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ABSTRACT: Various solid Cu-containing catalysts were prepared. Their
performance in the selective catalytic reduction of NO, using propene as
reducing agent from 150 to 450 °C in an O,-rich model exhaust gas in the
presence of water vapor was investigated. This research aimed at the
development of a catalytic NO, to N, (DeNO,) step to be part of a ship
diesel exhaust abatement system in combination with other techniques,
such as nonthermal plasma. Among the catalysts tested, Cu on zeolite Y
with an optimized load of 16 wt % (denoted as 16Cu/Y) displayed excellent
DeNO,, activity with highest selectivity toward N, at 290 °C. The influence
of other variables, such as Cu load, calcination temperature, feed
composition, and GHSV on the performance of 16Cu/Y was studied, as
well. The highest N, yield of 98% was achieved using 2000 ppm of propene
in the gas feed. The presence of O, proved to be a crucial factor for
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promoting the selective reduction of NO, with C;Hg over this catalyst. On the other hand, the presence of water in the feed
decreased NO, to N, conversion. However, the catalyst showed excellent stability over 120 h, even at high water concentration,
and also after repeated heating from ambient temperature to 450 °C, and it was reusable after downtimes without remarkable loss
in activity. The nature of the Cu species was studied by XPS, XRD, and TPR experiments.
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1. INTRODUCTION

Nitrogen oxides (NO,) from automobile exhaust gases and
industrial combustion of fossil fuels are a major source of air
pollution because they cause acid rain, photochemical smog,
and ozone depletion.' > Nowadays, marine diesel engines
contribute significantly to NO, emissions. Legislation is
expected to set lower NO, emission limits by 2016, and ship
owners will be forced to take measures accordingly.* The
conversion of NO, to N, (DeNO,) thus is a very important
and challenging process in environmental catalysis. Despite the
thermodynamic instability of NO and NO,, the NO,
decomposition is kinetically unfavorable, implying that efficient
catalysts are necessary to eliminate NO,.>~ However, in the
lean exhaust of fuel-efficient engines (large excess of oxygen),
NO,, cannot be reduced efficiently with a conventional three-
way catalyst.

There are currently three main alternative catalyst concepts
for lean exhaust NO, reduction: (i) lean NO, trap (LNT), (ii)
ammonia-assisted selective catalytic reduction (NH;-SCR), and
(iti) hydrocarbon-assisted selective catalytic reduction (HC-
SCR). LNT catalysts, also known as NO,, storage and reduction
catalysts (NSR), generally contain Pt as the active component
(e.g, Pt/BaO/AlL,0;) and operate alternatively under lean and
rich fuel conditions.”®® During the lean fuel period, when O, is
in excess, NO is oxidized into a NO, mixture (NO + NO,) over
the active Pt centers and is then adsorbed (stored) on Ba
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surface species as various species (nitrite, nitrate). Before an
unacceptable amount of NO,, passes the catalyst due to surface
saturation, the motor management switches to rich fuel
conditions for a short period during which the stored NO, is
released and reduced into N, over Pt.'’ Different types of
reducing agents, such as hydrocarbons, CO, and H,, have been
used in NSR catalyst studies,'* and H, has been found to be the
most effective. NH;-SCR takes advantage of the high reduction
efficiency of NH; and allows continuous operation, and this
technology has been developed to market. Although NH;
effectively reduces NO,,'>™' some aspects, such as storage
technologies, transportation/leakage, and corrosion, need
further improvement. HC-SCR is advantageous with regard
to engine integration because hydrocarbons can be easily added
to the diesel exhaust by in-cylinder postinjection or in-exhaust
secondary injection. Among different hydrocarbons, propene
was found to be a good reducing agent for SCR of NO,.'77*
Compared with other hydrocarbons; propene might allow
extending the operation range to lower temperatures as a result
of its higher reactivity. This would make the DeNO,, step more
flexible to cope with changing engine loads.
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Table 1. Textural Properties of Unsupported Zeolites and the Prepared Supported Cu Catalysts

Cu load Cu/Al ratio BET surface area
catalyst (wt %) (mol/mol) (m*/g)
NH,-Y* 950.9
H-Y* 521
4Cu/Y 4.06 0.19 679
10Cu/Y 9.75 0.43 667
16Cu/Y 15.89 0.72 686
H-ZSM-5° 409
19Cu/ZSM-5 18.52 2.65 328
NH,-MOR* 508
19Cu/MOR 19.42 2.44 417
H-Beta” 623
19Cu/Beta 19.10 2.48 482

av pore diameter

total pore vol micropore vol micropore area

(nm) (cm’/g) (em’/g) (m’/g)
1.7 0.41 0.34 888
1.7 0.22 0.18 473
1.7 0.30 0.25 647
1.7 0.33 0.29 652
1.6 0.29 0.25 660
3.6 0.37 0.11 253
4.1 0.37 0.08 175
2.9 0.23 0.19 485
2.3 0.24 0.14 346
4.8 0.39 0.29 586
2.5 0.30 0.15 340

“Si/Al ratio of parent NH,—Y = 2.3 (calculated from elemental analysis data); SiO,/Al, O ratios of parent H-ZSM-S = 34.0, NH,-MOR = 20.5, H-
Beta = 25.0—60.0, respectively (supplied from Zeochem AG and ZEOLYST C.V.). “H—Y is the calcination product of NH,—=Y at 400 °C/3 h.

Noble metals supported on oxides have already been
commercialized as three-way catalysts; however, the scarcity
and relatively high price of noble metals (e.g, Pt, Rh, Pd) limit
their practical application. Various oxide supports, such as ZrO,
and Al,O;, which were promoted by Co, Nj, etc., have been
studied for DeNO, with hydrocarbons.”* >’ However, many of
these catalysts deactivate in the presence of water vapor.”®
Beyond that, zeolite-based catalysts such as ZSM-S, Y, and Beta
types have received attention for applicability in HC-SCR of
NO, as a result of their high activity within a wide temperature
window.”* 7" In expensive transition metals (e.g,, Fe, Co, Cu)
embedded in a zeolite matrix show higher catalytic activity and
selectivity in DeNO, than the parent zeolites.>*~*

The first catalyst that was found to have a good hydrocarbon-
assisted NO, reduction capability under oxygen-rich conditions
was Cu/ZSM-5.>% In recent years, Cu-zeolite catalysts have
been extensively studied for the DeNO, reaction because of
their low cost, durability, and low-temperature activity.””*
Catalysts containing highly dispersed CuO on a variety of
supports have demonstrated competitive levels of activity,
stability, and durability under simulated operating conditions.*”
There is evidence that isolated copper ions are the active sites
for the HC-SCR, and small CuO crystallites can accelerate the
direct oxidation of hydrocarbons.***® Moreover, because of the
interaction between the supports and the active metal species,
the properties of the active components often differ from those
of the corresponding bulk metal oxides. Therefore, the catalytic
properties of the active copper phase can be greatly influenced
by the dispersion of copper species and the nature of the
support.49’50 However, because a large amount of water vapor is
present in engine exhaust, its effect on the catalyst activity must
be taken into account. Cu-ZSM-5, which is the most extensively
studied catalyst for the SCR of NO, by hydrocarbons, suffers
from rapid and severe deactivation by exposure to a low
concentration of water Vapor.51

The present work describes results from a project entitled
“Plasma-based catalytic treatment of exhaust emissions of
marine diesel engines”, which is a part of the international
research program MARTEC ERA-NET.*” It addresses novel
plasma-based catalytic technologies for the reduction of
pollution from marine shipping diesel engines and involves
developing a demonstration reactor to operate in the real
exhaust gas from a ship’s diesel engine (Sulzer 6A20/24 driven
with ultralow sulfur diesel of 0.001% sulfur). Together with the
introduction of sulfur emission control areas (SECAs) by the
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International Maritime Organization of the United Nations,*
the tendency worldwide goes to lower the sulfur content of the
marine fuels, and therefore, SO, was excluded in the studies
described here. Such nonthermal plasma technologies in direct
combination with a unique catalyst will be investigated to reveal
new technology for future exhaust treatment. The typical
operation conditions of low-speed marine diesel engines is
lower (below 400 °C) than for automotive engines (500—600
°C). This lowers the hydrothermal stress on solid catalysts.

Recent studies proved that the maximum of NO oxidation
efficiency by means of plasma treatment of the exhaust gas is
independent of the NO/NO, ratio, and up to 55% of the NO
was oxidized to mainly NO,>*** The effect of plasma
treatment (i.e., the energy consumption for NO—NO,
conversion) was significantly improved by the addition of
propene because additional oxidizing radicals are generated.
Since the effect of plasma at relevant energy needs is somewhat
restricted to NO to NO, oxidation and additional process for
NO,-removal is needed. The aim of the present work was to
investigate a catalytic process utilizing propene as the reducing
agent that can be combined with plasma activity in a
subsequent step. Therefore, a series of Cu/Y catalysts with
various Cu loadings were prepared and evaluated in the
selective catalytic reduction of a model off-gas containing NO,,
water vapor, and O, in excess from 150 to 450 °C with propene
as reducing agent.

The effect of catalyst features (Cu loading and calcination
temperature) and reaction conditions (concentration of NO,,
0,, H,0, C3Hj in the feed; GHSV) on the NO, reduction were
investigated thoroughly. With regard to application and, in
particular, to resistance to changing reaction conditions, the
long-term stability of the best-performing catalyst was
investigated, and various engine loads were simulated. Nitrogen
physical sorption (BET), elemental analysis (ICP-OES),
temperature-programmed reduction (TPR), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS) were
employed to characterize the prepared catalysts. The catalysts
are planned to be finally supported on macroscopic structures
such as ceramic honeycombs or metal grids for applications in
abatement of NO, in ship diesel exhausts.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The Cu/Y zeolite catalysts were
prepared by incipient wetness impregnation of a zeolite Y in
ammonium form (Sigma-Aldrich, Si/Al molar ratio = 2.3) with
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Figure 1. Flow scheme of the continuous setup.
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an aqueous solution of Cu(NO;),-3H,0. The amount of
solution and concentration of Cu were appropriately chosen to
achieve a complete wetness of the zeolite powder. The samples
were dried at 120 °C overnight, followed by calcination at 400
°C in a mufile under air for 2 h. Discussed samples will be
designated as xCu/Y where x represents the copper content as
weight percent (exact values as determined by ICP-OES are
listed in Table 1). Other zeolites, such as H-Beta (ZEOCAT
PB) and H-ZSM-S (ZEOCAT PZ-2/2S), were supplied from
Zeochem AG (Uetikon), whereas mordenite NH,-MOR (CBV
20A) was supplied by ZEOLYST C.V. Cu-containing catalysts
based on these zeolites are denoted in the same way as
described above for Cu/Y solids.

To realize a first application test with a real diesel engine, a
lot of 10 kg of a calcined 16Cu/Y catalyst powder was prepared.
In a second step, this material was mixed in an aqueous slurry
with an ethanolic solution of a suited binder (hydroxypro-
pylcellullose, MW 100 000 Da) and then impregnated onto 24
commercial monoliths (porous cordierite (Rauschert Veilsdorf
GmbH, Germany), 150 X 150 X 150 mm®). The entire
honeycomb body has 41 X 41 channels, and each channel has a
square cross section of 3.2 X 3.2 mm’.

2.2. Catalyst Characterization Methods. N,-adsorption
capacities, calculated as specific surface areas, cumulative pore
volumes, average pore diameters, micropore volumes, and
micropore areas of the catalysts and supports were determined
by N, sorption at =196 °C on a Micromeritics ASAP 2010C
analyzer. Samples were degassed at 400 °C for 3 h under
vacuum before measurement.

The X-ray diffraction measurements were carried out on a
STADI P automated transmission diffractometer (STOE
Darmstadt, Germany) using Cu Ka, radiation (1 = 0.15406
nm) and a 6° linear position-sensitive detector. The alignment
was checked by use of a silicon standard. The data were
collected in the 20 range from S to 70° with a step size of 0.5°
and 50 s measurement time per step. The phase composition of
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the samples was determined using the program suite
WINXPow by STOE with inclusion of the Powder Diffraction
File PDF2 of the ICDD (International Centre of Diffraction
Data).

The H,-TPR experiments were performed using a home-
made gas flow system, including a fixed-bed quartz reactor and
a gas analyzer unit. Optimum sample weights for the chosen
reduction conditions were estimated according to the equation
by Monti and Baiker.>> Hydrogen consumption was monitored
by a calibrated thermal conductivity detector (GOW-MAC
Instruments), and the peak areas were integrated for
quantitative analysis.*® Before analysis, the samples were heated
in a synthetic air flow (50 mL/min) from 25 to 400 °C (rate =
2 K/min; final hold, 2 h), followed by cooling to 50 °C in a dry
nitrogen flow. The experiment comprised two reduction steps
with an intermediate reoxidation. First, TPR was carried out
with 5.15% of H, in Ar (15 mL/min) at a heating rate of 10 K/
min to 550 °C, then a reoxidation step with 10 vol % of N,O in
He (30 mL/min) over 30 min at SO °C was appended to
oxidize Cu® to Cu'* at mild conditions. Afterward, the TPR
procedure was repeated (oxidized surface TPR, denoted as s-
TPR®’) to reduce Cu'* back to Cu’.

The XPS measurements were performed with a VG Escalab
220iXL (ThermoFisher) using Al Ka radiation (E = 1486.6
eV). The spectra were referred to the C s peak at 284.8 eV.
The electron binding energies and the peak areas were
determined by fitting the peaks with Gaussian—Lorentzian
curves using the program suite Unifit 2010. The concentrations
of the elements in the near-surface region were obtained after
division by the element-specific Scofield factors and the
transmission function of the spectrometer.

2.3. Catalyst Testing. The evaluation of various catalysts in
selective catalytic reduction of NO, by propene was performed
continuously at atmospheric pressure in a fixed-bed quartz
microreactor (Figure 1) with an inner diameter of 6 mm.
Typically, 0.1 g (0.15 cm®) of catalyst (0.315—0.710 mm) was
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placed in the reactor and pretreated with the reaction feed gas
at 150 °C for 30 min. In the first stage of this study, a short-
time test protocol was applied to test several catalysts and to
elucidate the impact of important reaction parameters. The
catalyst performance was studied between 150 and 450 °C at a
rate of 2 K/min, which means that the catalyst was in
nonsteady operation mode. In such a standard test, the nominal
feed gas composition is as follows: 1000 ppm of NO,, 1000
ppm of C;Hy, 12% of O,, 5% of H,O, and He as the balance.
Because of the inlet temperature and chemical equilibrium, part
of the NO was converted into NO, prior to entering the
reactor, and therefore, the feed typically contained 850 ppm of
NO and 90 ppm of NO,. This was considered when calculating
conversion and yield. Water was added to the feed by passing
helium through a saturator with deionized water at known
temperature. The flows were controlled by mass flow meters
(MKS). In all the tests (except studies on the GHSV effect), the
total feed flow rate was 120 mL/min, corresponding to a space
velocity of ~47 000 h™". Continuous analysis of NO and NO,
was accomplished by a three-channel multigas sensor (Limas
11HW, ABB, Germany). Simultaneously, additional online
analyses were made using a gas chromatograph (HP 6890)
equipped with a TCD detector (sampling interval 10 min). A
molecular sieve SA capillary column served for the separation of
H,, N,, O,, and a Porapak Q capillary column for analysis of
N,O, CO,, and C;H. Conversions of NO, NO,, and C;H as
well as the N, yield were calculated as follows:

X(NO) = ([NOJ, = [NO],y0)/ [N, X 100%

inlet
(1)
X(Nox) = ([Nox]inlet - [Nox]outlet)/[NOx]inlet X 100%
2)
X(C3H6) = ([C3H6:|inlet - [C3H6]outlet)/[C3H6]inlet
X 100% (©)
Y(N,) = 0.5 X [N,]/[NO],,.. X 100% 4)

Conversion of NO passes a maximum with temperature as a
result of limitation by available C;H amount. The correspond-
ing temperature is further labeled as T,,. The formation of
N,O was found to be negligible (<10 ppm) at any temperature,
and for this reason, this product will not be further discussed in
the present study. Blank experiments were performed with the
empty reactor and did not show any measurable NO, reduction
in the investigated temperature range. Similarly, no significant
C;H, oxidation was observed below 350 °C. Tests by replacing
helium with N, as the balance proved that NO,, formation from
N, (as present in real off-gas) could be excluded in the presence
of catalysts at chosen conditions.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Prepared Cu/Y Catalysts.
3.1.1. N, Sorption. The textural properties of the solid samples
are summarized in Table 1. N, sorption isotherms are of type I,
according to IUPAC nomenclature, confirming the micro-
porous nature of all the samples.*® The calculated specific BET
surface areas and the pore volumes decreased by adding Cu to
the NH,-Y support. Calcination of NH,-Y forms HY and
produces acid sites, and simultaneously, the BET surface area
drops. Rehydration of H-Y inevitably leads to partial disruption
of the framework, which might be reduced by the introduction
of copper.
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On the other hand, no significant difference in the surface
areas of the Cu/Y catalysts can be observed. The data
confirmed that the sorption capacities of the zeolites did not
change with different Cu loadings, and therefore, no extensive
pore plugging or deterioration of the zeolite Y structure had
occurred during sample preparation, which is also demon-
strated by the XRD patterns (section 3.1.2). The catalysts
prepared from other zeolites, that is, 19Cu/ZSM-S, 19Cu/
MOR, and 19Cu/Beta, possessed significantly lower surface
areas (328—482 m’/g) as well as larger pore diameters (2.3—
4.1 nm) compared with Cu/Y samples (1.6—1.7 nm).

3.1.2. X-ray Diffraction. Crystallinity and phase composition
of the NH,-Y zeolite and the Cu-containing catalysts made
thereof were analyzed by XRD, and the diffraction patterns are
shown in Figure 2. The relative intensities of reflections change
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Figure 2. XRD patterns of (a) NH,-Y, (b) 4Cu/Y, (c) 10Cu/Y, (d)
16Cu/Y and (e) spent 16Cu/Y.

due to the amount of Cu loading on the catalyst surface. Two
intense reflections corresponding to CuO (26 = 35.3°, 38.6°)
are clearly visible for the 16Cu/Y catalyst, which is in
agreement with the XPS results (section 3.1.4). The absence
of these reflections in 10Cu/Y and 4Cu/Y catalysts points to
the formation of finely dispersed CuO species on the zeolite
supports that cannot be detected by this technique. At the same
time, no reflections pointing to Cu,O species were observed in
all the Cu/Y catalysts studied. Most important, the phase
composition of the 16Cu/Y catalyst did not change after use in
DeNO, reaction, indicating that the catalyst structure is stable
under these conditions. In addition, a more in-depth
investigation of the XRD patterns of fresh and spent 16Cu/Y
samples shows a slight decrease in the sample crystallinity;
however, the intensities of CuO reflections in both samples are
more or less equal. Metallic Cu was not detected by XRD in the
fresh and spent samples.

3.1.3. Temperature-Programmed Reduction. The reduc-
ibility of Cu®" is a function of both the nature of the support
and the dispersion of the active phase and is linked to several
reduction steps (eqs 5—7):

Cu,0 + H, - 2Cu + H,0 (5)
CuO + H, —» Cu + H,0 6)
2Cu0O + H, — Cu,0 + H,0 7)

dx.doi.org/10.1021/cs500348b | ACS Catal. 2014, 4, 2479—2491
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The theoretical amount of H, consumption expected for a
complete reduction of Cu** to metallic Cu’ (n — m = 2) or to
Cu" (n — m = 1) can be calculated according to eq 8:

Cu™ + (n — m)/2H, & Cu"* + (n — m)H",

with0 <n<m

(8)

The calcined 16Cu/Y sample showed a change in oxidation
state, n — m = 1.33 (atom ratio H/Cu), calculated from Table 2

Table 2. Quantitative TPR Results Obtained on (x)Cu/Y
and (x)Cu/Y-(act.) Catalysts

measurement parameter 4Cu/Y 10Cu/Y 16Cu/Y
ICP analysis  Cu fraction in calcined sample ~ 4.06 9.75 15.80
(wt %)
specific Cu content (mmol/g)  0.64 1.53 2.49
TPR H, consumption (mmol/g) 0.3 0.633 1.652
1
s-TPR H, consumption (mmol/g) 0.03 0.04 0.09
exposed surface Cu’ 0.06 0.08 0.18
mmol/g)*
TPR-(Ar) H, consumption (mmol/g) 0.3 0.497 1.154
(hy)
s-TPR-(Ar)  H, consumption (mmol H,/ 0.03 nd.? 0.11
8
exposed surface Cu’ 0.06 n.d.? 0.22
(mmol/g)“
evaluation portion of weakly stabilized 0 0215 0.301
Cu? = (h; — hy)/hy
H, (mmol/g) consumed by 0.639 1.535 2.488
Cu® to Cu®?
H, (mmol/g) consumed by 0.320 0.768 1.244

Cu*" to Cu* €

“According to reaction (S). bAccording to reaction (6). “According to
reaction (7). “Not determined.

during first TPR, pointing at the formation of Cu'/Cu’.
Therefore, mostlgf Cu’* and Cu' were present in the original
calcined sample.”” The reduction depth was less pronounced
for 4Cu/Y and 10Cu/Y (n — m = 0.94 and 0.82). Obviously the
catalyst reducibility increased with Cu loading, which might
help to improve the DeNO, activity (section 3.2).

The catalyst 4Cu/Y exhibited a single reduction peak at 335
°C (Tpy in NO, reduction = 330 °C; section 3.2.4). By
increasing the Cu content to 16 wt %, two new reduction peaks
below 300 °C (T,,,, in NO, reduction = 290 °C; section 3.2.4)
and a shoulder around 335 °C appeared. According to the
literature,®° the reduction peaks in this low-temperature range
can be assigned to the Cu**-to-Cu* reduction step (eq 7). The
reduction peaks at 335 °C could be assigned to the reduction of
Cu®* to Cu inside supercages of faujasite zeolites, whereas
those below 300 °C represent the reduction of Cu** to Cu’
inside sodalite cages. In addition, the s-TPR results for the three
catalysts revealed only small amounts of Cu’ (Table 2, entry 3).

To show the importance of O, for the pretreatment at 600
°C on the redox behavior of such Cu catalysts, the TPR profiles
were compared with that of a separate pretreatment experiment
using Ar (denominated as TPR-(Ar)). The H, consumption
during TPR of Cu/Y and Cu/Y-(Ar) samples in dependence
on the Cu content is shown in Table 2. After Ar pretreatment,
the H, consumption of all Cu/Y samples showed smaller n — m
values around 1. Such pretreatment conditions are less suited
for preparation of catalysts for DeNO,.

3.1.4. X-ray Photoelectron Spectroscopy. To identify the
Cu species on the surface of the Cu-exchanged zeolites, the
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catalysts were studied by XPS (Figure 3). The spectra of all the
Cu/Y catalysts showed main signals at 932—933 and 952—953

2.2
{16CuY

110Cu/Y

Intensity, a.u.

4CulY

T T T 1
950 940 930 920

Electron Binding Energy / eV

970 960

Figure 3. XP spectra of fresh 4Cu/Y, 10Cu/Y, and 16Cu/Y catalysts.

eV, which were assigned to Cu 2p;/, and Cu 2p,,, states,
respectively. In general, they might be related to Cu®" species.
For the 10Cu/Y and 16Cu/Y samples with high Cu load,
additional satellite signals at 941 and 962 eV evidence the
presence of CuO. Furthermore, the main Cu 2p;/, and Cu
2py), signals of the 10Cu/Y and 16Cu/Y samples can be
deconvoluted into two signals, which are assigned to the
presence of two different Cu®** species. The Cu 2p;, signal
revealed two peaks at 932.5 eV (~85%) and 935.3 eV (~15%)
for 16Cu/Y and at 932.5 eV (~90%) and 935.6 eV (~10%) for
10Cu/Y catalyst. The more intense signal can be assigned to
CuO, and the smaller shoulderlike signal points, to intracrystal-
line Cu®" species existing as a result of Cu®" coordination to
surface oxygen atoms in the structure of the zeolites.’”*> In
addition, the shoulderlike smaller peaks in the Cu 2p;,, and Cu
2p;/, main signals recorded for 10Cu/Y and 16Cu/Y were
observed at slightly higher binding energies than that typical for
CuO (933.8 and 953.7 €V),**** which might be attributed to
the effect of the zeolite framework.”® This finding is in
agreement with the XRD data for 16Cu/Y showing CuO
signals. However, no such CuO reflections were found for
10Cu/Y, because very small particles cannot be detected by
XRD. The absence of the satellites in the XP spectrum of 4Cu/
Y indicates the absence of CuO species.;.éﬁ’67 however, there can
be some CuO, but it could not be detected either by XRD or by
XPS; probably there is some X-ray amorphous CuO in deeper
layers. Therefore, the peak in the spectrum of the 4Cu/Y
sample might be due to the presence of intracrystalline Cu**
species only. Other Cu species like Cu* or Cu’ were not
detected.

The XP spectra of the spent 16Cu/Y catalysts show the same
main features as the fresh ones, with some slight differences (SI,
Figure S1). The main Cu 2p;,, and Cu 2p,,, signals were
observed at nearly the same binding energy as in the fresh one.
The recorded shift by 2—3 eV indicates structural changes
rather than the formation of new Cu®* species. The shoulders
in these signals vanished almost completely, whereas the
satellite signals seem to be more intensive than in the fresh
sample, suggesting that CuO species are now predominant. In
contrast to that, XPS data for the spent sample 10Cu/Y still
reveal the presence of probably intraframework Cu®* species

dx.doi.org/10.1021/cs500348b | ACS Catal. 2014, 4, 2479—2491
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along with CuO. Obviously, the higher the Cu load in the
catalyst, the easier CuO species can form. Such formation of
CuO might be linked to the increase in the average oxidation
state of the working catalyst, most likely by NO,, which is the
stronger oxidant.

3.2. Activity Tests. The main goal of the SCR reaction is
the reduction of NO, toward N, in the presence of excess O,,
accompanied by simultaneous oxidation of the reducing agent.
The following reactions contribute to the overall process:*®

NO + C;Hg4 + 40, — 0.5N, + 3CO, + 3H,0 (9)
2NO + C;H¢ + 40, — N,O + 3CO, + 3H,0 (10)
C;Hg + 4.50, — 3CO, + 3H,0 (11)

NO can be reduced completely to N, (eq 9) or reacts partly
toward N,O (eq 10). The latter can be neglected in our
reaction system because N,O concentrations were less than 10
ppm.

3.2.1. Catalyst Efficiency. With 16Cu/Y catalyst in excess of
O,, propene was oxidized to CO, (eq 11), and no other
oxygenates were detected via GC. Figure 4ab shows the
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C3H, (b) (1000 ppm of NO,, 1000 ppm of C3Hy, 12 vol % O,, 5 vol %
H,O, He as balance, 0.1 g catalyst, GHSV = 47 000 ).

conversions of NO and propene in the presence and absence of
16Cu/Y catalyst, respectively. In the blank experiment with
1000 ppm of NO,, 1000 ppm of propene, H,O, and excess O,
without catalyst, NO and C;Hg were poorly converted below
350 °C. In the presence of 16Cu/Y, the ignition point for
propene oxidation was around 150 °C, whereas no remarkable
NO, conversion was observed below 200 °C. Regarding the
possible role of intermediates from propene oxidation in NO,
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conversion, the observed sequence in activation of reactants on
this catalyst would be beneficial because NO, conversion at low
temperatures is not limited by availability of reducing species.
The catalyst extends the operation range for oxidation of NO to
NO, down to 200 °C, where no homogeneous reaction takes
place.

The maximum NO conversion of 73% was reached at 290
°C, corresponding to 100% C;H¢ oxidation. At higher
temperatures (330—350 °C), the NO conversion decreased
as a result of the complete consumption of C;Hg as the rate of
concurrent deep oxidation (eq 11) increased with temperature
at the cost of NO reduction.

Figure S illustrates that 16Cu/Y was also able to convert
NO, immediately to N, with very high selectivity, even under
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Figure S. Effect of temperature on the NO, concentrations and
conversion over 16Cu/Y (1000 ppm of NO,, 1000 ppm of C;H,, 12
vol % O,, 5 vol % H,0O, He as balance, 0.1 g catalyst, GHSV = 47 000
h™h).

O, excess. In the optimum temperature range, around 290 °C
(lowest NO concentration), a sharp decrease in the total NO,
concentration by 73% comes along with the formation of N, as
proved by simultaneous GC analysis.

With further temperature increase, the rate of C;H, oxidation
seemed to outnumber NO oxidation and consecutive NO,
decomposition rates, and because no C;Hy was left, the
concentration of NO, fell back to inlet concentration. However,
as a result of thermodynamic equilibrium, the ratio of NO and
NO, was then close to equity.

3.2.2. Effect of Support Nature on NO, Reduction over
Different Cu Zeolites. Figure 6 illustrates the performance of
catalysts with 16 wt % Cu loading supported on different
zeolites in C3H¢-SCR. All catalysts show a first maximum in
NO to N, conversion at 270—310 °C. A second local maximum
in NO conversion due to the formation of NO, by
homogeneous reaction, which sometimes exceeded the first
one, was observed at 370—390 °C. According to the applied
temperature program with a continuous heating rate from 150
to 450 °C, the data were collected at nonsteady operation
mode. Thus, reported temperature data for maximum
conversions may include a slight temperature offset. Simulta-
neously, NO, may be converted into nitrites and nitrates on the
catalyst surface,” = and such effects may pretend NO
conversion until surface saturation is reached. Additional
experiments proved that such a storage effect was partly
reversible on Cu zeolites because a temperature increase first

dx.doi.org/10.1021/cs500348b | ACS Catal. 2014, 4, 2479—2491
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led to a strong release of NO, until a new equilibrium was
established. These effects were not relevant in long-term runs
(section 3.2.9); however, the described test procedure was
suitable for providing quick and meaningful data, allowing
evaluation of catalyst performance in DeNO, reaction and
influence of reaction parameters.

Among all catalysts studied, 16Cu/Y showed the highest
activity at the lowest T,,,,. The order of activities in T, was
16Cu/Y > 19Cu/Beta > 19Cu/ZSM-S > 19Cu/MOR (Table
3). The catalyst activity seems to correlate with the specific

Table 3. Performance of 16Cu/Zeolites in C;H,-SCR at T,

Cu load N, yield (%) NO conversion (%)
catalyst (wt %) Toax) (Tax
16Cu/Y 15.89 73.0 (290 °C) 67.3 (370 °C)
19Cu/Beta 19.10 632 (310 °C) 61.0 (390 °C)
19Cu/ZSM-5 18.52 482 (310 °C) 61.6 (390 °C)
19Cu/MOR 19.42 28.7 (270 °C) 62.4 (370 °C)

BET surface areas rather than with the metal load (see below).
Deeper analysis shows that although the Cu load and, thus, the
specific number of Cu atoms per surface area is lowest for
16Cu/Y, this catalyst is the most active one. As a result of these
observations, more intensive studies on the best performing
16Cu/Y catalyst were carried out.

3.2.3. Effect of Calcination Temperature on the Activity of
16Cu/Y Catalyst. All catalysts described above were routinely
calcined at 400 °C. Because the 16Cu/Y catalyst showed the
highest activity, another two samples of the precursor were
submitted to calcination at 550 and 750 °C and afterward
evaluated in C;Hg-SCR. No remarkable loss in the maximum
NO conversion (~70%) was observed, and T, remained
unchanged (Figure 7). As proved by XRD analyses (not
depicted), the 16Cu/Y catalyst did not undergo severe
structural changes up to 750 °C, and optimum activity was
preserved. These results demonstrate that this catalyst
possesses high strength against thermal stress and that it is
not necessary to calcine the precursor far above the reaction
temperature.

3.2.4. Effect of Cu Loading on NO, Reduction. Without Cu
loading, the calcined form of the NH,-Y zeolite support showed
negligible activity in C;H-SCR below 350 °C. The effects of
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Figure 7. Effect of calcination temperature on activity of 16Cu/Y
catalyst in CyHg-SCR (1000 ppm of NO,, 1000 ppm of C;Hy, 12 vol
% O,, S vol % H,0, He as balance, 0.1 g catalyst, GHSV = 47 000 h™").

Cu loadings of 4, 10, and 16 wt % with increasing reaction
temperature on NO conversion compared with the blank
support are shown in Figure 8a. All catalysts were highly active,
and the Cu sites on the catalyst surface are definitely essential
for NO conversion. The Cu/Y catalysts with lower loadings
needed a higher temperature to reach significant NO
conversion. With an increase in the Cu loading from 4 to 10
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dx.doi.org/10.1021/cs500348b | ACS Catal. 2014, 4, 2479—2491



ACS Catalysis

Research Article

and 16 wt %, the conversion of NO to N, was improved from
35% to 60% and 73% at corresponding Ti,,.’s. Simultaneously,
the T,,., of NO reduction and the temperature to reach 100%
C;Hg conversion shifted from 330 to 290 °C and from 350 to
290 °C, respectively (Figure 8b). Obviously the catalytic
activity for this reaction depends not only on the catalyst BET
surface area (see above), but also on the copper loading, that is,
the amount of easily reducible Cu®*/Cu’ species (see TPR
results). As a reference, different Cu/Y samples were prepared;
calcined under argon; and finally, tested for DeNO, efficiency.
No reduction was observed for such systems, confirming that
Cu?* species such as CuO are most likely the active sites in the
catalytic removal of NO via formation of NO,.

3.2.5. Effect of C;H, Inlet Concentration on NO, Reduction
over Cu/Y Zeolites. The effect of C;Hg on the performance of
the described three Cu/Y catalysts was studied with
concentrations of 1000, 1500, and 2000 ppm, while all other
conditions were fixed: 1000 ppm of NO,, 12 vol % of O,, S vol
9% of H,O in helium as balance at GHSV = 47 000 h™. The N,
yield increased steadily upon raising the C;Hy feed concen-
tration over all the Cu catalysts (Figure 9). For the 16Cu/Y
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Figure 9. Effect of C;H¢ concentration on the performance of different
Cu/Y systems (1000 ppm of NO,, 1000—2000 ppm of C;H,, 12 vol %
0,, § vol % H,0, He as balance, Tj,,, = 290—330 °C, 0.1 g catalyst,
GHSV = 47000 h™").

catalyst, the maximum N, yield increased from 73% to 98%
when the C;Hg/NO, ratio was doubled. On the other hand,
maximum N, yields of 85% and 84% were observed when using
2000 ppm of C;Hg for 10Cu/Y and 4Cu/Y catalysts,
respectively. The complete oxidation of 2000 ppm of C;Hy
was achieved at 310 °C, whereas that of 1500 ppm of C;H, was
accomplished at 290 °C. Higher concentration of reducing
agent is beneficial to the reduction of NO,, which is in
agreement with previous research®~"" showing that increasing
the amount of C;Hy enhances the formation of intermediate
CH,O, species and thereby facilitating NO, reduction.
Another likely explanation is the formation of reduced sites
on the catalyst surface that promote reduction. However, the
process has to be optimized with regard to NO, destruction
efficiency and C3Hg costs as well as possible release of the latter
to the ambient in case of incomplete conversion (depending on
engine performance).

3.2.6. Effect of O, Concentration on NO, Reduction over
16Cu/Y Catalyst. Several studies of NO, conversion with
zeolite-based catalysts indicated that the reaction mechanism
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proceeds via the oxidation of NO to NO,.”>”* If the availability
of O, limits the NO, production, this will influence the activity
for overall NO, reduction. This was studied with the 16Cu/Y
catalyst, starting with a blank experiment (Figure 10a,b). The
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Figure 10. Effect of O, concentration on NO conversion (a) and
C;H, oxidation (b) over 16Cu/Y (1000 ppm of NO,, 1000 ppm of
C;Hg, 0—16 vol % O,, 5 vol % H,0, He as balance, 0.1 g catalyst,
GHSV = 47000 h™!).

run in the absence of O, demonstrated that the NO + C;Hy
reaction did not start below 450 °C. On the other hand, by
introducing 4% of O, to the feed, the conversions of C;Hg and
NO, increased sharply around 150 and 200 °C, respectively. By
increasing the O, concentration stepwise, the NO conversion
improved significantly to 60% (4% O,), 69% (8% O,), 73%
(12% 0,), and 83% (16% O,), whereas the temperature T,
slightly shifted from 290 to 270 °C. The temperature to reach
maximum conversion of Cy;Hj also shifted toward lower values
(250 °C).

3.2.7. Effect of H,0O Concentration on NO, Reduction over
16Cu/Y Catalyst. All runs discussed so far were carried out with
5 vol % of water in the feed up to 450 °C reaction temperature,
which is a typical value for lean-burn marine diesel engine
exhaust. In addition to temperature, hydrothermal stability is
probably the most crucial factor for catalyst lifetime. We
additionally tested our 16Cu/Y catalyst from 600 to 800 °C in
the presence of 10% steam over 20 h, and we observed catalyst
destruction first above 700 °C. This is indicated by XRD data,
as documented in the Supporting Information (S, Figure S2).

Figure 11 shows the influence of the H,O concentration on
NO conversion over the 16Cu/Y catalyst. A maximum
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000 h™1).

conversion of 83% was achieved in the absence of water vapor
(corresponding to an 83% N, yield). By raising the H,O
content to 10 vol %, NO conversion decreased to 56%, and the
temperature, T, shifted by ~40 K to lower values. This
inhibition effect is attributed to H,O molecules’ blocking the
active NO oxidation sites.”*”* Simultaneously, the onset of
C;Hy oxidation was shifted to higher temperatures (not
depicted), probably as a result of fewer available active sites
and less formed NO,, which might react with C;Hg
consecutively. Thus, higher temperature (around 270 °C) was
required to convert propene completely at the given GHSV. At
higher temperature, conversion of NO toward NO, was ruled
by equilibrium, as described above (see section 3.2.1).

It is remarkable that in the absence of water, only one broad
maximum in NO conversion around 325 °C was visible. In all
other runs, the addition of water lowered the NO conversion,
but because no propene was available above 270 °C, the
remaining NO could react toward only NO, following the
concentration course as described above (see Figure S), finally
forming two maxima.

3.2.8. Effect of GHSV on NO, Reduction over 16Cu/Y
Catalyst. The temperature-programmed tests of 16Cu/Y at
GHSV values from 31000 to 71000 h™' resulted in NO
conversions of 70—75% at T, = 290 °C. By increasing space
velocity to 94000 h™!, the maximum NO, conversion was
decreased by 5%, and T, shifted slightly to a higher
temperature (Figure 12). In addition, C3H4 conversion
decreased strongly with increasing GHSV, and T, shifted
slightly, by 25 K, to a higher temperature (not depicted).
Complete conversion of C;Hy was reached at 300—-350 °C. A
further increase in the GHSV to 236 000 h™' (not depicted) led
to a sharp decrease in conversion of NO, to N,, to 44%, with a
shifting of T, to a higher temperature of 315 °C. These
observations suggest that the 16Cu/Y catalyst is effective in
NO, removal over a wide range of GHSV, which is beneficial
with regard to changing engine loads and flow rates.

3.2.9. Effect of Engine Load on Catalyst Performance. In
real SCR systems, the inlet conditions strongly depend on the
engine load, which sets the temperature and composition of the
off-gas. Thus, modifying the total NO, content and the NO/
NO, ratio in model gas mixtures is a good way to simulate
changes in the engine load at realistic operation conditions.
Consequently, standard tests were made with an overall NO,,
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concentration of 1000 ppm, representing ~50% engine load. A
series of independent tests was carried out with NO,/NO, inlet
ratios between 0 and 1 while the total concentration of inlet
NO, was kept at 1000 ppm (Table 4). To approach realistic
conditions, N, served as a balance instead of He.

Table 4. Composition of Feeds with Various Ratios of NO
and NO,” and Corresponding NO Conversion at 290 °ct

actual values

NO/NO, (ppm) NO,/NO,
set point; Xyno at
NO/NO, (ppm) off® on? off® on? 290 °C (%)

1000:0 860:85 908:22 0.09 0.02 58
750:250 716:293 760:90 0.29 0.11 65
500:500 400:525 660:213 0.57 0.24 61
250:750 205:74S 545:340 0.78 0.38 SS

0:1000 6:960 428:458 0.99 0.52 52

“At a fixed nominal NO, concentration of 1000 ppm). b12vol % O,, 5
vol % H,0, 1000 ppm propene, balance N,; 100 mg of catalyst; GHSV
47000 h™". “Reactor off. “Reactor on after 30 min.

Figures 13 and 14 show the course of NO and NO,
conversions from 150 to 450 °C for various NO, fractions in
the feed (expressed as NO,/NO, ratio) at a simulated engine
load of 50%. The inlet concentrations of NO and NO,, which
were initially measured at ambient temperature, deviated
slightly from the set points (Table 4, reactor off), as a result
of chemical equilibrium between NO and NO,. After heating
the reactor to 150 °C, new concentrations were established
(Table 4, reactor on). Because of the presence of the catalyst,
NO/NO, equilibrium was established quickly; however, it was
without decomposition to N,. For example, the NO,/NO, ratio
dropped from 99 to 52%. With all chosen feed compositions,
NO inlet concentration then amounted to at least 400 ppm.
During these first stages from ambient temperature to 150 °C,
the catalyst most likely adsorbed part of the NO and NO, to
form surface intermediates (storage effect). Therefore, the
system was held for 30 min at 150 °C to establish equilibrium
saturation on the catalyst surface, which has to be considered
when interpreting the conversion and selectivity data in the
following,

dx.doi.org/10.1021/cs500348b | ACS Catal. 2014, 4, 2479—2491
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After this hold period, the conversion of NO, was close to
zero (see Figure 13). When the temperature was increased
slowly, part of the adsorbed NO, desorbed from the catalyst,
pretending negative conversion at first. When the temperature
reached the ignition point for NO, conversion at 220 °C, a
sharp increase in the NO, conversion to more than 50% at a
Trax of 250—270 °C, depending on feed composition, was
observed.

Surprisingly, the higher the initial NO, concentration, the
lower the final NO, conversion to N, at T, (see Figure 14).
Possibly, both compounds compete for adsorption sites on the
catalyst surface and the NO oxidation would be hampered as a
result of lower surface coverage. In addition, it was suggested
that NO, is a strong oxidizing agent that could oxidize the
metal sites and prevent O, from adsorbing and reacting on the
surface.”® A high NO, concentration thus would suppress the
NO oxidation, which is the O,-consuming step. A similar NO,
inhibition effect on the NO oxidation reaction has been
reported on various other catalysts.”””®

The highest NO/NO, feed ratio led to 68% NO and 67%
NO, conversion, whereas the lowest ratio allowed only 53%
NO and 52% NO, conversion. The similar conversions indicate
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that the equilibrium does not rule the overall rate. Upon further
temperature increase, the NO conversion decreased until the
second maximum around 380 °C (see Figure 13), which is
attributed to a homogeneous shift of the NO/NO, equilibrium
(section 3.2.1).

3.2.10. Reusability and Long-Term Stability of 16Cu/Y
Catalyst. The frequently alternating charge state of automotive
engines affects the composition, temperature, and space
velocity of exhaust gases, and this may strongly shorten the
catalyst lifetime as a result of thermal stress and structural
changes. To assess the reusability and long-term stability of the
16Cu/Y catalyst, two different series of experiments were
made:

In the first test, the same lot of 16Cu/Y was used in five
subsequent standard runs under the same conditions, following
the usual temperature program from 150 to 450 °C with a rate
of 2 K/min. Figure 15 depicts the NO, conversions and the N,
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Figure 1S. Activity of 16Cu/Y catalyst at 290 °C in five subsequent

runs (1000 ppm of NO,, 1000 ppm of C3Hy, 12 vol % O,, S vol %
H,0, He as balance, 0.1 g catalyst, GHSV = 47,000 h™").

yields that were measured at 290 °C. The catalyst lost ~5% in
NO, conversion after the first run; however, all the following
tests showed 68% conversion without further deactivation. The
initial activity loss came along with a 14% decrease in the N,
yield, reaching a stable value of 60% (corresponding to a N,
selectivity of 88%).

In the second test, the catalytic activity was tested for 120 h
at the optimum DeNO, temperature of 290 °C with the same
feed gas composition. This temperature corresponds to the
maximum in NO, reduction under standard test conditions
(nominal 1000 ppm of propene, S vol % of H,0, GHSV 47 000
h™"). Figure 16 shows no appreciable deactivation after 120 h
on-stream. Furthermore, a stable N, yield of 41% was recorded
over the complete run time. It implies that 16Cu/Y catalyst has
the potential for future application.

3.2.11. Immobilization of 16Cu/Y on monoliths and up-
scaling. As reported above, 16Cu/Y-loaded monoliths were
manufactured by a slurry technique. After calcination at 700 °C,
the mass fraction of active compound as balanced typically
amounted to ~9 wt %. These monoliths were placed in a
reactor module, which was directly connected to a commercial
marine diesel engine (Sulzer 6A20/24 drive). Figure 17 depicts
the performance of this catalyst in DeNO,, of the related off-gas,
with a total flow of 150 m*/h containing 1500 ppm of propene,
for three set points at engine loads of 10, 30, and 35%,

dx.doi.org/10.1021/cs500348b | ACS Catal. 2014, 4, 2479—2491
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Figure 17. Results from a pilot-scale test with 16Cu/Y immobilized on
commercial monoliths at different engine loads.

corresponding to off-gas temperatures of 195, 270, and 290 °C,
respectively. It clearly demonstrates that the lab-scale results
were nearly reproduced and that this catalyst shows high
potential for technical application. Further investigations, also
by combining plasma treatment to such a system, are currently
running.

4. CONCLUSIONS

In this study, a series of copper-exchanged zeolites has been
prepared and investigated for the SCR of NO, by C;Hj in the
presence of excess O, and high water vapor content for marine
diesel exhaust cleaning. The DeNO, efficiencies of different
supported Cu catalysts were significantly affected by the zeolite
structure as well as the Cu content. Among these catalysts, Cu/
Y catalysts allowed the highest conversion of NO, to N, (98%)
and simultaneously shifted the optimum temperature to lower
values of around 290 °C. The better performance of Cu/Y
systems compared with catalysts derived from other zeolite
supports depended on the amount of easily reducible Cu®*
species. The fraction of these species increased significantly
with an increase in the copper loading from 4 to 16 wt %, as
observed by XRD, TPR, and XPS investigations of the 16Cu/Y
sample. It appears that the catalyst that is first above a specified

2489

minimum Cu load is able to provide such Cu species that are
needed for simultaneous oxidation and reduction.

The presence of O, and a reducing agent at the same time is
crucial for an optimal performance of Cu/Y catalysts in NO,,
removal. Increasing the O, concentration allowed the effective
initial oxidation of NO to intermediate NO, and significantly
promoted the C;H¢-SCR of NO,. In the same manner, the
higher the concentration of reducing agent propene, the higher
the N, yield (up to 98%). It is remarkable that the 16Cu/Y
shows the capability to catalyze oxidation and reduction at the
same time, and the reaction rates are well balanced to obtain
high overall DeNO, rates. Adding water vapor to the feed
decreased the catalyst activity because active DeNO,, sites may
get blocked; however, this effect was completely reversible by
lowering the water concentration in the feed.

Our results demonstrated the high tolerance of the 16Cu/Y
catalyst against variation of the most important reaction
parameters (feed composition, GHSV). In particular, 16Cu/Y
proved to be stable even after treatment at 750 °C and reusable
after downtimes and repeated temperature-programmed
operation from ambient to 450 °C. This is very important
with regard to its use in a real DeNO,, reactor, which is required
to operate with high efliciency at frequently changing reaction
conditions due to actual engine load.

It is very promising for application of this catalyst that a first
long-term test at optimum conditions revealed high stability
against hydrothermal stress. The 16Cu/Y catalyst showed a
stable NO conversion of 47% at 290 °C over 120 h without
interruption. Hence, the present work provides, for the first
time, a detailed parameter study aimed at the potential
application of Cu/Y catalyst systems in C;Hg-SCR of NO,
under lean exhaust conditions (a large excess of O,) in the
presence of water vapor for marine diesel exhaust cleaning. The
optimum temperature with propene as the reducing agent was
established at around 290 °C. Typical low-speed diesel engines
operate with exhaust temperatures below 300 °C, and recent
low-speed engines with remarkable performance levels have
exhaust temperatures below 250 °C. The obtained results are
encouraging concerning combining such a single-reactor
DeNO, step as an integral part of a diesel exhaust treatment
system with desulfurization units and other technologies, for
example, low-temperature plasma treatment, to be installed on
naval vessels. However, for real application, the propene costs
compared with other reducing agents have to be considered.
Otherwise, propene could be more easily handled compared
with liquid ammonia on board such vessels.

The mechanism and reaction network of the DeNO,, reaction
over such catalysts is extremely complex. The Cu/Y catalyst has
some very special features that definitely need deeper
investigation and subsequent optimization. For further
optimization and evaluation of such catalysts, more sophisti-
cated measurement methods are currently being developed in
our group to get reliable kinetic data and to take into account
storage effects on the catalyst surface as well as the contribution
of homogeneous reactions of NO and NO, under given
conditions. Finally, the potential of 16Cu/Y has to be tested
with real diesel engine off-gas. Preliminary tests already have
demonstrated the feasibility of covering ceramic honeycomb
structures with 16Cu/Y catalyst without losing catalyst activity.
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