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Abstract: We develop an experimental protocol to quantify the speciation of Cu ions (ZCu"'OH and
Z>Cu") in Cu-CHA catalysts for the NHj3 Selective Catalytic Reduction of NOx (NH3-SCR). To this
purpose, we performed four transient tests, namely H>-TPR, NO+NH3 TPR, NO» adsorption + TPD
and NH3 adsorption +TPD, over two sets of Cu-CHA research catalysts characterized by different Cu
contents (0-2.1% w/w) and SiO2/Al,O3; (SAR) ratios (10-25).

Preliminary H>-TPR tests on the samples with the extreme SAR and Cu loading values were used to
identify the variability range of the fractions of ZCu"OH and Z,Cu'" species in these catalysts. The
ZCu"OH fraction was found to vary between 0.55 (at Cu/Al=0.11) and 0.79 (at Cu/Al = 0.29).
NO+NH3 TPR runs demonstrated that the NO+NH3 mixture is a much stronger reducing agent than
Ha: full reduction of all the Cu was obtained already at lower temperature, and differences in the

reducibility of ZCu''OH and Z,Cu' were strongly attenuated. Both the integral NO consumption and
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the integral N> release were found to be effective estimators of the reducible Cu in Cu-CHA, matching
the total Cu from ICP measurements.

NO> adsorption + TPD tests pointed out that NO> is adsorbed in the form of nitrates on ZCu'OH ions
only, the nitrates storage capacity being therefore dependent on SAR and Cu loading: on increasing
both parameters, the amount of stored NOx increased, as well as their stability. Both the NO released
during isothermal NO; adsorption and the NO> released during the following TPD can be used to
directly estimate the number of ZCu''OH ions in Cu-CHA.

Finally, NH3-TPD provided information on the acid sites in the Cu-CHA samples. From the NH3
stored on Lewis sites, it was possible to evaluate the number of NH3 molecules coordinated to each
Cu atom: a decrease of the NH3/Cu ratio on increasing both SAR and Cu content was observed. This
behaviour is explained by the changes in the distribution of ZCu""OH and Z,Cu" sites in Cu-CHA, as
a result of varying the Cu/Al ratio. In accordance with literature results, we found that Cu ions are
able to ligate either 3 (ZCu"OH) or 4 (Z>Cu") NH; molecules, when gaseous NHj is present, the
NH3/Cu ratios estimated from our experiments falling close to this range. When only preadsorbed
NHj3 was present, however, (no gaseous ammonia), the NHs/Cu ratio dropped to either 1 (ZCu''OH)
or 2 (Z>Cu"). Based on these elements, NH3 TPD can also be used to quantify the two Cu species in
Cu-CHA. We recommend however the more straightforward approach based on i) NO + NH3 TPR
(for direct quantification of the overall reducible Cu) and 11) NO> TPD (for direct quantification of

the ZCu'OH species).
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1. Introduction

The Selective Catalytic Reduction (SCR) with NHz/urea is nowadays considered the most
effective technology for the abatement of NOx emissions from Diesel and other lean burn engines '.
Among the catalysts available for this technology, Cu exchanged zeolites have proven to be excellent
catalysts due to their very high DeNOx activity, especially at low temperatures, a fundamental
prerequisite to meet the current NOy emission limitations, and to their superior hydrothermal stability
and low selectivity to N2O 277, The porous structure of the Cu-promoted zeolite catalysts was
demonstrated to have a fundamental role in the activity towards SCR reactions ®. Among the available
zeolite materials the Cu-CHA structure was recognized as the best lean NOy abatement catalyst on
the market, showing improved low temperature NO conversion and N selectivity in comparison with
those with larger pores ®!°. Cu-CHA catalysts have been widely investigated by several research
groups and it is generally agreed that isolated Cu ions located at the exchange sites are the main
contributors to the SCR reactions !'~!*. However, a few aspects remain still debated, such as the nature
of the Cu catalytic centers, their activity towards SCR reactions and their dependence on catalyst
formulation parameters (Si/Al and Cu/Al ratios). The existence of two distinct Cu ions populations
within the CHA framework has been probed in the literature by means of different techniques, such
as X-ray diffraction (XRD) !>!6, X-ray absorption and emission spectroscopy (XAS and XES) "7,
FTIR/DRIFTS !®!7 and electron paramagnetic resonance (EPR) 7. Specifically, Paolucci et al. !!
showed that the exchanged Cu'' ions within the CHA cages can populate two distinct types of sites,
differentiated by the number of charge-compensating Al atoms: Z>Cu', where Cu'! ions are doubly
coordinated with the Al atoms of the zeolite framework, and ZCu"'OH, in which Cu" ions are singly
coordinated with the zeolite framework. Combined computational and experimental analysis of
zeolites over a wide range of chemical compositions demonstrated the speciation of Cu sites to be
related to the Si/Al and Cu/Al ratios '!. Gao et al. '2 observed the existence of multiple Cu' sites
characterized by different locations and redox properties, which can be systematically tuned by

adjusting Si/Al and Cu/Al values of Cu promoted SSZ-13 catalysts, as confirmed recently by Fan et
3



al. 7 through EPR and H>-TPR runs. Besides, evidence of the presence of two different Cu species
was given also by Luo et al. °: they observed a transformation of Cu sites from ZCu'OH to Z>Cu" on
Cu-CHA catalysts subjected to progressive hydrothermal aging through DRIFT, NH3-TPD and H»-
TPR experiments.

In this work we investigate the effect of SiO»/Al>03 ratio and Cu loading on some fundamental
properties of Cu-CHA catalysts for the NH3-SCR process, such as the interaction of NH3 and nitrates
adspecies with the Cu ions and their reducibility, all of them possibly affecting the SCR activity. Four
types of transient tests were designed to investigate the aforementioned catalytic properties, namely
H>-TPR, NO+NH3 TPR, NO> adsorption + TPD and NH3 adsorption + TPD. The results provide
converging evidence of the existence of the two Cu cations within the Cu-CHA catalysts and of their
dependence on SAR and Cu loading. Furthermore, herein we demonstrate that a combination of
simple and well-established transient response methods enables an effective quantitative
characterization of the Cu species in Cu-CHA under realistic conditions for the NH3-SCR reactions,

in contrast to the more sophisticated spectroscopic techniques already proposed in literature.

2. Experimental

2.1 Catalyst samples and experimental setup

Two sets of Cu-exchanged chabazite (Cu-CHA) model catalysts, directly provided in the form of
powders by Johnson Matthey, were tested. One set contains five samples with different Si02/Al,03
(SAR) ratios over the range 10-25 but with the same Cu loading (1.7% w/w); the second one consists
of four samples with same SAR (25) but with different Cu loadings (0-2.1% w/w). Table 1 reports
the actual Cu loading (w/w) measured by ICP-MS analysis of each sample. The Cu/Al ratios are based
on the measured Cu loading. UV-Vis spectra confirmed the absence of un-exchanged Cu or CuOx

species in all the tested catalyst samples.



Table 1. List of powder catalysts

o

Sample I le_) 15;; (g):l/::;sis SAR Cu/Al
1.7Cu-CHA10 1.7 10 0.12
1.7Cu-CHA13 1.7 13 0.17
1.7Cu-CHA17 1.7 17 0.21
1.7Cu-CHA22 1.7 22 0.22

CHA25 / 0
0.7Cu-CHA25 0.7 25 0.11
1.7Cu-CHAZ25 1.7 0.24
2.1Cu-CHA25 2.1 0.29

The samples were conditioned with heating them up to 600 °C at 5 °C/min and holding the
maximum temperature for 5 hours, while feeding 10% O> and 10% H>O.

16 mg of catalyst powder, diluted up to 130 mg with cordierite, were loaded in a quartz reactor
(6 mm ID) and suspended by means of quartz wool. To enhance the gas mixing, beds of quartz grains
were placed upstream and downstream of the catalyst powder. The reactor was inserted in a vertical
electric furnace and its temperature was controlled by a K-type thermocouple directly immersed in
the catalyst bed.

Helium was used as balance gas in all the micro-reactor runs. Gases were dosed using mass flow
controllers (Brooks Instruments). Temporal evolution of the species at the reactor outlet was followed
using a mass spectrometer (QGA Hiden Analytical) and a UV analyzer (ABB LIMAS 11 HW) in a

parallel configuration, which allowed the simultaneous measurement of NO, NO,, NH3, N> and N>O.

2.2 Catalyst characterization tests

H>-TPR experiments were performed on three specific samples, 1.7Cu-CHA10 (lowest SAR),
0.7Cu-CHA2S (lowest Cu loading), 2.1Cu-CHA25 (highest SAR and highest Cu loading), in order
to obtain direct estimates of the fractions of ZCu"OH and Z>Cu" sites. The two species, indeed,
showed very distinct reduction temperatures in H, *'®. The samples (about 100 mg) were first pre-

oxidized in a stream of 2.05% O in He (20 Ncc/min) at 550°C for 1 hour. Then the samples ware
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cooled down to room temperature and after a purge of 15 minutes the TPR run started. During the
TPR the feed stream included 5% v/v Hz in Ar (20 Ncc/min) and the temperature was increased up
to 600°C with a heating rate of 10 °C/min.

Temperature-programmed reduction (TPR) was also performed using a mixture of NH3 and NO
as an alternative reductant to H,. The TPR experiment was carried out by ramping the temperature
from 80 to 550 °C at a heating rate of 10 °C/min while feeding a gaseous stream containing 500 ppm
of NO and 500 ppm of NH3 in He, with a GHSV equal to 266250 cm?/(gea*h) STP. During the
experiment both the consumption of NO and the production of N> were monitored to estimate the
reducibility of Cu ions under operating conditions closer to the SCR process.

The interaction between NH3 molecules and the catalyst centers, the amount of acid sites and
their distribution were studied by NH3 adsorption + temperature programmed desorption (TPD) runs.
The experiment is composed of three stages: (i) an isothermal NH3 adsorption phase at 150 °C in
which 500 ppm of NH3 in He (GHSV= 266250 cm®/(gc*h) STP) was fed to the reactor, (ii) an
isothermal desorption phase when the NH3 feed was switched off after catalyst saturation, and (iii)
an NHj3 desorption phase (TPD) in which the temperature was linearly increased up to 550 °C with a
heating rate of 15 °C/min in He feed.

The same procedure was used to study the interaction of NOx species with the catalyst surface.
Thus, NO» adsorption + TPD tests were carried out, saturating the catalyst with 500 ppm NO/He at
120 °C (GHSV= 450000 cm>/(gcar*h) STP) and, after the isothermal physi-desorption phase of 1 hour,
the catalysts were heated from 120 to 550 °C at a rate of 15°C/min.

Prior to all the tests, the samples were pre-treated at 550°C feeding 8% O> in He for 1 hour, then
cooled down to the starting temperature of the specific test under the same gas feed and finally purged

with He for 15 min in order to control the oxidation state of the catalysts.



3. Results and discussion
3.1 H>—TPR

SAR and Cu/Al ratio are two catalyst parameters which affect the population of Cu ions in the
zeolite framework. A known method used to estimate the fractions of Z,Cu'! and ZCu""OH in Cu-
CHA is H,-TPR %!213:18-20 Tndeed, these two Cu ions are characterized by a different reducibility,
which therefore enables their unequivocal qualitative and quantitative determination. In this work
H>-TPR experiments were carried out on three samples associated with the extreme values of
SAR and Cu loading for the Cu-CHA samples herein investigated. Accordingly, we herein
evaluate the range over which the distribution of the two Cu ions varies in our catalysts when
changing either SAR or Cu loading.

Figure 1 shows the H>-TPR results, expressed in terms of rates of H» consumption
[mmol/(s*gcar)] against temperature, on the 1.7Cu-CHA10 (lowest SAR, intermediate Cu
loading), 0.7Cu-CHAZ25 (highest SAR, lowest Cu loading) and 2.1Cu-CHA25 (highest SAR and
Cu loading) samples. All the samples exhibit a well-defined low-T peak, centred around 205-
220°C, whose intensity depends on the Cu content (lowest on 0.7Cu-CHA25 and highest on
2.1Cu-CHA25). A peak centred at this low temperature is ascribed to the reduction of the
ZCu"OH species *!%!131820 Therefore, the first main consideration is that all the tested catalysts
are characterized by the presence of ZCu''OH species independently of the SAR and of the Cu
loading. On the other hand, another feature is visible at higher temperature (300-350 °C). For the
1.7Cu-CHA10 and 0.7Cu-CHA25 samples a well distinct peak is apparent, while for the 2.1Cu-
CHA25 only a small shoulder is noted. This feature is instead assigned to ZoCu'! *!213-1820 Sych
a Cu species, doubly coordinated with two Al sites of the CHA framework, is in fact more stable
than ZCu"OH, which is singly coordinated to one Al site, and is therefore associated with a higher
reduction temperature *!1!82° When CHA zeolites are exchanged with Cu ions, the cages with
two Al sites are firstly saturated by Cu, being the Z,Cu"' species thermodynamically more stable

than ZCu'OH !'. Therefore (i) the lower the SAR, the higher the Al content resulting potentially
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in a higher fraction of cages with two Al sites that can be saturated by Cu atoms as Z>Cu'’; (ii) the
lower the Cu loading the more important becomes the fraction of Z>Cu' with respect to the total

number of Cu sites, whatever the Al content of the zeolite.

2.5x10™

1.7Cu-CHA10

2.0x10™

1.5x10™

4

-
o
X
a
o
1

5.0x10”

H, consumption, mmoli(s*g_,)

255503

0.7Cu-CHA25

2.0x10™

1.5x10™

4

-
o
X
a
o
1

5.0x10”

H, consumption, mmoli(s*g_,)

0.
2.5x1 0Q

2.0x10™

1.5x10™

1.0x10™

5.0x10°

H, consumption, mmol/(s*g_,)

0.0 4
T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550
Temperature, °C

Figure 1. H>-TPR on 1.7Cu-CHA10, 0.7Cu-CHA25 and 2.1Cu-CHA25 samples. Q=20 Ncc/min, H>=5%, Ar.
Heating rate= 10 °C/min. Pre-oxidized catalysts.

The bimodal profile of the H>-TPR curves were fitted with a Gaussian function (experimental error

within +/-5%) in order to estimate the fraction of both types of Cu sites. Table 2 shows the good



match between the sum of the deconvoluted signals and the experimental H> consumption. According
to the following reduction stoichiometry

ZCu''OH + % H, — ZCu'+ H,O (1)

Z>,Cu' + 5 Hy — ZCu'+ ZH" (2)
it is possible to quantify the amount of Cu ions reduced during the H>-TPR experiment: these values
match very well with the total amount of Cu present in each catalyst sample (estimated through ICP
analysis). Consequently, all the Cu ions are reduced to Cu'.

Table 2. Comparison between the experimental H, consumption and the sum of the deconvoluted signals and
comparison between reduced Cu ions by H,-TPR and total amount of Cu ions (by ICP) in 1.7Cu-CHA10,
0.7Cu-CHA2S5 and 2.1Cu-CHA25 samples

STyl Peakl+Peak2 H; consumption Cu tot [pmol] Cu tot [pmol]
[umol] [umol] (2*H; cons.) (ICP)
1.7Cu-CHA10 13.1 13.6 27.2 27.0
0.7Cu-CHA25 5.7 5.6 11.3 11.1
2.1Cu-CHA25 14.5 14.6 29.2 29.5

Table 3, instead, reports the fractions of the two Cu species in the three samples, estimated by
the same H,-TPR fit. All the samples are characterized by the presence of ZCu"OH sites. The catalysts
with low SAR and low Cu loading show similar fractions of the two Cu species, as expected from the
theoretical predictions of Paolucci et al. '!. However, according to ! the expected number of ZCu'OH
sites for Cu-CHA samples with those Si/Al and Cu/Al ratios would be lower than found from our H»-
TPR data. The differences from theory'! may be ascribed to the practical difficulty to achieve an ideal
Al distribution during the CHA synthesis. Therefore, even if in presence of high Al contents, the CHA

framework may still contain cages with only one Al and in turn with a high fraction of ZCuOH sites.

Table 3. Populations of Z,Cuand ZCu"OH in 1.7Cu-CHA10, 0.7Cu-CHA25 and 2.1Cu-CHA25 samples

Sample SAR Cu/Al Z,Cu" ZCu"OH
1.7Cu-CHA10 10 0.12 44% 56%
0.7Cu-CHA25 25 0.11 45% 55%
2.1Cu-CHA25 25 0.29 21% 79%



The other catalyst samples tested for this work are characterized by SAR in the 10-25 range and with
an intermediate Cu loading of 1.7 %. Consequently, the fractions of the two Cu ions are expected to

vary between 21-45% for Z>Cu" and 55-79% for the ZCu''OH species.

3.2 NO+NH;3 TPR

From the H>-TPR test we observed that Cu-CHA catalysts exhibit different reducibility properties
which depend on the proportions of the two Cu species. By this experiment, two different reduction
temperatures were identified, namely a lower one for the samples prepared with high SAR or high
Cu loading (in which the population of ZCu"OH is maximized) and a higher one for samples with
low SAR or low Cu content (characterized by the prevalence of Z>Cu" sites). Thus, ions singly
coordinated with the framework are more easily reduced than those doubly bound to the CHA
framework. However, the reducibility of the Cu ions is also affected by the nature of the reducing
agent. Since NO and NH3 are the reactants of the NH3-SCR reactions, and knowing that their mixture
has strong reducing properties, the TPR tests were repeated using this mixture in alternative to H» in
order to study the reducibility properties of Cu ions under conditions closer to those of the SCR
process. In fact, under SCR conditions at low temperatures the Cu ions are expected to be coordinated
with NH3 and/or H>O, while during H>-TPR test Cu species are only bond to the zeolite, and therefore
they are not representative of the Cu ions properties under real SCR conditions 2!

After the usual pre-oxidation treatment, a stream of 500 ppm of NO and 500 ppm of NH3 was fed
to the reactor at 80 °C and then the temperature was ramped up to 550 °C at a heating rate of 10
°C/min. Only the initial part of the ramp (80-300 °C) is shown in Figure 2 (SAR effect) and Figure 3
(Cu loading effect), since above 300 °C the Slow SCR reaction (3) ?? lights off in the absence of
oxygen,

6NO + 4NH3 — 5N; + 6H20 3)

which is not relevant for the present study.
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The data from the NO + NHj3 reduction runs are plotted in Figure 2 and 3 as NO consumptions
and N> productions against temperature. The negative (NO) and positive (N2) peaks observed in the
Figures are the result of the reduction of the initially oxidized Cu ions, which occurs here already at
very low temperatures. The comparison of the peak temperatures observed over samples with
different SAR (Figure 2) and different Cu loadings (Figure 3) gives information about the reducibility
of the catalyst samples characterized by different fractions of the two Cu sites. In particular, based on
Paolucci et al. ! and on our own results given in the previous section, we know that the increase of
either SAR or Cu loading leads to an increased fraction of ZCu'OH, which are more reducible species
%21 Concerning the SAR effect, shown in Figure 2, a slight difference in the peak temperature (about
20 °C) between the samples with lower SAR (10, 13) and higher SAR (17, 22, 25) was in fact
observed. This result is in line with the H>-TPR experiments: samples with a lower fraction of
ZCu"OH (low SAR) show a higher reduction temperature, indicating that Cu ions doubly coordinated
with the CHA framework are more difficult to reduce. Under these operating conditions the reduction
temperatures obtained by varying SAR are however very similar and closer compared to those found
when using H; as a reducing agent, probably due to the presence of solvating NH3 which lessens the
differences between the reaction pathways and the activation barriers for the reduction of both Cu

sites 1.
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Figure 2. NO+NH;3 TPR runs performed over Cu-CHA catalysts with Cu loading= 1.7% w/w and different
SARs (10, 13, 17, 22, 25): A) NO consumption, B) N, production. NH3;= 500 ppm, NO= 500 ppm, H.O= 0%

v/v, 02= 0% v/v, heating rate= 10 °C/min, GHSV= 266250 cm>/(gcar*h) STP. Pre-oxidized catalysts.

The same behavior was expected for the Cu-CHA samples with different Cu contents: in fact,

the [ZCu""OH]/[Z>Cu"] ratio grows on increasing the Cu loading, therefore the samples with higher

Cu content should be associated with reduction peaks centered at lower temperatures. Figure 3 shows

exactly what is expected: the 1.7Cu-CHA25 and 2.1Cu-CHA25 samples exhibit peaks of NO

consumption and N> formation centered around 160°C, while 0.7Cu-CHAZ25 is characterized by

weaker peak at around 190 °C. Obviously, the intensities of the NO and N> peaks obtained over the

0.7Cu-CHA2S5 sample are considerably smaller than those of 1.7 and 2.1Cu-CHA 25 samples due to

the smaller number of exchanged Cu sites.
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Figure 3. Comparison of NO+NH; TPR runs performed over Cu-CHA catalysts with SAR=25 and different
Cu loadings (1-3 % w/w). A) NO consumption, B) N production. NHs;= 500 ppm, NO= 500 ppm, H,O= 0%
v/v, 02= 0% v/v, heating rate= 10 °C/min, GHSV= 266250 cm>/(gca*h) STP. Pre-oxidized

catalysts.

The reduction of Cu sites with the NO+NH3 mixture occurs according to the following

stoichiometries:
ZCu''OH + NO + NH; — ZCu'+ N3 + 2H,0 4)
Z,Cu' + NO + NH3 — ZCu'+ ZH + N + H20 (5)

Remarkably, whichever type of Cu site is present in Cu-CHA, for each reduced Cu ion one NO and
one NH3 molecules are consumed, with the corresponding formation of one N> molecule. Therefore,
through the temporal integration of the dynamics of the NO consumption, or of the N2 production, it
is possible to estimate the amount of Cu ions reduced during the TPR experiment. As listed in Table
4, for all the tested catalysts both the NO consumption and N> production match reasonably well
(experimental error within +/- 10%) the overall number of Cu ions present in the sample measured
by ICP-MS (Table 1), indicating that all the Cu in the tested samples is indeed reducible, regardless
of SAR and Cu loading. It is worth mentioning that the values listed in Table 4 are due to two
contributions. Indeed, in the NO+NH3 TPR test the catalysts were exposed to NO first and to NH3

then at the minimum test temperature (80°C). Only when both signals were stable, the T-ramp was
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started. This protocol was chosen to observe in the most accurate way the NO consumption and the
N> production. However, for all samples we observed a preliminary 1:1 NO consumption and N>
production during the isothermal co-feed of NO and NHj3 at 80°C. During the T-ramp, the rest of Cu
sites were reduced: the sum of these two contributions match quite well the total amount of Cu sites
present in each catalyst. In the case of the 0.7% Cu sample, which contains a substantially lower
amount of Cu ions with respect to the other samples, the intensity of the peak observed during the T-
ramp is much smaller with respect to the other samples, bacause the isothermal reduction strongly

reduced the peak intensity of the following TPR part of the test.

Table 4. NO consumption and N» production from NO+NH; — TPR experiments

Cu/Al SAR | Cutot | NO consumption N production

[-] [-] | [nmol] [umol] [mmol]
1.7Cu-CHA10 0.12 10 43 3.9 4.4
1.7Cu-CHA13 0.17 13 43 4.5 4.0
1.7Cu-CHA17 0.21 17 43 3.9 4.5
1.7Cu-CHA22 0.24 22 43 3.9 4.0
0.7Cu-CHA25 0.11 25 1.8 1.6 1.9
1.7Cu-CHA25 0.24 25 43 3.9 43
2.1Cu-CHA25 0.29 25 52 4.9 5.8

The NO + NH3 TPR results are therefore in line with the H>-TPR runs, confirming the different
reducibility of the two Cu species in Cu-CHA. Moreover, this simple characterization technique could
be useful to estimate in a simple way the amount of all reducible Cu ions contained in a Cu-CHA
catalyst. However, the individual estimation of each type of Cu ion (ZCu"OH versus Z>Cu") is not
possible due to their similar reduction behavior in presence of this reducing agent. Gaseous NH3 in
fact results in full saturation of both types of Cu ions in the form of [Cu(NH3)s]*" and
[Cu(OH)(NH3)3]", which become completely detached from the zeolite framework as mobile species
11,20 Therefore, ammonia ligands seem to play a crucial role in the Cu reduction route, since they
confer mobility to the Cu species changing substantially the reduction behavior observed when using

only H> (Figure 1). Moreover, this test emphasizes how facile the Cu reduction is under conditions
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close to those of the SCR process: the adoption of NH3+NO (Figure 2 and 3) instead of H» as reducing
agent (Figure 1) shifts all the reduction temperatures to much lower values, in a useful range for the

purposes of NOx abatement.

3.3 NO: adsorption + TPD

NO> adsorption - desorption runs were performed with the purpose of investigating formation and
stability of nitrates on the catalysts samples with different Cu loadings and SAR. Figures 4A and 5A
illustrate the Cu loading effect and the SAR effect, respectively, on the dynamic evolutions of NO»
and NO observed during the adsorption phase of NO> at 120 °C. All the catalysts exhibit the same
initial behavior governed by a well-known chemistry, with NO> adsorption combined with a
simultaneous fast NO release associated with the disproportionation of NO; and the formation of
surface nitrates ?°. After reaching saturation, the NO» feed was switched off in order to desorb,
firstly, the weakly bound NOx species and, finally, the chemisorbed ones upon the linear T-increase
(TPD phase in Figures 4B and 5B for the Cu loading and SAR effect, respectively). Table 5 reports
the quantitative analysis of the NO, TPD runs, computed by integration of the NOx inlet and outlet
temporal profiles.

Some considerations can be made starting from the Cu loading effect. The bare zeolite is not able
to store NOg, in fact the amount of chemisorbed NOx species is negligible. As the Cu content of the
Cu-CHA samples increases, a clear increment in the amount of stored species is observed, quite
significant when comparing the TPD profiles in Figure 4B. From this result, we can first conclude
that the storage of nitrates occurs on Cu ions®?*2°, In fact, the amount of stored nitrates, being linked
to the number of Cu ions, is boosted considerably on increasing the Cu loading, reaching the highest

value (218 pmol/g) over the 2.1% Cu-CHA sample.
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Figure 4. Cu-CHA catalysts with SAR=25 and different Cu loadings (0-3 % w/w). A) NO, adsorption
dynamics at 120 °C, NO»= 500 ppm, H,O= 0% v/v; B) TPD after NO» adsorption at 120 °C, heating rate= 15
°C/min, He. GHSV= 450000 cm*/(gca*h) STP. Pre-oxidized catalysts.

We notice however that samples with the same Cu loading (1.7 % w/w) but with higher SAR

were associated with a greater storage capacity of nitrates (up to about 154 pumol/g for 1.7Cu-

CHAZ25). This suggests that the storage of nitrates is controlled not only by the overall Cu loading.

Moreover, even if less pronounced, a shift of the NO; peak towards higher temperatures was noted

when moving to higher SAR.
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Table 5. Cu loading and SAR effects on NO; storage.
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Cu loading effect SAR effect
0% 0.7% 1.7% 21% 10 13 17 22 25
NO; adsorbed (pmol) 2.5 3.7 5.3 6.1 4.0 4.7 4.6 4.6 5.3
NO; physisorbed (pmol) 1.7 2.1 2.0 1.8 24 3.1 32 2.0 2.0
NO; chemisorbed (pmol) 0.1 1.2 2.5 3.5 1.9 1.2 1.2 2.5 2.5

N-balance error (%) 27 11 15 13 9 9.0 5.0 3.0 15

Jangjou et al. '® studied the responses of Cu-CHA catalysts with different fractions of ZCu''"OH
sites towards SO» exposure. They observed that Z,Cu" sites adsorbed SO> only when co-feeding
ammonia; on the contrary, SO, alone was able to interact readily with ZCu"OH sites only.
Furthermore, the higher the fraction of ZCu''OH sites in Cu-CHA, the higher was the required
desulfation temperature. In analogy to SO, quantitative evidence about the Cu speciation can be
inferred by looking at the NO» adsorption. Assuming that only ZCu"OH sites can store nitrates, as
also recently demonstrated through spectroscopic techniques by Negri et al. 2/, the NO, storage
mechanism can be written as follows*

2ZCu""OH + 3NO— 2ZCu''™NO; + NO+ H,0 (6)
Therefore, the integral amount of NO released during the NO» adsorption can be used to quantify the
ZCu'OH sites in the catalyst sample, according to the stoichiometry of reaction (6)
(ZCu"OH/NO=2/1). Moreover, also the NO; released during the following TPD phase is directly
linked to the amount of ZCu"'OH, since each hydroxylated Cu ion can store one nitrate species, whose
decomposition releases one NO, molecule (ZCu"OH/NO,=1/1). The last two columns of Table 6
show in fact that the fractions of ZCu""OH sites estimated from the Ho-TPR data on the 1.7Cu-CHA10,
0.7Cu-CHA25 and 2.1Cu-CHA25 samples (Table 3) and those computed from both the NO release

and the NO»-TPD during the NO; adsorption runs match reasonably well.

Table 6. ZCu"OH estimated from the H>-TPR results and from the NO, ads/TPD tests
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% ZCu"OH from
ZCu"OH NO; ads/TPD results
Sample [C ! t"lt Tgﬁm Ha- NO No, | NO:TPDI .00 released
pmol] results | | jeased | TPD | ZCWOH | cuion
[nmol] [umol/
[wmol] [umol] umol] [umol/ pmol]
1.7Cu-CHA10 4.3 2.4 1.2 2.0 0.8 1.0
0.7Cu-CHA25 1.8 1.0 0.5 1.2 1.2 1.0
2.1Cu-CHA25 5.2 4.1 2.1 3.5 0.9 1.0

Moreover, a NO; storage mechanism which involves only ZCu''OH sites can well explain
why catalysts characterized by the same Cu loading but with different SAR showed an increased NO>
storage capacity. Indeed, to Cu-CHA with higher SAR correspond catalysts with higher ZCu'OH
fractions which can accordingly accommodate more stored nitrates.

In addition to the storage capacity, SAR and Cu loading affect also the stability of the stored
nitrates. Indeed, observing the position of the temperature peaks of the different TPD profiles a further
consideration can be made: the samples with higher presence of ZCu''OH ions are characterized by
TPD with peaks centered at higher temperatures and thus by more stable stored nitrates, which is
consistent with the corresponding greater stability of sulfates according to the literature '®. Yuvaraj

et al. 28

proposed that the decomposition temperatures of different metal nitrates are inversely
correlated to the charge densities of the metal cations. When the metal ion has a high electro-
positivity, it is able to strongly attract one of the oxygens in the nitrate group, weakening the N-O
bond and, consequentially, facilitating its opening. This finding might explain why we observe a
progressive enhancement in the nitrate stability when the Cu loading increases. Changing the Cu/Al
ratio means changing the Al distribution within the CHA cages. This different Al distribution might
affect the charge density on the ZCu"OH sites and consequently the stability of adsorbed species on
these sites and, correspondingly, the temperature required for their thermal decomposition.

In more general terms, the present NO; adsorption + TPD tests have revealed another simple

characterization technique which can not only validate the existence of two populations of Cu cations
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in Cu-CHA, but most of all can be used to directly quantify their proportions, thanks to quite different

behaviors in the storage of NOo/nitrates.

3.4 NH; adsorption + TPD

Finally, we use the NH3 adsorption + TPD test to characterize the interaction between the NOx
reducing agent of the SCR process, NH3, and the Cu-CHA catalysts. Through this test it is possible
not only to estimate the overall NH3 storage capacity of the catalyst but also to titrate different acid
sites present in the metal-promoted zeolite. We performed all the adsorption tests under dry conditions
in order to avoid the complexities associated with the presence of water (e.g. competitive adsorption
between NH3 and H>O on active sites), even if water is of course always present in the reaction
environment in real SCR applications. The effect of H>O on Cu-speciation in Cu-CHA will be studied
in detail in a distinct dedicated work.

Like the NO> adsorption + TPD runs, the tests included the three stages described in the
Experimental Section 2.2. The adsorption and TPD plots of all the investigated catalysts are presented
in Figure 6 (Cu loading effect) and Figure 7 (SAR effect).

Starting with the Cu loading effect, Figure 6A illustrates the NH3 dynamics during the adsorption
phase at 150 °C. All the catalysts showed a dead time, i.e. an interval in which the ammonia fed to
the reactor is completely adsorbed onto the catalyst and no ammonia molecules reach the analyzer.
The dead time is proportional to the number of the acid sites in the catalyst: indeed, it increased from
530 s over the un-promoted zeolite to 860 s over the sample with the highest Cu loading. After the
dead time, the ammonia outlet concentration increased and gradually approached the feed
concentration level upon catalyst saturation.

To understand more about the nature of the active sites involved in the SCR reactions we focused
on the TPD, when the chemisorbed ammonia is eventually released (Figure 6B). The bare zeolite
(green curve) is characterized by one single NHs-peak centered at 440 °C and assigned to NHj3

adsorbed as NH4" on Brensted sites®*!. The unpromoted zeolite shows also a weak shoulder at lower
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temperature related to the presence of extra-framework aluminum atoms which provide a slight Lewis
acidity®*2, confirmed by the Al solid state MAS NMR experiments.

When the catalysts are promoted with Cu ions, another NH3 desorption peak centered at lower
temperature (300 °C) becomes apparent. It can be therefore associated with the Cu ions, which
increase the Lewis acidity of the catalyst 2°32. Expectedly, the intensity of this peak grows on
increasing the Cu loading, there being more sites available for the adsorption of NH3. Moreover, a
drop in the Bronsted peak is appreciable as the Cu content is increased: in fact, when the zeolite
structure is exchanged with Cu ions, more Lewis acid sites are created via occupation of Brensted
acid sites ® and this justifies the decrement of the high-T Brensted NH3 desorption peak with
increasing Cu loading. The overall (Lewis + Bronsted) storage capacity of Cu-CHA is slightly
enhanced by the presence of more Cu ions in the catalyst. Table 7 presents the quantitative analysis

of the whole set of tests, computed via the integration of the NH3 inlet and outlet temporal profiles.

T,=150°C TPD
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Figure 6. Comparison of Cu-CHA catalysts with SAR=25 and different Cu loadings (0-3 % w/w). A) NH3
adsorption phase dynamics at 150 °C, NH3= 500 ppm, H.O= 0% v/v; B) TPD after NH3 adsorption at 150
°C, heating rate= 15 °C/min, He. GHSV= 266250 cm>/(gcar*h) STP. Pre-oxidized catalysts.

The same test was carried out over the second set of Cu-CHA catalysts characterized by
constant Cu content (1.7% w/w) and different S102/Al,0s ratios. The data collected during the NH3

adsorption phase and during the TPD phase are shown in Figure 7A and Figure 7B, respectively.
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Looking at Figure 7A, all the catalysts showed a similar dead time of about 850 s and quite similar
dynamics. Moreover, all the research samples were promoted with the same Cu amount and therefore,
as expected, all the TPD curves were characterized by a bimodal desorption profile (Figure 7B): the
first peak is ascribed to the NH3 adsorbed onto Cu ions (plus a fraction of Al extra-framework detected
from Al solid state MAS NMR experiments) and the second one is associated with the Bronsted sites
of the zeolite framework.

The SAR effect on the NH3 storage is also quite evident: increasing the Si0,/AlO3 ratio
increases the stability of the stored ammonia, so that the amount of NHj3 released by the weaker sites
decreases, while that stored on the Bronsted sites increases (Figure 7A). Although the proportion
between Lewis ammonia and Breonsted ammonia changes notably upon varying SAR, the overall
amount of chemisorbed NH3 does not change, as shown by the similar values reported in Table 6.
The SAR of the studied catalysts varies only between 10 and 25, which therefore corresponds to
similar Bronsted acidity (confirmed by NH3-TPD experiments on the corresponding bare zeolites).
When the catalysts were promoted with Cu ions, part of the Bronsted acid sites were converted into
Lewis acid sites due to the exchange of the protons with Cu ions. At low SAR (high aluminum
content), Cu ions were mostly exchanged as Z>Cu'! and thus for each Cu ions two Bronsted sites were
lost. On the contrary, at high SAR, Cu ions were more likely present as ZCu''OH sites: for each Cu
ion, only one Bronsted site was lost in this case. However, Z>Cu'" sites are able to coordinate a greater
number of NH; molecules than ZCu"OH. Consequentially, on increasing SAR the intensity of the
low-T TPD peak (Lewis acidity) decreased while the high-T peak (Brensted sites) was enhanced.
These different contributions to the NH3 storage could explain why we did not observe a change in
the amount of the chemisorbed NH3 but only an evident different distribution of NH3 on the acid sites
when SAR was varied. The differences in the NH3 coordination to Cu sites when changing SAR or

Cu loading are further discussed below.
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adsorption at 150 °C, heating rate= 15 °C/min, He. GHSV= 266250 cm>/(gcar*h) STP. Pre-oxidized catalysts.

Table 7. Cu loading and SAR effects on NH3 adsorption

NH; adsorbed
(umol)

NH; physisorbed
(umol)

NH; chemisorbed
(nmol)

N-balance error

(%)

0%

18.7

5.7

11.9

Cu loading effect
0.7%  1.7%
18.9 23.4
6.7 10.0
12.2 14.5
1 8

21% 10

247 252
92 | 94

142 | 149
5 4

SAR effect
13 17 22
33.3 30.1 31.2

9.9 9.5 9.0

16.3 16.0 14.4

21 15 24

25

234

10.0

14.5

The existence of two populations of Cu cations affects the NH3 storage capacity of the Cu-

CHA catalyst. Paolucci et al. !! found that the two Cu sites differ in their NH3 coordination behaviour:

they observed that the hydroxylated Cu site (ZCu''OH) is able to coordinate and store 3 ammonia

molecules, while the doubly bound Cu site (Z2Cu') can store up to 4 ammonia molecules, according

to the following stoichiometries:

4NH; + Cu'l — Cu(NH3)4

3NH; + Cu"OH — Cu'(OH)(NHs)s

(7)
(8)
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As already shown in literature >!"121820 and as seen also from our Ho-TPR and NO,-TPD
data, the fraction of ZCu"OH increases with increasing Si/Al and/or Cu/Al ratios and accordingly
also the amount of NH3 coordinated to the Cu ions is affected. Therefore, also the NH3-TPD could be
used to probe experimentally the Cu speciation.

We thus calculated the NH3/Cu ratio as an index for the impact of Cu loading and SAR on Cu
speciation. For the evaluation of this ratio, only the NH3 bound to Cu ions has to be considered. Since
NHj3 can be stored on three types of sites, namely Al extra-framework, Cu sites, Brensted sites, the
NH3 stored on Cu ions only was quantified through a Gaussian deconvolution that takes into account
the three storage acid sites, through which we obtained the best fit of the NH3-TPD profiles. Examples
of TPD deconvolutions are shown in Figure 8. It is worth mentioning here that the amount of extra-
framework Al was first evaluated through the deconvolution of the NH3-TPD of the bare zeolites with
different SAR and then kept constant for all the Cu exchanged catalysts. All zeolites contained
significant levels of extra-framework Al and their amounts decreased with increasing SAR*?, as

observed through the ?’Al solid-state MAS NMR spectra.
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Figure 8. Deconvolution of the NH3-TPD profiles: evaluation of NH3 stored on Al extra-framework, Cu ions
and Bronsted sites.

Table 8 lists the three contributions to the NH3 TPD curves for all the Cu-CHA samples as

estimated from the deconvolution of the NH3-TPD curves.

Table 8. NH3 adsorbed on different sites as estimated from NH;-TPD deconvolution

NHs - Alextra- | \p-Cu | NH;Brensted = NHy-TPD
Cu/Al framework
[moll] [pmol] [wmol] [pmol]
1.7Cu-CHA10 0.12 2.5 6.5 6.2 14.9
1.7Cu-CHA13 0.17 2.0 54 8.3 16.3
1.7Cu-CHA17 0.21 1.9 5.2 8.4 16.0
1.7Cu-CHA22 0.24 1.7 5.1 8.0 14.4
0.7Cu-CHA25 0.11 1.1 3.0 8.0 12.2
1.7Cu-CHA25 0.24 1.2 54 7.9 14.5
2.1Cu-CHA25 0.29 1.1 6.1 6.7 14.1

Once the amount of NHj3 stored on Cu ions only was known, the number of NH3 molecules
coordinated by each Cu atom was computed. Figure 9 illustrates how this ratio varies with the Cu/Al
ratio. From theory '! we expect a decreasing trend of the NH3/Cu ratio when Cu/Al increases, since
the fraction of ZCu'OH increases and these sites coordinate less NH3 than Z>Cu'’. The ratio evaluated
from our data falls in the range 1-2 (curve in the blue zone of Figure 9) and, although this range is

quite far from the one proposed by Paolucci et al. (3-4) !!, the observed trend is in line with the
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theoretical expectations and with other literature findings: the NH3/Cu ratio decreases on moving
towards both higher SAR and higher Cu loading (i.e. towards higher Cu/Al). However, Luo et al. ?,
from similar considerations made on Cu-CHA catalysts subjected to aging treatment that leads to a
progressive transition from ZCu''OH to Z,Cu"!, estimated the range 1-2 for their NH3/Cu ratios, which
is quantitatively in line with our results. The difference between the two proposed ranges (3-4 vs. 1-
2) is likely connected to the conditions adopted during the test. When NH3 is present in the gas phase
the full saturation of Cu ions occurs, achieving the 3-4 range proposed by Paolucci et al. '!. Under
these conditions, indeed, Cu ions are completely detached from the zeolite and can coordinate the
maximum number of ammonia molecules *!!. Therefore, the NH3/Cu calculations were repeated
adding the amount of NHj3 ligated to Cu ions (from the TPD) to the NHj3 released during the isothermal
physi-desorption phase, so taking into account all the NH3 coordinated to the catalyst when it is fully
saturated. The physisorbed NH3z represents in fact the additional ammonia molecules that are
coordinated to Cu ions when ammonia is in the gas phase and solvates the Cu sites. Taking into
account the physisorbed NH3, the NH3/Cu ratio increases and falls in the theoretical range 3-4 within
experimental error (yellow zone in Figure 9). The values used for the estimation of the NH3/Cu ratios

(i.e. Cu tot, NH3/Cu, physisorbed NH3) are listed in Table 9.

NH,-Cu + NH, Physisorbed
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Figure 9. NH3/Cu ratios vs. Cu/Al: comparison between NH3/Cu ratios evaluated considering only NHj3 stored
on Cu ions (low-T peak of TPD) and NHj3 stored on Cu ions plus NH; physisorbed.
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Table 9. NH3/Cu ratios estimated from the NH3-TPD deconvolution.

TNH;/Cu ratio considering the NH; on Cu sites (intermediate peak shown in Figure 4);
" NH3/Cu ratio considering the NH; on Cu sites (intermediate peak shown in Figure 4) + physisorbed NH;.
NH3 —Cu

Cu/Al | Cutot (int-T peak dec) NH3/Cu® | NH;physisorbed | NH3/Cu
[l [umoll ol g [umol] g
1.7Cu-CHA10 | 0.12 4.3 6.5 1.5 9.5 3.70
1.7Cu-CHA13 | 0.17 4.3 5.4 1.3 9.9 3.57
1.7Cu-CHA17 | 0.21 4.3 52 1.2 9.5 3.42
1.7Cu-CHA22 | 0.24 4.3 5.1 1.2 9.0 3.27
0.7Cu-CHA25 | 0.11 1.8 3.0 1.6 4.3 4.33
1.7Cu-CHA25 | 0.24 4.3 54 1.3 10.0 3.51
2.1Cu-CHA25 | 0.29 52 6.1 1.2 9.3 2.90

Remarkably, the NH3/Cu ratios extracted from the deconvolution of the TPD plots are quite in
good agreement with theoretical estimates based on the number of Z,Cu"'and ZCu''OH sites from the
H»-TPR (Table 2) and on the number of NH3 molecules coordinated to each one of the two Cu species
according to the NH; adsorption stoichiometries proposed in literature *!!. Table 10 compares the
NH3/Cu ratios calculated from the H>-TPR data and from the NH3-TPD deconvolution. The NH3/Cu
estimates determined with both techniques match fairly well, suggesting the adequacy of both
experimental methods to probe the Cu speciation, particularly for the stoichiometry of Luo et al. ° (1-

2 range).

Table 10. NH3/Cu ratios estimated from the H»-TPR results and from the NH3-TPD deconvolution.
*NH3/Cu ratio considering 2 NH; for Z,Cu" and 1 NH; for ZCu""OH °;
**NH3/Cu ratio considering 4 NH; for Z,Cu" and 3 NH; for ZCu""OH '';

TNH;/Cu ratio considering the NH; on Cu sites (intermediate peak in Figure 4);

" NH3/Cu ratio considering the NH; on Cu sites (intermediate peak in Figure 4) + physisorbed NHs.

NH3/Cu ratios
NH3/Cu ratios estimated from H,-TPR results estimated from NH;3-
Cu tot )
Sample TPD deconvolution
o] = W | ZCu"OH | NHy/Cu* | NHyCu* | NHy/Cu' | NHy/Cu ™
[wmol] [wmol] [] [] [-] [
1.7Cu-CHA10 4.3 1.9 (44%) 2.4 (56%) 1.4 34 1.5 3.7
0.7Cu-CHA25 1.8 0.8 (45%) 1.0 (55%) 1.5 35 1.6 43
2.1Cu-CHA25 5.2 1.0 (21%) 4.2 (79%) 1.2 32 1.2 2.9
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4 Conclusions

The effects of SAR and Cu loading on the Cu speciation were studied on two sets of Cu-CHA
model catalysts. Four characterization tests, namely H>-TPR, NO+NH;3-TPR, NO> adsorption + TPD
and NH3 adsorption + TPD, were carried out in order to evaluate how the two catalyst formulation
parameters affect the nature of the Cu active centers, their interaction with NH3, NO and NO; and
their reducibility. In addition, these tests demonstrated the potential of experimentally probing the
reducible Cu-sites and their speciation (i.e. ZCu''OH versus Z>Cu") in Cu-CHA using simple transient
techniques.

The H>-TPR experiments provided preliminary indications on how the relative amounts of the
two populations of Cu species change in our model catalysts on varying SAR and Cu loading, as
already applied in literature studies.

The NO+NH3-TPR tests proved to be a convenient method to titrate all the reducible Cu in Cu-
CHA': in fact, one NO molecule is consumed and one N> molecule is produced for each reduced Cu
ion, so by looking at the integral NO consumption and N release we could show that about 100% of
Cu was reducible in our samples. Also, Cu-CHA samples with lower Cu loading or lower SAR show
reduction peaks centered at lower temperature, meaning that they contain higher fractions of Z,Cu'!
sites, which are less reducible, in line with the H>-TPR tests.

The NO: adsorption-TPD runs demonstrated that nitrate species are stored only on ZCu'OH
species, which explains the positive effects on the amounts of stored nitrates observed when
increasing both SAR and Cu content. Accordingly, this simple technique is proposed as the preferred
method for direct quantification of the fraction of ZCu""OH in Cu-CHA. In fact, the NO released
during the NO, adsorption phase is linked to the ZCu"'OH species through the ZCu"OH/NO=2/1
stoichiometry. In the same way, also the integral of NO; released during the TPD phase can be used
to estimate the fraction of ZCu''OH, in this case according to a 1/1 ratio resulting from nitrates

decomposition.

27



Finally, the ammonia adsorption-TPD runs evidenced that the higher the Cu loading and the
Si10,/Al0Os3 ratio, the lower is the Lewis acidity of the Cu-CHA catalysts, and consequently the lower
is the number of NH3 molecules coordinated by each Cu atom, due to a corresponding increase of the
fraction of ZCu""OH, which ligates three NH3 molecules against the four NH3 molecules coordinated
by Z>Cu'' sites. Analysis of the NH3-TPD curves, based on their deconvolution to isolate the Lewis
NH3, provided estimates of the fraction of ZCu''OH species in line with those obtained from H2-TPR
runs. Therefore, NH3; adsorption-TPD represents a possible alternative method of probing Cu
speciation in Cu-CHA. It is however more complicated than NO; adsorption-TPD as it requires
deconvolution of the NH3-TPD curves.

Altogether, the simple transient response methods applied in this work to probe the Cu speciation
in Cu-CHA catalysts have provided converging results, which not only point out the different
characteristics of the two prevailing Cu cations, but also enable a straightforward quantitative

determination of their relative proportions.
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