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ABSTRACT. The structure of iron and copper sites during the selective catalytic reduction
(SCR) of NOy by NHj3 and related reactions (NHs-adsorption/oxidation, NO-oxidation) has been
elucidated by spatially- and time-resolved X-ray absorption spectroscopy (XAS) along the
catalyst bed over Fe-containing BEA and ZSM-5 zeolites as well as Cu-SAPO-34
silicoalumophosphate. Strong gradients of the Fe and Cu oxidation state are present along the
catalyst bed for the processes involving NH3; and NOy (SCR) and less pronounced for NHj
oxidation, whereas the catalyst state in the NOy containing feed resembles that of a catalyst
exposed to air. The variation in the oxidation state is strongly correlated to the concentration of
NHj3 and is more pronounced in the presence of NOy. For temperatures higher than 250 °C the Fe
and Cu sites in the beginning of the catalyst bed stay in partially reduced state, whereas they are
more oxidized in the later zones where NH; and NO concentrations decrease. For temperatures
lower than 250 °C the reverse effect is seen for Fe zeolites with the beginning of the catalyst bed
more oxidized than the end which is tentatively attributed to strong NH3 inhibition. The obtained
data allows to conclude that both NH; and NOy are involved in a reaction over the corresponding

transition metal site and its reoxidation is a rate-limiting step of the NH3;-SCR.

KEYWORDS. Selective Catalytic Reduction, operando spectroscopy, X-ray absorption

spectroscopy, spatially resolved, exhaust gas catalysis, zeolites



[. INTRODUCTION.

The removal of NOy from the exhaust of diesel-powered vehicles can be achieved using
ammonia in the so-called selective catalytic reduction (SCR) reaction. The main reaction
(“Standard SCR”) proceeds highly selective according to the equation (1) :

4 NO + O, +4 NH3 — 4 N, + 6 H,O. (1)
As catalysts for mobile applications Fe- and Cu-containing zeolites and related materials are
used %. They maintain high activity in a broad range of exhaust gas temperatures and are rather
stable under hydrothermal conditions °. However, for further improvement mechanistic aspects
of the SCR reaction and the structure of the active sites need to be uncovered, in particular in
order to pave the way for kinetic modeling required for designing the aftertreatment system and
for appropriate control algorithms.

Presently, the mechanism is still controversially discussed and several competing mechanisms
of NO,—SCR by ammonia over iron and copper sites have been proposed * ~ . Many of these
mechanisms claim the rate-determining step being oxidation of a reduced metal site by oxygen
but in some schemes oxidation of NO to NO, is considered to be the rate-determining step °.
Moreover, different sequences of steps leading to the reduction of metal site are proposed.
Apostolescu et al. * suggest reduction of Fe’™ to Fe*” to result from a dissociative adsorption of
ammonia on that site. Metkar > and Ruggeri © propose the Fe’ to Fe’” reduction to originate from
the oxidation of NO to the reactive intermediate HONO, whereas Metkar et al. 3 underline the
necessity of the reaction between NH3; and HONO on iron which leads to the freeing up of these
sites and to the formation of Fe*" with lower coordination numbers. In contrast, Ruggeri et al. °
propose the spillover of HONO or its desorption as NO, as the process yielding Fe*". In the case

of ammonia excess it can adsorb on both Fe’" and Fe*" blocking the subsequent NO adsorption,



Fe®" reoxidation and, consequently, decreasing the overall SCR efficiency. This phenomenon is
common for Fe-zeolites and is referred to as NH; inhibition ° 7.

The SCR catalysts have already been extensively investigated by a variety of in-situ techniques
including X-ray absorption spectroscopy (XAS) ® ~'°. A variation of Fe oxidation state was
observed as a function of gas mixture and temperature for Fe-BEA catalysts ® ~'°. Nevertheless,
in all studies the structure was determined in a global manner, i.e. by monitoring the whole
catalyst bed. The importance of spatially resolved studies has been outlined earlier for other

.12 "in particular, the catalytic partial oxidation of methane > '*. A change of a

reactions
catalyst red-ox state in a certain region of the catalyst bed due to the occurrence of the catalytic
process in this region has been evidenced also for oxidation of CO '°. The spatially-resolved UV-
Vis study proved its applicability during a study of deactivation of Cr/Al,Os catalyst for the
dehydrogenation of propane '°. Gradients in the surface concentrations of surface and bulk NO,
species were found and described for a NOy storage-reduction (NSR) catalyst using Raman and
diffuse-reflectance Fourier-transformed IR (DRIFT) spectroscopy ' . In a few other cases a
possible effect has been speculated on due to temperature and reactant concentration gradients
'8 In fact, strong concentration gradients in the gas phase composition have recently been found
by probing the gas phase in a channel of a honeycomb SCR catalyst "°. Hence, the structural
characteristics and dynamics obtained so far by in situ XAS for the Fe and Cu sites correspond
either to an average of working and not working regions * ° or only describe one part of the
catalyst bed * %%

In this paper we report for the first time an operando spatially- and time-resolved X-ray

absorption spectroscopy study of several NOyx SCR zeolite and zeotype catalysts including one

commercial zeolite to describe a representative series of materials applied in the automotive



diesel exhaust aftertreatment. The main goal of the study is to further understand the mechanism
of the SCR process by revealing and describing structural variations in the catalyst along the
reactor bed while the gas composition changed due to the SCR reactions (NOy and NHj3 reacted
towards N, and H,O). Complementary XAS spectra were also recorded during NH; and NO

oxidation which accompany the SCR or are believed to be a part of this process *'.

II. EXPERIMENTAL SECTION

Sample preparation and characterization. 0.5%Fe-BEA and 2%Fe-BEA were obtained by
incipient wetness impregnation of H-BEA zeolite (Si/Al ratio = 12.5, Clariant) with appropriate
amount of Fe(NO3);-9H,0 (VWR). After impregnation the catalysts were dried overnight at 80
°C and calcined for 4 h at 550 °C in static air. 0.84%Fe-BEA catalyst (0.84 wt.% Fe, 1.76 wt.%
Al, Clariant) was used as received. Based on the UV-Vis spectra, EXAFS and catalytic data, the
0.5%Fe-BEA has mainly isolated monomeric Fe species and the 2%Fe-BEA — both isolated
monomeric Fe species and inactive Fe,Oy oligomers |

The 1.33%Fe-ZSM-5 catalyst was synthesized by liquid ion-exchange of NH4-ZSM-5 zeolite
(Si/Al ratio = 11, Clariant) with FeCl, (tetrahydrate, Sigma-Aldrich) as described in ref. **. For
that purpose 5 g of zeolite was stirred in 500 ml of 0.05M solution of FeCl, under nitrogen flow
for 24h. After that the solid was filtered, dried for 2 h at 120 °C and calcined for 5 h at 550 °C in
static air.

Cu-SAPO-34 (3.48 wt.% Cu) was obtained using liquid ion-exchange of hydrothermally
synthesized SAPO-34 °. First, 29.5 g aluminium isopropoxide (Sigma-Aldrich) was mixed with
48 g of deionized water and stirred for 1 h. At the same time 16.1 g H;PO4 (85 wt.% aq. solution,

VWR), 60.7 g TEAOH (35 wt.% aq. solution, Alfa Aesar ) and 4.5 g Ludox (Aldrich) were



mixed and stirred for 30 min. In the next step two solutions were mixed together and HCI
(VWR) was added dropwise to adjust pH to 7. The slurry was then transferred to 200 ml Teflon-
lined autoclave and heated statically for 24 h at 190 °C in an oven. After this the solid was
recovered by decantation, washed with 800 ml deionized water, dried at 80 °C overnight and
calcined for 8 h at 550 °C in static air. The SAPO-34 structure was confirmed using XRD.

As-prepared H-SAPO-34 was first exchanged to NH4 form. For this purpose 6 g of the
silicoalumophosphate was immersed and stirred in 500 ml of 0.5M solution of NH4NO3 (Merck)
for 1 h at 80 °C and afterwards filtered and washed with deionized water. The procedure was
repeated 3 times. Cu®® was introduced by ion exchange of NH4;-SAPO-34 with 0.05 M
Cu(CH;COO0), (Merck, stirring for 24 h at 20 °C, 5 g solid per 500 ml solution). The obtained
solid was filtered, dried overnight at 20 °C and calcined at 550 °C for 2 h.

The metal content in all ion-exchanged catalysts was determined using atomic absorption
spectroscopy (AAS). For the measurements 30 mg of a sample was melted with 180 mg of
Li,B4O7 in Pt crucible at 1000 °C for 30-45 min, then cooled down, dissolved in 20 ml 2.5%

citric acid at 80 °C and diluted by 100 ml deionized water.

Catalysis (laboratory setup). The catalytic data were obtained using laboratory setup with a
fixed-bed plug-flow quartz tube reactor (§ mm i.d.) in the steady-state mode. The temperature
was controlled using an Eurotherm 2416 controller with a K-type thermocouple. The catalyst
temperature was measured by a second thermocouple touching the quartz wool plug next to the
catalyst. Gases were dosed by individual mass flow controllers via heated lines to get a mixture

of 0-1000 ppm NO, 0-1000 ppm NHs, 10% O,, 5% H,0, and He balance. Water vapor was



obtained by feeding a required amount of H, (diluted with He) together with O, through an
oxidation catalyst. Reaction products were analyzed by an MKS MultiGas 2030 FTIR analyzer.
The catalyst samples (49 mg for Cu-SAPO-34 and 80 mg for Fe-zeolites, sieve fraction 200-
300 um) were diluted by 800 mg quartz pearls to get 1 cm bed length and GHSV was 130 000 h™'
for Fe-zeolites and 330 000 h™' for Cu-SAPO-34. The NOy conversion during SCR was
calculated using concentrations of NO and NO, (the amount of N>O was normally negligible and
max. 2% of total inlet NOy for 0.84%Fe-BEA at 330 °C) and coincided well with NH;

conversion below 400 °C.

XAS study. Next, operando XAS measurements were conducted on these samples at selected
positions of the catalyst bed in transmission mode at the SuperXAS beamline of the SLS (Swiss
Light Source) using a fast oscillating Si (111) channel cut crystal allowing to record fast data by
the QEXAFS mode » % . The catalyst (sieve fraction 100-200 pm) was placed in a 1 — 1.5 mm
quartz capillary (20 pm walls) which served as a plug-flow reactor *® heated by a hot gas blower
(FMB Oxford). The catalyst response was followed between 185 — 550 °C in a gas stream of 25-
40 ml/min (giving GHSVs similar to the laboratory reactor) containing 0 — 1000 ppm NO, 0 —
1200 ppm NHj3, 10% O, ~1.5% H>O in He. The gases were mixed by individual mass flow
controllers and water was fed via a saturator. The outlet gas composition was analyzed by online
QMS (Hiden Analytical) and FTIR (MKS 2030) analyzers. The gas flow going to the FTIR
analyzer was additionally diluted by 250 ml/min N,. The FTIR data was used to determine NOy
and NHj3 conversions. The temperature of the catalyst bed was verified via an additional
experiment with a K-type thermocouple set in place of a catalyst. For time and spatially resolved

measurements the catalyst bed (ca. 10 mm length) was divided into 5 zones (spaced evenly from



inlet to outlet, referred to as positions 1 to 5) and XAS spectra were collected at all positions
with an X-ray beam of about 200 pm x 200 pum.

Linear combination analysis (LCA) of the XANES data was performed using ATHENA
program from the IFFEFIT package *’. The reference spectra for fitting Fe oxidation state were
obtained earlier during Ho-TPR of a Fe-ZSM-5 zeolite **. For fitting Cu oxidation state the
spectrum of Cu’ was chosen out of the series of Cu-SAPO-34 spectra recorded during H,-TPR
experiment (flow of 5% H; in He, ramp 3 °C/min) as the one having the highest intensity of the
feature at 8982.5 eV. The reference XANES-TPR experiments were performed at ANKA
synchrotron radiation source (XAS beamline) with the same setup as used for the operando
measurements of SCR.

Fitting of the EXAFS data was done using ARTEMIS software (IFFEFIT) *’. After Fourier
transformation of the k’-weighted EXAFS function between 2.5 and 7 A™', data fitting was
performed in R-space between 1 and 2 A (corresponding to Fe-O or Fe-N shells). As a model
compound, hematite was chosen and fitted with two Fe—O shells *°. From this fit, S* = 0.48 was
obtained and used for fitting the catalyst materials. In all fits AEy, was kept the same for all

scattering paths as well as the Debye—Waller factor for Fe—O backscattering.

[II. RESULTS AND DISCUSSION

Catalytic activity. Fig. 1 shows the performance of the tested catalysts as measured in the
laboratory plug-flow reactor. The obtained data qualitatively correspond to the conversion curves
known for Fe (see for example ref. ®) and Cu (see for example ref. *) zeolites and correlates with
the data measured at the beamline during operando XAS studies (Fig. 2). The difference

observed in the region of high conversions is due to the slip of the reagents in the laboratory test



bench (due to the catalyst dilution) which caused maximum NOy conversion to be 85-90%
instead of 98-100% observed in the literature > ® and at the beamline.

Notably, 0.5%Fe-BEA and 2%Fe-BEA prepared by impregnation showed similar activity in
all tests, which, together with the UV-Vis data (not shown here) and the previous results 8

indicates a high fraction of the SCR-inactive spectator Fe species in the 2%Fe-BEA.
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Figure 1. NOy conversion obtained during SCR (left), NH3; and NO oxidation correspondently
(middle and right respectively) using the laboratory setup. Conditions: 1000 (0) ppm NO, 1000

(0) ppm NH3, 5%0,, 10% H,0, He balance; GHSV = 130 000 h™' (Fe-zeolites) and 330 000 h™'

(Cu-SAPO-34).
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Figure 2. NO conversion obtained during SCR using the capillary microreactor at the
synchrotron. Conditions: 1000 ppm NO, 1000 (1200, 800) ppm NHj, 10%0,, 1.5% H,0O, He

balance; GHSV = 140 000 h™' (Fe-zeolites) and 360 000 h™' (Cu-SAPO-34).

Spatially-resolved XAS at Fe-K edge at high temperatures (T>250 °C). During heating the
catalysts under He or synthetic air dehydration of all Fe catalysts with the shift of the absorption
edge towards lower energies was observed. This indicates a slight reduction and a change in
coordination geometry which is in line with results reported earlier ®. This effect was noticed
independently of the probed reactor zone.

The introduction of the SCR gas feed caused a gradient of Fe oxidation state along the catalyst
bed. Fig. 3a shows the XANES spectra recorded at different positions of the catalyst bed during
SCR at 330°C over 0.5%Fe-BEA catalyst using 800 (top) and 1200 (bottom) ppm NH3 together
with 1000 ppm NO. With only moderate overall NH3 inhibition effect even at NH3/NO = 1.2, the
NOy conversion was 80 = 3% for all used concentrations of NHj;. This almost equal NO
conversion rate implies similar catalytic activity for different NH; concentrations in the gas
phase, which is in line with previous kinetic studies on Fe-zeolites ** *'. A clear shift of the X-
ray absorption edge towards lower energies is observed at the beginning of the catalyst bed
relative to the end of the bed, which demonstrates the need to probe in a spatially-resolved
manner. The pre-edge feature of the XANES spectra also changed with the centroid position
shifting towards higher energies at the end of the catalyst bed which is also an indication of the
reduction of Fe sites at the beginning of the catalyst bed and oxidation at the end *2. The average
oxidation state of the Fe sites at the probed position (Fig. 4) was evaluated by linear combination

analysis using the reference spectra obtained during TPR of a Fe-ZSM-5 catalyst **. The results

10



indicate a clear impact of NH; concentration on the overall oxidation state which is, however,

stronger at the inlet of the catalyst bed. These variations do not correlate only with the catalytic

activity '’ but can be furthermore related to the local concentration of NHa.
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Figure 3. Comparison of (a) XANES and (b) Fourier transformed EXAFS data at Fe K-edge (k-

weighed, k-range of 2-7 A™', no phase-shift correction) at 800 ppm NHj (top Figures) and 1200

ppm NH; (bottom Figure) in the feed during SCR at 330 °C over the 0.5%Fe-BEA catalyst at

five different points of the quartz microreactor (from the beginning to the end of the catalyst bed

as indicated in the schematic Figure). Conditions: 1000 ppm NO, 800 (top) or 1200 (bottom)

ppm NHj3, 10%0,, ~1.5% H,0, He balance; GHSV = 130 000 hl.
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Figure 4. Average oxidation state of Fe sites in the 0.5%Fe-BEA and 0.84%Fe-BEA estimated
from linear combination at the different positions in the catalyst bed during SCR, NH; and NO

oxidation at 330 and 255 °C correspondently.

The same spatially-resolved study performed for the NH3 oxidation reaction at 330 °C resulted
in a similar gradient of the oxidation state (Fig. 5 shows the recorded XANES spectra and Fig. 4a
— the Fe oxidation state). However, the standard SCR gas mixture (NH3/NO=1) leads at 255 °C
to slightly more reduced Fe sites for half of the catalyst bed as compared to the NH3 oxidation
conditions (shown clearer on the example of 0.84%Fe-BEA, Fig. 5b). In this region for the NHj3
excess gas mixture (NH3/NO=1.2) after a pronounced drop at position 1 of the catalyst bed the
oxidation state is slightly increasing and afterwards slowly decreases. At higher temperatures, the
zone with more reduced Fe sites is shrinking towards the beginning of the catalyst bed due to an
increased reaction rate. The same decrease of the more reduced catalyst zone was observed also
for lower NH3 concentrations and the opposite effect at NH3/NO = 1.2. In contrast to the SCR

and NHj; oxidation processes, an average oxidation state of +3 + 0.05 and no pronounced
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gradient along the reactor was found during NO oxidation (Figs. 4a and 5) or the catalyst under
air. However, one should also consider the lower reaction rates of the NH; and NO oxidation as
compared to the SCR reaction at the studied temperatures.

Such pronounced gradients of the Fe-oxidation state during SCR were not only determined for
0.5%Fe-BEA (530, 330, 255 °C) and for 0.84%Fe-BEA (530, 330, 255 °C) but also for
1.33%Fe-ZSM-5 (probed for 530 and 330 °C). A less noticeable gradient of the same type was
also observed for 2%Fe-BEA at 255 °C but no Fe reduction was found at higher temperatures.
This is most probably related to the fact that the 2%Fe-BEA catalyst has a significant amount of
FexOy spectator species ® which do not change their structure during NH; adsorption at studied

temperatures but contribute to the averaged oxidation state.

NH, oxidation

1.0 /

0.5 N 0.5
reactor outle /( reactor outlet

/A ﬁ

NO oxidation /
1.0

Absorption

0.0 0.0,
7115 7120 7125 7130 7135 7115 7120 7125 7130 7135
Energy (eV)

Figure 5. XANES spectra at Fe K-edge of the 0.5%Fe-BEA catalyst during NH; oxidation (left)
and NO oxidation (right) at 330 °C. The spectra are measured at the different positions of the
quartz microreactor (NH3 oxidation: 5 points, NO oxidation: 3 points from inlet to outlet in the
direction of an arrow). Conditions: 0 ppm NO, 1000 ppm NHj, (right) or 1000 ppm NO, 0 ppm

NHs, (left), 10%0,, ~1.5% H,0, He balance; GHSV = 130 000 h™".
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The Fourier transformed EXAFS spectra of the studied zeolites (Fig. 3b) show backscattering
between 1 and 2 A due to light elements (O or N) in the first coordination shell *%. The small
contributions appearing at about 2.5 A may result from backscattering on Si or Al atoms from

the zeolite framework or (less probable) from the second Fe atom 2 3 3

. In agreement with the
white line evolution in the XANES region, changes were also observed in the EXAFS region of
the spectra during SCR. In the catalyst zone with more oxidized iron due to a lower NHj
concentration the Fe sites demonstrated a higher amplitude of the first coordination shell at about
1.4 A (uncorrected for phase shift) which indeed correlates with a higher number of O neighbors.
This effect is shown in Fig. 3b for 0.5%Fe-BEA under SCR with 800 and 1200 ppm NHj3 at 330
°C and the results of the EXAFS fitting (fit with two Fe-O shells, based on the Fe,O3; model ®)
are given in Fig. 6. Due to the low data quality to fit 4 parameters (bond distances and
coordination numbers for two Fe-O shells) the results are reported with high error bars (0.3-0.8
in the case of coordination numbers) and should be taken with care and, thus, rather as trends.
Together with a slight increase in the coordination number towards the end of the catalyst bed
(more oxidized Fe) smaller bond distances were observed for both fitted Fe-O shells which is in

line with an increased charge of a central Fe atom. The same overall trend was also clearly

determined for 1.33%Fe-ZSM-5 and 0.84%Fe-BEA.
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Figure 6. Fe-O bond distances and coordination numbers (error £0.3—0.8) resulting from fitting
of the EXAFS spectra of 0.5%Fe-BEA measured under SCR conditions with 800 and 1200 ppm

NH3; at 330 °C.

Thus, the observed shift of the absorption edge towards lower energies (Fig. 3a) with the
corresponding variations in the coordination sphere can be attributed to the partial reduction of
Fe sites in the probed zone by reaction between adsorbed NHs- # and NOy- derived species > °.
Furthermore, the change of the oxidation state along the catalyst bed uncovered the so far
suggested chemistry of the “Standard” and partially “Fast-SCR” reactions over Fe-zeolite
catalysts. Although not prominently determined for the applied testing conditions in the overall
catalyst performance (Fig. 2), still a noticeable NHj3 inhibition effect was observed along the
catalyst bed at all studied temperatures. Especially localized at the inlet of the catalyst bed this
phenomenon could be explained either by NH; adsorption and blocking of Fe®* sites ® and / or
NH; adsorption and stabilization of Fe?* sites which were initially formed in the SCR process or
by the formation of ammonia-nitrate/nitrite ad-species stable in the presence of high NHj;

concentration (position 1, Fig. 3a). This fits well with the overlapping of the Fe oxidation state
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points at 800, 1000 and 1200 ppm NH3 dosage for the 0.84%Fe-BEA at 255°C and of the 1000
and 1200 ppm points at 330°C for the 0.84%Fe-BEA (lower NHj inhibition). Further
downstream in the catalyst bed the NO and possibly the NO; present in the gas stream (due to
NO oxidation in the pipe) react following the “Standard” or the “Fast—SCR” mechanisms.

For an excess of NO and without NH3 inhibition the catalyst gets oxidized simultaneously with
NH3 consumption (Fig. 4a, 800 ppm NHs curve). For higher NH3 concentration after a small
increase of the oxidation state at position 2 of the catalyst bed the oxidation state is decreasing
again. The increase of the Fe** concentration could be explained by NH; depletion at the catalyst
surface and thus freeing/oxidation of the Fe*" sites due to the “Fast-SCR” reaction. The
occurrence of the “Fast-SCR” prior to the “Standard” SCR reaction was previously demonstrated
by FTIR monitoring the NO/NO, concentrations along a Fe-Beta zeolite monolith during SCR *°.
Due to the excess of NH3 (decreasing towards the outlet on behalf of the parallel NH3 oxidation
reaction) but probably also as a result of reaction between NO and NHj; at the Fe centers or
oxidation of NO to reactive HONO followed by its desorption as NO, ® or N, after reaction with
NHs, Fe?* is progressively formed and stabilized in the standard SCR — NH3 oxidation zone of
the catalyst bed (Fig. 4b positions 3 and 4 for 1000 ppm NH;3 dosage). The length of this region
directly depends on NH3 concentration and reaction temperature, the catalyst being oxidized as

soon as ammonia is consumed.

Spatially-resolved XAS at Fe-K edge at low temperatures (T<250 °C). While the data
measured at high temperatures showed partial reduction of Fe sites in the beginning of the
catalyst bed, the spatially-resolved data measured at 185 °C shows an opposite trend and the

average iron oxidation state is higher (Fig. 7). In this case, the beginning of the catalyst bed is

16



more oxidized than the end of the bed in spite of the highest concentration of NH3 as reductant in
the beginning of a catalyst bed. This was observed for 0.84%Fe-BEA (Fig. 7), 2%Fe-BEA, and
1.33%Fe-ZSM-5. However, note that at this temperature even in the absence of oxygen the
reduction of the Fe sites by NH; is limited 8, Furthermore, the oxidation of NHz and the
conversion of NO are rather small. Nevertheless, the first one or two positions of the catalyst bed
with Fe-zeolites measured during SCR or NH; oxidation (Fig. 4) seem to correspond to NHj
coordinated to the Fe** sites which hinders the access of NO for the first case (NH; inhibition) *°.
The rest of the catalyst bed is used for the SCR process with the most active zone of the catalyst
bed shifted towards the end as demonstrated with our spatially-resolved data. Thus, analogous to
the high temperature results, the oxidation state of Fe decreases simultaneously with the increase
of NO conversion, subsequently to the NO adsorption at the Fe sites as the NH; concentration is

decreasing (e.g. Fig. 4b positions 3 — 5 of the catalyst bed).
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Figure 7. (a) XANES spectra and (b) estimated average oxidation state of Fe sites measured on
the 0.84%Fe-BEA at the different positions in the reactor during SCR at 185 °C; in (b)

additionally measured during NH;3 oxidation.
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Spatially-resolved XAS at Cu-K edge. As the spatially resolved detection of the structure and
oxidation state turned out to be very important for the Fe-based zeolites, we also studied Cu-
SAPO-34 as an example of Cu-based SCR catalysts. Also in this case we selected a catalyst with
high amount of monomeric isolated species and a high performance in SCR. Once again, the
XAS measurements at different positions of the catalyst bed during SCR and NHj3 oxidation at
255 °C (95% NOy conversion) resulted in different intensity of the Cu K-edge features around
8986 eV and especially at about 8982.5 eV in the XANES region (Fig. 8a). The feature at 8982.5
eV appears due to the 1s—4p transition in Cu’-species *°. Besides, a weak pre-edge associated
with dipole-forbidden quadrupole-allowed 1s—3d transitions can be distinguished around 8977.5
eV which indicates the presence of Cu®" sites *” **. The increased intensity at 8982.5 ¢V at the
beginning of the catalyst bed corresponds to a higher fraction of reduced Cu sites. For the
determination of the average Cu oxidation state in the Cu-SAPO-34 during SCR a linear
combination analysis was performed in the 8970 — 9045 eV range. In this case spectra of Cu-
SAPO-34 measured during temperature-programmed reduction by H, were taken as Cu”" and
Cu" references in the same way as in ref. >’. The results shown in Fig. 8a evidence an overall
partial reduction of the catalyst which is in line with the data obtained during the SCR of NO
over Cu-SSZ-13 *°. However, only in the present case the oxidation state was measured in a
spatially resolved manner which indicates a stronger reduction of Cu at the beginning of the
catalyst bed. Consistent with the data obtained for Fe-zeolites, the FT EXAFS spectra of the Cu-
SAPO-34 (Fig. 8b) demonstrate also a slightly lower coordination number due to light elements

|33

(O or N) in the first coordination shel of Cu sites in the front zone of the catalyst bed.

However, in this case the profile of the oxidation state gradient reflects more that of 0.5%Fe-
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BEA zeolite tested at 300°C under insufficient NH; dosage conditions (800 ppm) with a smooth
increase of the oxidation state simultaneously with the NO conversion advance. This is in line
with the higher basic character of the Cu sites and thus less NH; adsorption (no inhibition).
Furthermore, the activity of the Cu-SAPO-34 being less sensitive to the NO/NO, ratio *’, the
small NO, amount which could be formed in the dosage pipes had no significant impact on the

overall conversion and consequently on the oxidation state.
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Figure 8. (a) XANES and (b) Fourier transformed EXAFS spectra recorded at Cu K-edge (k’-
weighed, k-range of 3—11 A no phase-shift correction) from the Cu-SAPO-34 catalyst during
SCR at 255 °C at the different points of the capillary (5 points, from the beginning to the end of
the catalyst bed in the direction of the arrow). Inset shows average Cu oxidation state estimated
from LCA-analysis depending on the probed part of the reactor. Conditions: 1000 ppm NO, 1000

ppm NHj3, 10%0,, ~1.5% H,0, He balance; GHSV = 360 000 h'.

Nevertheless, the gradient of Cu oxidation state can also be correlated with the local

concentration of NH; and the presence of NOy along the catalyst bed. Similar to 0.5%Fe-BEA,
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0.84%Fe-BEA and 1.33%Fe-ZSM-5 samples, the increase of the average oxidation state derived

from XANES is also present during NH; oxidation and does not appear during NO oxidation

(Fig. 9). Under NH; and O, the characteristic spectral feature of Cu’ is much weaker, which

could be also due to the lower NH3 oxidation activity at this temperature. This indicates that

analogous to the Fe-exchanged zeolites the SCR process occurs probably via a copper complex

which involves the adsorption of both NH; and NO on one or two sites (as e.g. NH; — Cu' -

NO+) or that the reaction of adsorbed NH; with surface nitrites and nitrates leads to an overall

more pronounced reduction. Consistent with the data obtained for Fe-zeolites, in this case the

Fourier transformed (FT) EXAFS spectra (Fig. 8b) demonstrated a slightly lower coordination

number at Cu sites in the catalyst bed inlet zone. Further studies are currently pursued in our

laboratory to directly probe the nature of the ligands around iron and copper.
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Figure 9. XANES spectra at Cu K-edge of the Cu-SAPO-34 catalyst during NH3 oxidation (left)

and NO oxidation (right) at 255 °C. The spectra are measured at the different points of the

microreactor (5 points, from inlet to outlet in the direction of arrow). Conditions: 1000 ppm NO,

800 (top) or 1200 (bottom) ppm NHj3, 10%0,, ~1.5% H,0O, He balance; GHSV = 360 000 h'.
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Time- and spatially-resolved XAS during transient supply of NHj.
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Figure 10. Evolution of average Fe oxidation state in the 0.84%Fe-BEA catalyst at the
beginning, middle and end of the catalyst bed during removal of NH; from the SCR feed at 330
°C. Conditions: 1000 ppm NO, 1000 ppm / 0 ppm NHs, 10% O,, ~1.5% H,0O, He balance;
GHSV = 130 000 h™'. Three transients were recorded with different points probed by the X-ray

beam and then synchronized using MS and FTIR data.

Another important aspect of the SCR process is the transient supply of reagents, which is

widely used for the determination of the reaction mechanism > ® and also to substantially increase
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NO, conversion over Fe-zeolites *°. In this respect, additional time-resolved studies under
transient NH3 supply were performed on Fe and Cu samples. The evolution of Fe oxidation state
in different parts of the microreactor during removal of ammonia from the SCR feed at 255 °C
on 0.84%Fe-BEA catalyst is presented in Fig. 10. With NH; in the feed the usual gradient of the
Fe oxidation state along the catalyst bed has been observed with more reduced iron species
towards the beginning and more oxidized sites towards the end. After turning off the ammonia
supply (60 s and some induction period due to the “dead volume” of the setup) the expected
increase in the NOy conversion was observed " > ® ** (Fig. 10, bottom) accompanied by the
oxidation of the Fe sites at the inlet of the catalyst bed. Along with the oxidation of the Fe sites at
the inlet of the catalyst bed a mild reduction occurs for the Fe sites located at the middle of the
catalyst bed later also followed by oxidation. The intermediate reduction is even more visible at
the end of the catalyst bed. This demonstrates the storage of ammonia at the Brgnsted sites of the
zeolite and moreover indicates a spillover of the stored NHj; to iron sites with further reaction
there. This occurs particularly if sufficient amount of NO becomes available at the probed part of
the catalyst bed (NO is not consumed in an upward region of the catalyst bed) and at the same
time there is no excess of NHj to inhibit SCR. Consequently, the generation of the Fe*" sites due
to the SCR is accelerated at these catalyst bed positions. After depletion of the stored ammonia
along the catalyst bed all zones become fully oxidized (Fe>") and NOx removal fully stops with

approx. 20% NO being converted to NO,.
Discussion. Spatially and time-resolved XAS investigations of different metal-exchanged

zeolites catalyzing NOy removal uncovered a pronounced variation of the oxidation state (the

formation of Fe*" and Cu”) and coordination number at the Fe or Cu metal sites in the catalyst
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bed during NH; oxidation and SCR. A strong dependency of the oxidation state gradients on
temperature and NH; supply was demonstrated. These effects have been neglected in most of the
previous studies by IR, UV-Vis, XAS and EPR although the presence of concentration gradients
is known and have been recently measured by Spaci-MS and Spaci-FTIR '*. Furthermore, the
reduction of Fe'* to Fe*" during NO oxidation or due to the SCR and the inhibition effect of NH;
during the standard and fast SCR reactions over Fe-zeolite SCR catalysts has been intensively
discussed by several research groups > * .

Based on the results reported here, the associated catalytic data and previously published
studies we can interpret the oxidation state gradients observed during NH; oxidation, the SCR
process but not during the NO oxidation reaction as follows. The variation of the oxidation state
along the catalyst bed seems to be a result of several processes including NH; adsorption and
inhibition, NHj3 oxidation and NOy reduction by NHj at the Fe sites. The same behavior was
uncovered for Cu-SAPO-34 except the NH; inhibition effect. Under NO and O, the iron and
copper sites are maintained in an oxidized state which could be due to the lower reaction rate of
this process but also to the fast reoxidation in the absence of NHj.

Below 250°C the blockage of the Fe*™ by adsorbed ammonia leads to the limited SCR activity
of such catalysts as compared to the Cu-SAPO-34 or in general to the Cu-exchanged zeotype
catalysts. This effect is very pronounced at the inlet of the catalyst bed. At higher temperatures
(>250°C) which correspond to higher reaction rates an increase of the overall Fe* and Cu”
formation was evidenced, in the case of iron-zeolites the amount being strongly influenced by
NH3; concentration. Moreover, the degree of Fe and Cu reduction is higher under SCR conditions

relative to NHs oxidation.
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These results suggest the formation of Fe*" and Cu” as a consequence of the reaction between
the adsorbed NHy and NOy on iron and copper sites as schematically shown in Scheme 1 and
which fits well to the mechanism suggested by Metkar and co-authors °. This might further
explain the decrease of the coordination number of Fe*" sites (Figs. 3b and 6) as a consequence
of the reaction of NH; and HONO at the iron site with associated electron transfer including
desorption of nitrogen leaving lower coordinated Fe*". Whereas Metkar et al. ° suggest oxidation
of NO over metal sites to be the rate-determining step, Ruggeri et al. ° name reoxidation of Fe*"
to Fe’* the slow step. The latter hypothesis is in agreement with our data e.g. evidenced by the
abundance of Fe’" in the active zone (see also Scheme 1).The intermediate species proposed in
the mechanism scheme as resulting from NO and ammonia adsorption/reaction as well as the
process steps were deduces considering the applied reaction conditions (e.g. gas mixture,
temperature), the catalytic performance and XAS results but also in the light of previous
theoretical (see e.g. **) and experimental studies * ~ ® ** ** on similar Fe- and Cu-based SCR
catalysts. However, their formation and also the mechanism steps need to be further elucidated in

future by complementary techniques (e.g. X-ray emission spectroscopy).

Scheme 1. Suggested scheme for SCR of NOy by NH3 over metal-zeolites (on the example of
Fe) as deduced from the present operando XAS data (NH; adsorption and spillover on the zeolite
are not shown). Only ligands relevant for SCR are shown as there are always additional H,O and

NHj; ligands completing the Fe coordination sphere.
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Furthermore, the suggested scheme describes the origin of the ammonia inhibition named by
many authors > °, i.e. the adsorption of NH; on Fe which does not leave any coordination site for
the subsequent NO adsorption at low temperature (NH; blockage). Below 250°C, this
phenomenon makes those sites inaccessible for further SCR reaction hindering the overall
process before Fe reduction stage. In good agreement with the experimental results, this leads to
a higher averaged Fe oxidation state in the NHs-inhibited zone. Noteworthy, more oxidized inlet
zone at low temperatures (Fig. 7) was not seen for Cu-SAPO-34 which corresponds well to the
kinetic studies in literature which do not find an NHj; inhibition effect for Cu zeolites 39,

The detrimental effects of higher NHj3 concentrations has also been identified at higher
temperatures but in this case the adsorbed NHj stabilizes the Fe®* sites at the beginning of the

catalyst bed (blockage) and inhibits the reoxidation of Fe** to Fe’" for the following catalyst
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zones. Due to the higher reaction rate at these temperatures, this effect could not be observed in
the overall catalyst performance.

Note that XAS uncovered only the formation and stabilization of Fe*" and Cu" sites and the
stabilization of Fe’" at low temperatures which are indicators of SCR and NHj inhibition,
respectively. Other parts of the scheme still require further experimental proof. Besides, the
existence of the depicted species may also depend on the actual conditions, e.g. NO may react
from the adsorbed state at low temperature ** and approach NH, from the gas phase at high
temperature °°, furthermore, the sequence of NH; and NOy adsorption on Fe and Cu sites may

change depending on the temperature and gas concentrations.

IV. CONCLUSIONS

The state and distribution of Fe*" and Cu" sites in a zeolite matrix were, to our knowledge for
the first time, characterized along the catalyst bed with analysis of gaseous reaction products
under real SCR catalyst testing conditions, i.e. plug-flow reactor, relevant GHSVs and the
presence of water. Moreover, this was done in a spatially- and time-resolved way as it is
normally done for gaseous products using Spaci-MS or Spaci-FTIR, which allows to treat active
sites as ordinary reaction products and use them as additional input parameters during modeling.

We have shown that the results and consequently the interpretation of the in-situ and operando
XAS measurements on metal-containing zeolites during SCR and NHj oxidation strongly depend
on the part of the catalyst bed being probed. By combining spatially- and time-resolved XAS
with an on-line gas analysis we were able to identify and describe catalyst zones with high SCR
activity, NHs-inhibited zones and zones without SCR (e.g. due to the consumption of reagents)

depending on the reaction temperature, gas flow and composition. And though averaged changes
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of the catalyst bed under changing conditions were previously described by XAS, the knowledge
of the trends is not less important. As an example, we have described two trends influencing the
oxidation state of Fe: (i) SCR during which Fe’" is reduced to Fe*" leading to more reduced
catalyst bed zones (Fig. 4a) and (ii) NH3 inhibition which hinders the SCR process by blocking
Fe’* and stabilizing the Fe** species between 250 — 350°C and by blocking the Fe* sites at lower
temperatures. Such information cannot be derived by techniques that provide integral data on the
whole catalyst bed.

The obtained results allowed us to propose several mechanistic conclusions and to draw a
modified SCR mechanism. This information is of tremendous importance for designing future
automotive catalysts and for microkinetic description and system modeling of the aftertreatment
system, including appropriate control algorithms, and need to be elucidated by further

complementary spatially resolved in-situ techniques.
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