupancy of sites by
some kind of hydro-carbonation of Cu species. The latter is responsible for the expansion of
the NHs-breakthrough-time and the faster saturation rate. Even though the ammonia storage
capacity can decrease in the presence of water and CO,, because of the modification of the
acid centers in agreement with other authors (Busca et al., 1998; Su et al., 2015; Wang et al.,
2012; Yu et al., 2015), a high capacity value was kept, making its use as ammonia trap
possible.

The SCR activity was studied in a flow reactor, feeding 750ppm of NH3, 750ppm of NO and
3% of O, in He (dry conditions) or 1.5% of H,O and 0.3% of CO, (mix-conditions). In Figure
4, the SCR activity parameters, such as ammonia and NO conversion and N, N,O and NO,
selectivity, are displayed in the studied temperature range (150-500 °C) for the Cu-free and
Cu-SAPO-34 catalysts. Regarding the SAPO-34 behavior in dry conditions, the NO-
conversion is low registering the maximum value at 250 °C close to 30%. Above this
temperature, the NO conversion decreased below zero, pointing out that NO production
occurs. However, the NH3 conversion increased with the temperature up to the total
conversion above 300 °C. So, the ammonia reacts with the available oxygen, via ammonia

oxidation in gas phase, producing not only nitrogen, but also N,O, NO and NO,. It should
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also be noted that high levels of N,O formation are measured around 250 °C and its
production is related to surface nitrate decomposition. This agrees with those data reported by
T.Yuetal. (Yuetal., 2015) for a hydrothermally synthesized SAPO-34 where they observed
low NO conversion values, ammonia oxidation from 300 °C and N,O generation with a
maximum at 320 °C. In SCR-mix conditions (i.e. H,O+CO,), NO and NH3 conversion values
and selectivity trends are almost identical to dry conditions, indicating that the H,O+CO,

combination does not affect the already low SCR activity for SAPO-34.
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Figure 4. SCR activity parameters (conversion and selectivity) for SAPO-34 (a, b) and 2Cu-SAPO-34 (c,
d) in He (solid lines) and in H,O + CO, atmosphere (dotted lines)

For 2Cu-SAPO-34, the profiles of conversion and selectivity in dry conditions are displayed
in Figures 4c and 4d and indicated that there are several reactions taking place. At low
temperatures (up to 200 °C), the conversion of NH3; and NO was stoichiometric producing
nitrogen and water, which means that the standard SCR occurs. In the SCR temperature
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range, between 200 and 400 °C, and up to 500 °C, the NH3 conversion was higher than NO
conversion, indicating another via of ammonia consumption without NO intervention, which
is the ammonia oxidation. D. Wang et al. (D. Wang et al., 2013) also observed the NH3
oxidation together with a decrease in the NO conversion at temperature higher than 200 °C
with a copper exchange commercial SAPO-34. Furthermore, there was a significant N,O
formation with a maximum at 300 °C associated with the direct nitrate decomposition, which
occurs in this temperature range. By in situ-FTIR analysis (Cortés-Reyes et al., 2016) and
dynamic pulse experiments, the adsorption of NO over this catalyst has been carried out in
dry conditions. For this catalyst, nitrate formation was observed and at temperature values
higher than 300°C, their decomposition with N,O formation. These experiments are in
accordance with T. Yu et al. (Yu et al., 2014) who reported that the decomposition of nitrates

produces N-O, since it is the most probably side reaction.

From the activity data, it has been confirmed that the presence of H,O and CO; in the
reaction atmosphere provoked a significant modification in the processes that take place. At
low SCR-temperature range (<200 °C) the conversions of NO and NH3 were almost identical
with total nitrogen production (Fig. 4c and 4d). So, the standard SCR is the main reaction
with a NO and NH3; conversion of 75% and a complete selectivity to N,. In the temperature
range between 200 and 500 °C, the NHj3 conversion remained higher than that of NO,
pointing out that besides the standard SCR, the ammonia oxidation occurs in minor extent
that registered in dry conditions; both lead to N, selective production. It is noteworthy that
N,O was not detected in the temperature range, meaning that the side-reactions with
undesired compounds production are also hindered, enhancing the SCR activity due to the
inhibition of N,O production (Busca et al., 1998). Other authors (Yu et al., 2015) indicated
that CO, presence in the feeding apparently did not influence the SCR activity for a Cu-
SAPO-34 prepared in two steps at low Cu loading (<1%) incorporated by ion-exchanged,
whereas the H,O addition improved the NH3-SCR activity and the NO, and N,O selectivity
values decreased. U. De La Torre et al. (De La Torre et al., 2016a) have observed an increase
in the N,O production at intermediate temperatures after the hydrothermal aging and have
related it to the partial loss of the acidity and the micropore volume of the catalysts. On the
contrary, in the presence of water and CO,, despite the variation of the acidity, the structure
was not modified and the N,O production was completely hindered, thence, the inhibition of
a reaction responsible for the N,O formation takes place, which could be related to the

chemical environment of the copper species being changed. H,O and CO, combination
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should be responsible for the improved NH3-SCR performance over the model 2Cu-SAPO-34
catalyst, due to the inhibition of side reaction such as the nitrate decomposition route and

ammonia oxidation.

In order to confirm the beneficial effect of H,O+CO, combination on the SCR-DeNO,
ammonia oxidation experiments were carried out and compared in dry and wet conditions,
both of them were also studied in the same reactor, feeding 750 ppm of NH3; + 3% of O,

being the results shown in Figure 5.
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Figure 5. NH3 oxidation conversion (a) and selectivity (b) values vs temperature in He (solid lines) and in
H,0+CO, (dotted lines) atmospheres for 2Cu-SAPO-34.

The NH3; conversion increased with the temperature independently of the atmosphere, with
values higher than 90% at temperatures above 300 °C in dry conditions. At low temperatures,
the conversion values were insignificant and, therefore, the selectivity values cannot be
considered as representative, since the concentrations of the products were minimal. Around
250 °C, there was a slight formation of N,O, which can contribute to the N,O production
detected in the SCR experiments. However, the increase of the temperature did not produce a
higher amount of this component, and the maximum detected in the previous experiments has

to involve another process.

The presence of water and CO, not only inhibits the ammonia oxidation, but also increases
the nitrogen selectivity, in agreement with the observed in the SCR conditions. In addition,
there was no production of N,O in the whole temperature range because the centers

responsible for nitrate formation are blocked as has been explained above. It is noteworthy
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that several authors have detected NO as the main product of the oxidation, because of its
formation in CuO species (J. Wang et al., 2014), which are not present in this one-pot
synthesized material| Regarding the inhibition of ammonia oxidation in presence of water and
CO; in this material, Cu” species would be stabilized in Cu*-hydrated-carbonated form and,
probably, these species inhibit ammonia oxidation. These data are in accordance with that
reported by other authors (D. Wang et al., 2014; J. Wang et al., 2014; Yu et al., 2015), in
which the CuyOy clusters or Cu” species responsible for the ammonia oxidation are reduced

as consequence of the water interaction.

In order to study the dependence of the water presence in the carbonation of the materials,
TG-MS isothermal experiments were carried out adsorbing CO; in the presence and absence
of water until the saturation of the sample. It should be noticed that CO, was not adsorbed
onto the catalyst in the absence of water, indicating that in dry conditions, the catalyst is not
carbonated, regardless of the copper species. The TG profile after the water adsorption is
displayed in Figure 6 and presents a typical adsorption curve, which after 100 min reached a
weight gain of about 0.35% of its initial weight in consonance with the signals obtained by

mass spectrometry.
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Figure 6. Weight difference profile along the time for water and CO,
adsorption over 2Cu-SAPO-34 registered by TGA at 200 °C.

In Figure 7, the CO, profile during the adsorption is represented for both conditions. In water
environment (wet), the consumption of CO, was detected due to the CO, adsorption over the
previously hydrated sample; different from the dry adsorption that did not produce a net CO,
adsorption. It is noteworthy that the coadsorption at 200°C of both compounds, H,O and CO,,
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produced a storage of around 40 pmol of CO-ge”, when the catalyst was previously
hydrated with 75 pmol of H,0.gca
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Figure 7. CO, profile during the adsorption in the presence of water (wet) and He (dry).

A comprehensive explanation about how CO, and H,O molecules are retained on Cu-SAPO-
34 catalyst should be related to CO, adsorption aided by water involving Cu-species. Copper
species (i oxidation state () and (I1)) are stabilized and chemically modified in this
environment and they are directly involved in the SCR-process, through the carbonated-

hydrated species, produced in these conditions.

The modification of the species due to the presence of water and CO, was also analyzed by
FTIR and the spectra of the adsorption of CO,, water and H,O+CO, at 200 °C with the

subtraction of the activated sample are represented in Figure 8; prior to the adsorption, the
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Figure 8. FTIR spectra after adsorption and outgassing at 200 °C of CO,,
water and CO, and water over 2Cu-SAPO-34.

The adsorption of CO, barely produced the modification of the spectra, in consonance with
the TG-MS experiments ifWhich'the carbon  dioxide Wwas not adsorbed. For the water
adsorption, the main signal was broad and detected in the region between 1800 and 1500 cm’

! with a maximum at 1620 cm™, due to the bending mode of water adsorbed onto the surface

of the catalyst (Bordiga et al., 2005). The hydrophilic'character of SAPO-34 materials is
already known (Regli et al., 2005)(Bonaccorsi et al., 2013) and agree with the data obtained
in the thermobalance where a weight gain of 0.35% of its initial value has been observed
when' copper is present. The adsorption of CO, over the hydrated sample caused the
appearance of abroad and less symmetrical signal with apparent maxima around 1730, 1670,

1550, 1520 and 1460 cm™ superimposed to the band related to the presence of water. Those
signals are associated with the formation of bridging, bidentate, monodentate, polydentate
and free carbonate species (Danon et al., 2011; Kock et al., 2013; Montanari and Busca,
2008; Villarreal et al., 2017; Westermann et al., 2017, 2015), which were not detected over

the sample in dry conditions. [The/Wide Variety of Carbonate species can be related to'several
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Figure 9. FTIR spectra over 2Cu-SAPQO-34 after the co-adsorption of H,O
and CO, at a) 200, b) 300, c) 350 and d) 400 °C and e) after outgassing the
sample.

At higher temperatures, signals with maximum at 1625, 1560 and 1525 cm™ that correspond
to carbonate-like or hydrogencarbonate species are still present. These signals remained until
evacuation of around 400 °C, indicating similar strength to adsorbed ammonia species
(Cortés-Reyes et al., 2016). It is remarkable to note that the carbonation capacity further
depends on the hydration of the sample. The interaction between copper species and water
and CO, would be associated with isolated Cu® species preferentially in tetrahedral
coordination (Bates et al., 2014), as Cu*-H,OBC0] stabilized species and Cu?* species in
octahedral coordination as part of the structure, which would be prone to higher hydration
and carbonation producing azurite-like species (Cuz(C0O3)2(OH),) (Gao et al., 2013; Godiksen
etal., 2014).

The mechanism of SCR of NO with NHj3 in presence of O,, H,O and CO, essentially does not
change and the presence of both Cu* and Cu?* ions are also visible under SCR conditions.
Standard SCR is associated with Cu-redox chemistry requiring NH3 and NO+O,; in similar
way that in H,O+CO, atmosphere, where the Cu(ll) and Cu(l) species are in equilibrium, as
copper hydrated carbonated species; these types of copper species are able to react with NO
and ammonia to form nytrosil and NH;" intermediates as key species in the SCR process
(Cortés-Reyes et al., 2016).
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The efficiency of Cu-CHA catalyst in the SCR-DeNOy process in H,O+CO, conditions is
also associated with the increase in the nitrogen selectivity due to the decrease of the N,O
production. In agreement with the bibliography (Grossale et al., 2009), the N,O formation is
caused by the decomposition of surface nitrates, which in the presence of water and CO,

increase their stability and inhibit their decomposition
covered. In these conditions, dinuclear Cu species that facilitate nitrate decomposition with
N,O formation were not detected. The reducibility of the tetrahedral Cu** species is favored
in the presence of water, as has been observed over Cu-SSZ-13 synthesized by ion-exchange
(Hun Kwak et al., 2012), probably due to the fact that the migration of copper species
decreases the bond strength between Cu®* species and the oxygen atoms of the SAPO-34
skeleton and makes the reduction of the adsorbed species faster. In the simultaneous presence
of CO, and water, Cu* and Cu®*-hydrated-carbonated higher coordination species located
within CHA-structure, are visible and are responsible for the improvement in the standard
SCR. Additionally in these conditions and at low temperatures the standard NH3;-SCR
reaction is much faster than ammonia oxidation and was the main reaction in any atmosphere,
increasing the conversion values in the presence of water+CO,. At high temperatures, N,O
formation was observed due to the nitrate decomposition, and ammonia oxidation took place
largely under dry conditions. However, the presence of water+CO, modifies the Cu-
speciation with the formation of Cu?*-H,0-CO, and Cu*-H,0-€03 species that are apparently
responsible for the SCR-performance because these species favor the inhibition of coupled

processes, being completely selective to nitrogen in the whole SCR range.

4. Conclusions

Cu-SAPO-34 model SCR catalysts synthesized in one pot with RWit% ©f copper inside the
framework are hydrothermally stable and the migration of copper to octahedral coordination

slightly widens the unit cell.

20



and/or CO, carbonation over the same sites. Copper species coordination is modified by the
process. This material has proven to be efficiently selective to nitrogen because of the
inhibition of nitrate decomposition and, in addition, ammonia oxidation is hindered in the
SCR technology under quasi-real conditions (1.5%H,0+0.3%CO,) in the whole SCR
operation temperature range; ensuring NO, conversion values around 80% and total

selectivity to nitrogen.
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Abstract

Cu-SAPO-34 materials with 2wt% of copper synthesized in one pot with all the copper inside
the framework are hydrothermally stable. Copper oxide species were not detected by XRD
after thermal and hydrothermal aging at 750 °C. CO, and H,O molecules are retained on Cu-
SAPO catalyst and are related to CO, adsorption aided by water involving the Cu-species.
Copper species coordination is modified by the reaction atmosphere and the species are
directly involved in the SCR-process. A decrease in the ammonia storage capacity in the
presence of water has been justified due to the cooperative competition between the ammonia
and water adsorption and/or CO, carbonation over the same sites. Higher coordinated Cu
species localized inside of CHA-framework, up to a loading close to 4% with this
methodology, are highly efficient in the removal of NOx by reaction with ammonia, in the
presence of oxygen, water (1.5%) and CO;, (0.3%) as reaction atmosphere. The SCR
mechanism is essentially the same as in dry conditions because the Cu?*/Cu* ions, in
equilibrium with H,O+CO,, are the active species in the SCR-reaction. Hydrated-carbonated
Cu(ll) and Cu(l) species are associated with the redox-chemistry of NO, abatement as
responsible for the improvement in the standard SCR; favoring the hindering of ammonia
oxidation and nitrate decomposition. In the SCR temperature range, the conversion values

registered for this catalyst are higher than 80% with total selectivity to No.

Keywords: Cu-CHA catalyst, copper species, hydrothermal stability, SCR-DeNOy, real

conditions, CO, and H.0 co-adsorption



1. Introduction

Nowadays, the obtaining of zero emission at the outlet gas of a diesel engine is expected to be
achieved by the use of coupled technologies NSR-SCR (NOy Storage and Reduction —
Selective Catalytic Reduction) (Bonzi et al., 2010; Can et al., 2015; De La Torre et al.,
2016b; Lindholm et al., 2010). Regarding the SCR catalytic bed, zeolitic materials are
presented as more suitable NHs-traps due to their acidity and structure (Colombo et al.,
2012a), their high performance at low temperature conditions and their efficiency at high
space velocities. Lots of zeolites have been proposed, such as ZSM5 or BETA, with
completely different characteristics, framework types or Si/Al ratios, which are important
factors for the catalytic properties of the materials (De La Torre et al., 2012; Heo et al., 2011;
Kim et al., 2012; Mihai et al., 2014; Mrad et al., 2015). Recently, zeolites with small pore
diameter such as chabazite (3.8A) have been proposed to improve hydrothermal stability with
regard to large pore zeolites (Blakeman et al., 2014; Kim et al., 2014; Martinez-Franco et al.,
2012), since the pore size is smaller than the diameter of AI(OH); and inhibits the
dealuminitation process (Blakeman et al., 2014; Leistner and Olsson, 2015). Significant
numbers of recent works compare this type of structure with other materials and ensure that
SAPO-34 acts effectively in the SCR temperature range and has a better resistance to thermal
aging and hydrothermal stability than others, such as SSZ-13, for example (Ma et al., 2014;
D. Wang et al., 2015). In addition, a metal is required in the formulation in order to
effectively act on the selective catalytic reduction. There are several works in which the
differences between the use of iron or copper are detailed (Cheng and Bi, 2014; Colombo et
al., 2010). Fe-zeolites usually have less ammonia storage capacity than Cu-zeolites and the
latter being more active in the ammonia oxidation process and presenting higher SCR activity
at low temperatures, as well as high efficiency in the N,O decomposition process (Chen et al.,
2016; Colombo et al., 2012b; Rutkowska et al., 2015). Therefore, Cu-SAPO-34 can be
considered as a promising material for this technology. The content of metal is another key
point since a high metal content could lead to extra-framework metal oxide clusters that are
active for parallel reactions such as ammonia oxidation or nitrate formation (Brandenberger
et al., 2008; De La Torre et al., 2012; Mihai et al., 2014; Shwan et al., 2012). The synthesis
method also influences the catalytic activity and the location of the active species. For that
reason, in a previous work (Cortés-Reyes et al., 2017) the one-pot synthesis of Cu-SAPO-34

materials with all the copper inside the framework has been widely studied.



The hydrothermal stability of the zeolite and its behaviour in the presence of water are two
main concerns in the use of these materials as SCR catalysts. In addition to the beneficial
effect of the small pore zeolites on hydrothermal stability, as has been demonstrated in the
bibliography, copper species migrate from the external surface into the micropores during
hydrothermal treatment at high temperatures (L. Wang et al., 2013), improving the redox
ability of the aged Cu/SAPO-34 zeolite and maintaining its acidic properties (Gao et al.,
2015; Su et al., 2015). The migration of surface clusters into the cavities also suppresses
competitive ammonia oxidation (Liu et al., 2016). During thermal aging the copper ions
could be stronger bound as if structural Cu®* were present (Palella et al., 2003). However,
several authors have exposed these materials to extreme conditions and have not always
obtained good results. The exposure of a Cu-SAPO-34 synthesized in one-pot to a stream
with 80% of humidity at 70 °C produced the collapse of the structure; however, this effect
decreased with an increase in copper content, and Cu®* ions seem to be the active species and
structure protective agents (J. Wang et al., 2015). K. Leistner et al. (Leistner and Olsson,
2015) have also observed similar effects when a Cu/SAPO-34 synthesized by exchanged was
exposed to a feed containing water vapor at temperatures below 100 °C. Nevertheless, the
structural changes in the presence of water and after hydrothermal aging are still not clear for

catalysts synthesized in one pot with the copper inside.

The study of the SCR reaction in the presence of water and CO, simultaneously is also
relevant because of the presence of these compounds in exhaust gas. T. Yu et al. (Yu et al.,
2015) investigated the influence of water and CO; in the SCR reaction over a Cu/SAPO-34
synthesized by solid state ion exchange, and observed that the CO; did not present a high
impact on the conversion, whereas the water presence improved the acidity of Brénsted acid
sites and the reducibility of the Cu?* species and, therefore, the SCR activity. The isolated
copper species can be modified in the presence of water and converted into a hydrated copper
species, which is the active site (Bates et al., 2014). Other authors have shown that Cu?* are
the active species via ammonia solvated intermediate modifying the redox-cycle during the
process (Gao et al., 2017; Paolucci et al., 2017). However, the influence of the combination
of water and CO; in the SCR activity and the co-side reactions together with the structural

changes and the active metal species have not previously been considered in detail.

Several authors indicate that CO, does not influence the SCR activity, whereas the presence
of water inhibits the co-side reactions; nevertheless, the effects of the combination of water



and CO,, real conditions, on the hydrothermal stability, the metal species and the SCR
performance have not been evaluated. Therefore, the influence of the combination of water
and CO, remains unclear in the literature and will be addressed in this work, using a Cu-
SAPO-34 material that has been directly synthesized with limited extra-framework copper
ions. The hydrothermal stability, the active species and their location and the SCR efficiency

in water and CO; environment are going to be studied.

2. Experimental

2.1. Materials preparation and characterization

SAPO-34 was synthesized by ultrasound assisted hydrothermal method, using the molar gel
composition: 2 DEA: 0.6 SiO,: 1 Al,03: 0.8 P,Os: 50 H,0, keeping the mixtures autoclaved
at 200 °C during 4h. After that, the solid product was filtered and washed with distilled water
and dried at 110 °C overnight. Finally, it was calcined at 550 °C in air for 5h. The detailed
procedure is reported in previous works (Cortés-Reyes et al., 2017, 2016). Copper (2wt%,
expressed as copper metal) was incorporated during the synthesis process, by complexation

of copper and TEPA (tetraethylenepentamine, Sigma Aldrich) in a molar ratio 1:1.

The catalysts were characterized by different techniques. X-ray Powder Diffraction data were
recorded with an X’Pert MPD PRO diffractometer (PANalytical) using Cu Kol radiation
(L=1.54059 A) and a Ge(111) primary monochromator. The X-ray tube worked at 45 kV and
35 mA. The measurements were registered from 5° to 80° (20). The composition of the
samples was analyzed with the XGT-5000WR Fluorescence spectrometer by X-ray
dispersive energy. N, adsorption-desorption isotherms were obtained at 77K using a
Micromeritics ASAP 2020 Analyzer. Before the analysis, the samples were outgassed in
vacuum (1-10° Pa) for 5h at 453K. UV-Vis Diffuse Reflectance spectra were registered with
a T92+UV Spectrophotometer (PG Instruments), equipped with conventional integrating
sphere. X-ray Photoelectron Spectra were recorded by using a Physical Electronic 5701
equipped with a PHI 10-360 analyzer using the MgKa X-ray source. The values of binding
energy (BE) were referred to the Cls peak (284.8 eV) from the adventitious carbon. All
deconvolutions of experimental curves were done with Gaussian-Lorenzian line fitting of
varying proportions (60-80%). Adequate and short times of exposure were used in order to

diminish the reduction of the copper.



2.2.Hydrothermal stability

The thermal aging and hydrothermal stability were performed by non-isothermal and
isothermal protocol in water and water-free environments. The TG-DTA and mass signals
were recorded with the SDT Q600 thermobalance from T.A. Instrument connected to a
Pfeiffer Prima™ Quadrupole Mass Spectrometer QMS 200. The runs were carried out by
steaming 20 mg of the samples with 1% of water in Helium, heating the sample from r.T. to
750 °C at 10K-min™, keeping at this temperature for 5h. The analysis of the zeolite structure

was studied by XRD Rietveld refinement.

2.3.Catalytic activity

Catalytic tests were performed in a fix bed reactor consisting of a quartz tube, loaded with 60
mg of powder catalyst (100-125 pm) and working without outer diffusional problems. A total
flow of 100 cm®min™ (at 1 atm and 0 °C) was used in all the experiments. The reactor was
directly connected to a mass spectrometer (QMS 200, Pfeiffer Vacuum Prisma™) and a
micro-gas chromatograph (3000A, Agilent) in a parallel arrangement to analyze the reaction
products.

Ammonia trap capacity was tested by isothermal ammonia adsorption experiments at
different temperatures (150-450 °C), feeding 750ppm of NHj3 in He for two hours, and then a
Helium purge of 90 min was performed in order to remove the physisorbed ammonia.
Finally, the sample was heated up to 500 °C at 15 K-min™. The catalytic activity for the
standard SCR process was studied at different temperatures (150-500 °C), exposing the
sample to a flow that was composed of 750ppm NHjz;, 750ppm NO and 3%0,. To
individualize the processes, ammonia oxidation was also studied, introducing a stream of
750ppm of NH3 and 3% of O,. All these processes were also performed in 1.5% H,0+0.3%
CO; atmosphere.

2.4. CO, adsorption study

In order to study the influence of the presence of water in the CO, adsorption, TG-MS
experiments were carried out in a thermobalance, using 10mg of the sample and 100 ml-min™
of total flow. CO, was fed into the chamber in the presence and absence of 1% of H,0O at

200°C until the saturation of the surface. The product distribution was registered by the QMS



200, Pfeiffer. In addition, the same experiments were performed over the self-supported disk
of the sample held in a cell connected to a vacuum system that allow the analysis by FTIR.
Over the activated surface at 500°C, 5 torr of CO, were adsorbed at 200°C in dry conditions
or over the surface previously hydrated with 3 torr of water. Spectra were recorded at

different temperatures.

3. Results and Discussion

The characterization of this type of material has been well detailed in a previous work
(Cortés-Reyes et al., 2017). Nevertheless, some relevant data are here explained. The
composition of the catalysts was analyzed by XRF. The resulting (Al+P)/Si and Cu/Si ratio of
the materials are 8 and 0.5, respectively, and in consequence Si/Al and Cu/Al ratio are 0.2
and 0.1, respectively. These values and the content of each element are quite similar to the
theoretical amount used in the synthesis gel composition. The low silica content and copper
concentration are in line with the data reported for other authors in the study of SAPO-34
based materials (Martinez-Franco et al., 2014)(Yu et al., 2013).The textural properties for
these materials are shown in Table 1. Superficial area and micropore volume values are
similar to those reported in the bibliography, in spite of the different copper concentrations,
P/Al ratio and the synthesized method (Fan et al., 2013; Leistner and Olsson, 2015; Niu et al.,
2016; Shen et al., 2015; Xiang et al., 2016; Yu et al., 2015) and closer to 560 mz-gca{l.

Table 1. Textural properties of SAPO-34 and 2Cu-SAPO-34.

Sget Vy V, 1V,
caast (migh (emigh) (%)
SAPO-34 559 0.24 82

2Cu-SAPO-34 556 0.22 79

These materials are mainly microporous and the incorporation of copper did not destroy the
structure. In fact, the micropore/total pore volume ratio for SAPO-34 is 83%, and this value
only decreases to 79% with the copper incorporation, maintaining the micropore volume
close t0 0.22 cm®-gear .

The species location and distribution for 2Cu-SAPO-34 were analyzed by UV-Vis-DR and
XPS. The UV-Vis-DR spectra recorded for both catalysts are displayed in Figure 1 and the
profiles are similar to those previously reported (Cortés-Reyes et al., 2017, 2016). For SAPO-



34, a weak peak was detected around 255 nm and as other authors have described (Dang et
al., 2009; L. Wang et al., 2013) is associated with the charge transfer (CT) band of the zeolite

(0%~ - AI3*) and no additional signals were registered in the whole visible range.
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Figure 1. UV-Vis-DR spectra of SAPO-34 and 2Cu-SAPO-34 and XPS
of Cu2p region of 2Cu-SAPO-34 (inset).

For 2Cu-SAPO-34, the UV-Vis-DR spectrum is completely different and several intense
signals appeared. The most energetic signal was observed at 238 nm and was related to
02~ - Cu?* ligand to metal charge transfer transition of isolated Cu®* species in agreement
with M. Turco et al. (Turco et al., 2004). In addition, the broad band centered at 800 nm was
assigned to electron d-d transitions of Cu®* ions in distorted octahedral symmetry (Leistner
and Olsson, 2015; Turco et al., 2004; L. Wang et al., 2013). Signals related to di-nuclear
copper species were barely detected around 425nm. Only Cu?* species can be detected by

UV-Vis-DR spectroscopy.

XPS confirms the presence of Cu* species besides Cu®* species. The deconvolution of the
Cu2p signal for the fresh catalyst at room temperature is also displayed inside Figure 1. In
consonance with other authors (Andonova et al., 2014; Biesinger et al., 2010; Cao et al.,
2015; Niu et al., 2016; Pereda-Ayo et al., 2014; L. Wang et al., 2013) that have delved into
the XPS analysis of copper, a signal below 933 eV (932.8 eV) and other above (934.8 eV)
were observed, as well as the satellite around 943 eV (not shown), necessary to confirm the
Cu?* presence. The first represents the 65% of the total amount of copper and, taking into

account the Auger parameter, was associated with Cu® species. The latter, 35%, corresponds



to isolated Cu®* species. It is noteworthy that these values do not have to coincide with the
Cu*/Cu® ratio under the reaction atmosphere, but as reported by A. Martini et al. (Martini et
al., 2017) both species are involved in the process. On the catalyst surface, a combination of
Cu® and Cu®* oxidized-species was observed, with a higher population of Cu® species.
Although the amount of Cu® species could be overestimated due to the fact that is a
superficial technique and a partial photoreduction could take place, despite working with
short exposure times. However, the values are similar to those reported by other authors
(Chen et al., 2014; Wilken et al., 2012) and in consonance with previous works (Cortés-

Reyes et al., 2017) where the easy reduction of Cu®* to Cu* was demonstrated.

The hydrothermal stability of the samples analyzed by TG-MS experiments indicated that the
evolution of the weight profile and the specific heat flow with the time and the temperature
for 2Cu-SAPO-34 are identical regardless of the presence of water in the atmosphere.
Moreover, no severe changes in the sample were detected as consequence of the thermal
aging. However, the XRD patterns and the unit cell characteristic obtained by Rietveld
refinement for the fresh 2Cu-SAPO-34 and after the hydrothermal aging, which are displayed
in Figure 2, revealed a slight modification of the structure. A structurally apparent
modification was not observed in the diffractogram when CO, was present.

—— 2Cu-SAPO —— 2Cu-SAPO@750°C, He 2Cu-SAPO@750°C, H,0
2Cu-SAPO 2CU-SAPO (He)  2Cu-SAPO (H,0)
a=b(A) 13.60 13.64 13.67
c(A) 14.86 14.88 14.86
Vit e (A3) 2379 2397 2403
patis “*W‘w'w.,) g \‘:,A"*.,J W-w.)\,-., U Sl s f‘L .
: T : T : T : T : T :
10 20 30
Bragg Angle (20)

Figure 2. X-ray diffraction patterns of 2Cu- SAPO-34 (fresh and after thermal aging in
He and in H,O) and unit cell values (inset table).



In all cases, the XRD patterns showed the diffraction lines associated with chabazite (CHA)
structure (JCPDS 01-087-1527) with 26 signals at 9.4, 12.9, 16.15, 20.5, 26.1 and 30.5°,
representative of SAPO-34 samples (Alvaro-Mufioz et al., 2012; Cui et al., 2013; Petitto and
Delahay, 2015), with crystal sizes of around 1-5 pum. For the fresh 2Cu-SAPO-34, peaks
related to copper oxide were not detected around 35.4 and 38°, as other authors have observed
(Gao et al., 2015; D. Wang et al., 2014; Zabilskiy et al., 2015), when the materials are
synthesized by ion-exchange method or wet impregnation. The comparison between the 2Cu-
SAPO-34 and the wet aged materials did not show a significant difference in the structure
and it could even seem that the hydrothermal aging slightly increases the crystallinity. No
other copper phases, such as Cu, Cu,O or CuO, were detected, in line with that reported by D.
Wang et al. (D. Wang et al., 2015) for a Cu-SAPO-34 synthesized by ion-exchange of a
commercial material with 4% of copper or J. Wang et al. (Wang et al., 2012) with the same
procedure but a lower copper percentage (1%). Nevertheless, as can be observed in the
inserted table, the data obtained by Rietveld refinement pointed out an almost insignificant
increase in the unit cell volume of 0.8 and 1% for dry and wet conditions, respectively,
caused by the hydrothermal treatment. Regarding the distances, the parameter “c” did not
suffer any modification, whereas “a” and “b” distances increased, indicating that the cell
widens. Other authors have also observed a lattice expansion of the SAPO-34 support after
the hydrothermal aging when a 0.9% of copper was incorporated by ion-exchange (L. Wang
et al., 2013). Although it is possible to find some work (Cao et al., 2015) that indicates the
significantly decrease of crystallinity over a Cu-SAPO-34 synthesized by wetness
impregnation, it is generally accepted that the ion exchange method (Duan et al., 2015; Fan et
al., 2013; J. Wang et al., 2014) or even the one-pot synthesis with different precursors and
protocols (Gao et al., 2015) produce materials with high hydrothermal stability and the
copper is well dispersed or may have migrated into the SAPO-34 cavity, next to 8-membered
rings. Therefore, hydrated copper in octahedral position and the structure are minimally

affected by hydrothermal aging.

In order to study the influence of the water and CO; presence in the ammonia adsorption
capacity, NH3-TPD of the different samples activated during 1h at 500°C in reaction
environment were performed in He and in H,O+CO, atmospheres, adsorbing 750 ppm of
NH3 up to saturation (around 2 hours) at several temperatures (150-450 °C, 100 °C steps) of
the operation range. In all cases, an hour is needed to obtain the completely saturation of the

catalyst; however, the breakthrough time and the adsorption rate depend on the temperature
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and the reaction atmosphere. In dry conditions, an increase in the temperature produces an
increment in the adsorption rate and a decrease in the breakthrough time. Nevertheless, in
water and CO, environment higher values of the breakthrough time were detected, whereas

the saturation was faster, increasing the rate with respect to the experiments in Helium.

Values of net adsorbed NH; (mmol NHs.ge ") calculated subtracting the ammonia desorbed
in the purge are shown in Table 2 and are similar to the previously reported (Duan et al.,
2015).

Table 2. NH; adsorption values (mmol-ge. ") of NH,;-TPD experiments.

Temperature (°C) 150 250 350 450
SAPO-34 (He) 0.87 0.55 0.20 0.16
SAPO-34 (H,0+COy,) 0.82 0.51 0.18 0.14
2Cu-SAPO-34 (He) 0.87 0.53 0.18 0.11
2Cu-SAPO-34 (H,0+COy) 0.76 0.43 0.11 0.05

As general trend, it is possible to assume that the ammonia adsorption capacity decreases
with the increase of temperature, as expected, independently of the copper presence or the
reaction atmosphere. When copper is present in the structure, the retention was slightly lower
than SAPO-34, indicating that the SAPO-34 is the main responsible for the overall ammonia
adsorption capacity. The decrease in the acid sites of SAPO-34 with the loading of copper
can be justified due to the substitution of the proton (-Si-OH-AI-) of the support by Cu?*
species (Duan et al., 2015; Wang et al., 2012). The presence of water and CO;, in the reaction
atmosphere caused a decrease in the ammonia adsorption capacity, being more evident for
2Cu-SAPO-34. Some authors (Yu et al., 2015) have observed an increase in the adsorbed
NH3 contents by an increment in the acid density, whereas in general a decrease in the
ammonia storage in the presence of water has been justified due to the cooperative
competition between the ammonia and water adsorption and/or CO, carbonation over the
same sites (Leistner and Olsson, 2015). The data of the reduction of the ammonia storage
capacity due to the presence of water and CO,, expressed as percentage, are represented in
Figure 3.
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Figure 3. Ammonia storage capacity decrease percentage in the presence of
1.5%H,0 and 0.3% CO, in relation to dry conditions.

These data indicated that the adsorption capacity seems not to be further affected by
temperature for the SAPO-34 material, since the slope of the fitted data according to
temperature remains close to 0.1.10°. Nevertheless, the slope registered for 2Cu-SAPO-34
increased ten times with respect to Cu-free catalyst. This fact is associated with the impact of
H,0+CO, combination on the NH3 adsorption, related to overall acidity behavior of copper
species. Therefore, the reduction of acid sites corresponds to the partial occupancy of sites by
some kind of hydro-carbonation of Cu species. The latter is responsible for the expansion of
the NHs-breakthrough-time and the faster saturation rate. Even though the ammonia storage
capacity can decrease in the presence of water and CO,, because of the modification of the
acid centers in agreement with other authors (Busca et al., 1998; Su et al., 2015; Wang et al.,
2012; Yu et al., 2015), a high capacity value was kept, making its use as ammonia trap
possible.

The SCR activity was studied in a flow reactor, feeding 750ppm of NH3, 750ppm of NO and
3% of O, in He (dry conditions) or 1.5% of H,O and 0.3% of CO, (mix-conditions). In Figure
4, the SCR activity parameters, such as ammonia and NO conversion and N, N,O and NO,
selectivity, are displayed in the studied temperature range (150-500 °C) for the Cu-free and
Cu-SAPO-34 catalysts. Regarding the SAPO-34 behavior in dry conditions, the NO-
conversion is low registering the maximum value at 250 °C close to 30%. Above this
temperature, the NO conversion decreased below zero, pointing out that NO production
occurs. However, the NHj3 conversion increased with the temperature up to the total
conversion above 300 °C. So, the ammonia reacts with the available oxygen, via ammonia

oxidation in gas phase, producing not only nitrogen, but also N,O, NO and NO,. It should
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also be noted that high levels of N,O formation are measured around 250 °C and its
production is related to surface nitrate decomposition. This agrees with those data reported by
T.Yuetal. (Yuetal., 2015) for a hydrothermally synthesized SAPO-34 where they observed
low NO conversion values, ammonia oxidation from 300 °C and N,O generation with a
maximum at 320 °C. In SCR-mix conditions (i.e. H,O+CO,), NO and NH3 conversion values
and selectivity trends are almost identical to dry conditions, indicating that the H,O+CO,

combination does not affect the already low SCR activity for SAPO-34.

Xnpg —8— Xyo —@— Sy, SN0 —*—Sho,
100
100 A
a
b &
80+ 80 \
7 \\: o
S 5 N It
c A, < 60 4 A\ -
o 404 > > \\\ <>//
[ = \ L
Q ©
z 201 % 40 4 \
o \
o 4] n \o
N
204
-20 A A -
-40 04 e N———
T T T T T T T T T T T T T T
150 200 250 300 350 400 450 150 200 250 300 350 400 450
Temperature (°C) Temperature (°C)
100 100 <X <> <>
I N A s O e <
C d¥ PG -
90 L >
80 oo o 80 - e
o - o
A 7 S
= : < 604
g 60 =
2 5 Z
g 8 40
G 40 °©
(&) n
30 204
204
10 04 A s
T

T
200

T
250

T T T T T
300 350 400 450 500

Temperature (°C)

T T T T
250 300 350 400
Temperature (°C)

T T
150 200

T
450

500

Figure 4. SCR activity parameters (conversion and selectivity) for SAPO-34 (a, b) and 2Cu-SAPO-34 (c,
d) in He (solid lines) and in H,O + CO, atmosphere (dotted lines)

For 2Cu-SAPO-34, the profiles of conversion and selectivity in dry conditions are displayed
in Figures 4c and 4d and indicated that there are several reactions taking place. At low
temperatures (up to 200 °C), the conversion of NH3; and NO was stoichiometric producing
nitrogen and water, which means that the standard SCR occurs. In the SCR temperature
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range, between 200 and 400 °C, and up to 500 °C, the NH3 conversion was higher than NO
conversion, indicating another via of ammonia consumption without NO intervention, which
is the ammonia oxidation. D. Wang et al. (D. Wang et al., 2013) also observed the NH3
oxidation together with a decrease in the NO conversion at temperature higher than 200 °C
with a copper exchange commercial SAPO-34. Furthermore, there was a significant N,O
formation with a maximum at 300 °C associated with the direct nitrate decomposition, which
occurs in this temperature range. By in situ-FTIR analysis (Cortés-Reyes et al., 2016) and
dynamic pulse experiments, the adsorption of NO over this catalyst has been carried out in
dry conditions. For this catalyst, nitrate formation was observed and at temperature values
higher than 300°C, their decomposition with N,O formation. These experiments are in
accordance with T. Yu et al. (Yu et al., 2014) who reported that the decomposition of nitrates

produces NO, since it is the most probably side reaction.

From the activity data, it has been confirmed that the presence of H,O and CO; in the
reaction atmosphere provoked a significant modification in the processes that take place. At
low SCR-temperature range (<200 °C) the conversions of NO and NH3 were almost identical
with total nitrogen production (Fig. 4c and 4d). So, the standard SCR is the main reaction
with a NO and NH3; conversion of 75% and a complete selectivity to N,. In the temperature
range between 200 and 500 °C, the NHj3 conversion remained higher than that of NO,
pointing out that besides the standard SCR, the ammonia oxidation occurs in minor extent
that registered in dry conditions; both lead to N, selective production. It is noteworthy that
N,O was not detected in the temperature range, meaning that the side-reactions with
undesired compounds production are also hindered, enhancing the SCR activity due to the
inhibition of N,O production (Busca et al., 1998). Other authors (Yu et al., 2015) indicated
that CO, presence in the feeding apparently did not influence the SCR activity for a Cu-
SAPO-34 prepared in two steps at low Cu loading (<1%) incorporated by ion-exchanged,
whereas the H,O addition improved the NH3-SCR activity and the NO, and N,O selectivity
values decreased. U. De La Torre et al. (De La Torre et al., 2016a) have observed an increase
in the N,O production at intermediate temperatures after the hydrothermal aging and have
related it to the partial loss of the acidity and the micropore volume of the catalysts. On the
contrary, in the presence of water and CO,, despite the variation of the acidity, the structure
was not modified and the N,O production was completely hindered, thence, the inhibition of
a reaction responsible for the N,O formation takes place, which could be related to the

chemical environment of the copper species being changed. H,O and CO, combination
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should be responsible for the improved NH3-SCR performance over the model 2Cu-SAPO-34
catalyst, due to the inhibition of side reaction such as the nitrate decomposition route and

ammonia oxidation.

In order to confirm the beneficial effect of H,O+CO, combination on the SCR-DeNO,
ammonia oxidation experiments were carried out and compared in dry and wet conditions,
both of them were also studied in the same reactor, feeding 750 ppm of NH3; + 3% of O,

being the results shown in Figure 5.
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Figure 5. NH3 oxidation conversion (a) and selectivity (b) values vs temperature in He (solid lines) and in
H,0+CO, (dotted lines) atmospheres for 2Cu-SAPO-34.

The NH3; conversion increased with the temperature independently of the atmosphere, with
values higher than 90% at temperatures above 300 °C in dry conditions. At low temperatures,
the conversion values were insignificant and, therefore, the selectivity values cannot be
considered as representative, since the concentrations of the products were minimal. Around
250 °C, there was a slight formation of N,O, which can contribute to the N,O production
detected in the SCR experiments. However, the increase of the temperature did not produce a
higher amount of this component, and the maximum detected in the previous experiments has

to involve another process.

The presence of water and CO, not only inhibits the ammonia oxidation, but also increases
the nitrogen selectivity, in agreement with the observed in the SCR conditions. In addition,
there was no production of N,O in the whole temperature range because the centers

responsible for nitrate formation are blocked as has been explained above. It is noteworthy
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that several authors have detected NO as the main product of the oxidation, because of its
formation in CuO species (J. Wang et al., 2014), which are not present in this one-pot
synthesized material. Regarding the inhibition of ammonia oxidation in presence of water and
CO; in this material, Cu”™ species would be stabilized in Cu*-hydrated-carbonated form and,
probably, these species inhibit ammonia oxidation. These data are in accordance with that
reported by other authors (D. Wang et al., 2014; J. Wang et al., 2014; Yu et al., 2015), in
which the CuyOy clusters or Cu” species responsible for the ammonia oxidation are reduced

as consequence of the water interaction.

In order to study the dependence of the water presence in the carbonation of the materials,
TG-MS isothermal experiments were carried out adsorbing CO; in the presence and absence
of water until the saturation of the sample. It should be noticed that CO, was not adsorbed
onto the catalyst in the absence of water, indicating that in dry conditions, the catalyst is not
carbonated, regardless of the copper species. The TG profile after the water adsorption is
displayed in Figure 6 and presents a typical adsorption curve, which after 100 min reached a
weight gain of about 0.35% of its initial weight in consonance with the signals obtained by

mass spectrometry.
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Figure 6. Weight difference profile along the time for water and CO,
adsorption over 2Cu-SAPO-34 registered by TGA at 200 °C.

In Figure 7, the CO, profile during the adsorption is represented for both conditions. In water
environment (wet), the consumption of CO, was detected due to the CO, adsorption over the
previously hydrated sample; different from the dry adsorption that did not produce a net CO,
adsorption. It is noteworthy that the coadsorption at 200°C of both compounds, H,O and CO,,
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produced a storage of around 40 pmol of CO,-ger’, When the catalyst was previously
hydrated with 75 pmol of H,0.gca
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Figure 7. CO, profile during the adsorption in the presence of water (wet) and He (dry).

A comprehensive explanation about how CO, and H,O molecules are retained on Cu-SAPO-
34 catalyst should be related to CO, adsorption aided by water involving Cu-species. Copper
species (in oxidation state (I) and (Il)) are stabilized and chemically modified in this
environment and they are directly involved in the SCR-process, through the carbonated-

hydrated species, produced in these conditions.

The modification of the species due to the presence of water and CO, was also analyzed by
FTIR and the spectra of the adsorption of CO,, water and H,O+CO, at 200 °C with the
subtraction of the activated sample are represented in Figure 8; prior to the adsorption, the
surface was activated at 500°C for 2h under vacuum to completely clean the surface.
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Figure 8. FTIR spectra after adsorption and outgassing at 200 °C of CO,,
water and CO, and water over 2Cu-SAPO-34.

The adsorption of CO, barely produced the modification of the spectra, in consonance with
the TG-MS experiments in which the carbon dioxide was not adsorbed. For the water
adsorption, the main signal was broad and detected in the region between 1800 and 1500 cm’
! with a maximum at 1620 cm™, due to the bending mode of water adsorbed onto the surface
of the catalyst (Bordiga et al., 2005). The hydrophilic character of SAPO-34 materials is
already known (Regli et al., 2005)(Bonaccorsi et al., 2013) and agree with the data obtained
in the thermobalance where a weight gain of 0.35% of its initial value has been observed
when copper is present. The adsorption of CO, over the hydrated sample caused the
appearance of a broad and less symmetrical signal with apparent maxima around 1730, 1670,
1550, 1520 and 1460 cm™ superimposed to the band related to the presence of water. Those
signals are associated with the formation of bridging, bidentate, monodentate, polydentate
and free carbonate species (Danon et al., 2011; Kock et al., 2013; Montanari and Busca,
2008; Villarreal et al., 2017; Westermann et al., 2017, 2015), which were not detected over
the sample in dry conditions. The wide variety of carbonate species can be related to several
centers, such as copper in different oxidation states previously hydrated and located in the 8
or 6 membered rings, which cannot be completely distinguished. The evolution of the species
with the increase in temperature without evacuation was studied by FTIR and the resulting
spectra are shown in Figure 9, where the strength and population of these species is

evidenced.
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Figure 9. FTIR spectra over 2Cu-SAPQO-34 after the co-adsorption of H,O
and CO, at a) 200, b) 300, c) 350 and d) 400 °C and e) after outgassing the
sample.

At higher temperatures, signals with maximum at 1625, 1560 and 1525 cm™ that correspond
to carbonate-like or hydrogencarbonate species are still present. These signals remained until
evacuation of around 400 °C, indicating similar strength to adsorbed ammonia species
(Cortés-Reyes et al., 2016). It is remarkable to note that the carbonation capacity further
depends on the hydration of the sample. The interaction between copper species and water
and CO, would be associated with isolated Cu® species preferentially in tetrahedral
coordination (Bates et al., 2014), as Cu*-H,O-CO, stabilized species and Cu?* species in
octahedral coordination as part of the structure, which would be prone to higher hydration
and carbonation producing azurite-like species (Cuz(COs3)2(OH),) (Gao et al., 2013; Godiksen
etal., 2014).

The mechanism of SCR of NO with NHj3 in presence of O,, H,O and CO, essentially does not
change and the presence of both Cu* and Cu?* ions are also visible under SCR conditions.
Standard SCR is associated with Cu-redox chemistry requiring NH3 and NO+O,; in similar
way that in H,O+CO, atmosphere, where the Cu(ll) and Cu(l) species are in equilibrium, as
copper hydrated carbonated species; these types of copper species are able to react with NO
and ammonia to form nytrosil and NH," intermediates as key species in the SCR process
(Cortés-Reyes et al., 2016).
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The efficiency of Cu-CHA catalyst in the SCR-DeNOy process in H,O+CO, conditions is
also associated with the increase in the nitrogen selectivity due to the decrease of the N,O
production. In agreement with the bibliography (Grossale et al., 2009), the N,O formation is
caused by the decomposition of surface nitrates, which in the presence of water and CO,
increase their stability and inhibit their decomposition or the centers for their production are
covered. In these conditions, dinuclear Cu species that facilitate nitrate decomposition with
N,O formation were not detected. The reducibility of the tetrahedral Cu** species is favored
in the presence of water, as has been observed over Cu-SSZ-13 synthesized by ion-exchange
(Hun Kwak et al., 2012), probably due to the fact that the migration of copper species
decreases the bond strength between Cu®* species and the oxygen atoms of the SAPO-34
skeleton and makes the reduction of the adsorbed species faster. In the simultaneous presence
of CO, and water, Cu* and Cu®*-hydrated-carbonated higher coordination species located
within CHA-structure, are visible and are responsible for the improvement in the standard
SCR. Additionally in these conditions and at low temperatures the standard NH3;-SCR
reaction is much faster than ammonia oxidation and was the main reaction in any atmosphere,
increasing the conversion values in the presence of water+CO,. At high temperatures, N,O
formation was observed due to the nitrate decomposition, and ammonia oxidation took place
largely under dry conditions. However, the presence of water+CO, modifies the Cu-
speciation with the formation of Cu?*-H,0-CO, and Cu*-H,0-CO, species that are apparently
responsible for the SCR-performance because these species favor the inhibition of coupled

processes, being completely selective to nitrogen in the whole SCR range.

4. Conclusions

Cu-SAPO-34 model SCR catalysts synthesized in one pot with 2wt% of copper inside the
framework are hydrothermally stable and the migration of copper to octahedral coordination
slightly widens the unit cell. CO, is not adsorbed in dry conditions; however, 40 pumol of
CO,-gea” can be adsorbed over the previously hydrated catalyst, via different carbonate
species, such as bridging, bidentate, monodentate or polydentate when copper is present in
the formulation. NH3-TPD experiments under different atmospheres allowed the detection of
a decrease in the ammonia storage capacity in the presence of water+CO,, which has been
justified due to the cooperative competition between the ammonia and water adsorption
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and/or CO, carbonation over the same sites. Copper species coordination is modified by the
reaction atmosphere and the species are directly involved in the redox chemistry of the SCR-
process. This material has proven to be efficiently selective to nitrogen because of the
inhibition of nitrate decomposition and, in addition, ammonia oxidation is hindered in the
SCR technology under quasi-real conditions (1.5%H,0+0.3%CO,) in the whole SCR
operation temperature range; ensuring NO, conversion values around 80% and total

selectivity to nitrogen.
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