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Abstract A new catalyst WO3/ZrO,—Ce ¢Zro 40, (15
wt % WO3/Zr0,:Ceg ¢Zro 40, = 50:50) has been devel-
oped for the selective catalytic reduction of NO with NH3.
The redox component Ceg¢Zry 40, was dispersed on the
surface of acidic WO3/ZrO, by the solution combustion
method showing the best NO, reduction efficiency among
the catalysts prepared by various modes of mixing of the
components. The catalyst has been characterized by XRD,
Raman spectroscopy and NH;-TPD. A NO, reduction
efficiency of more than 90 % was obtained between 300
and 500 °C at oo = NHj3;,/NO,;, = 1. The catalyst showed
stable NO, reduction efficiency after hydrothermal ageing
at 700 °C. Sulfur poisoning promoted the NO, reduction
efficiency at high temperatures at the expense of a reduced
activity at lower temperatures, but the catalyst could be
fully regenerated by heating in O, at 650 °C.

Keywords Selective catalytic reduction - SCR - Catalyst -
Rare earth metal oxides

1 Introduction

NO, abatement from diesel engine exhaust is one of the
major challenges in environmental catalysis. NO, gases are
the major source of pollution and photochemical smog for-
mation. The most efficient technology to remove NO, from
stationary sources is the selective catalytic reduction (SCR)
of NO, by ammonia (4NH; + 4NO + O, — 4N, + 6H,0)
[1-4]. Reduction of NO, from diesel engine emissions
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requires a highly efficient catalyst operating over a temper-
ature range of 200-500 °C at high space velocity. Under
certain circumstances such as diesel particulate filter (DPF)
regeneration, the diesel exhaust gas temperature can even go
up to slightly above 700 °C [5]. For light-duty vehicles its
use is restricted by the complexity and large dimensions of
the SCR system that must incorporate also a tank for the
aqueous urea solution (NH;3 precursor), a urea hydrolysis
catalyst and eventually an NHj slip catalyst [6]. Other critical
aspects are the limited hydrothermal stability and the
potentially toxic emissions of currently available SCR cat-
alysts [7-9].

Among metal oxide-based SCR catalysts, commercially
used V,05/WO5-TiO, catalysts are highly active, but
serious concern exists with respect to high temperature
stability and sensitivity to phosphorus [2]. Manganese
based catalysts also works very well at low temperature,
but NO conversion is decreased significantly above 350 °C
[10-18] and they easily deactivate by sulfur.

Recently, ceria-based SCR catalysts have attracted
much attention due to their advantageous redox properties
[14-23] and ceria-promoted acidic zirconia systems seem
to be particularly attractive [24]. For instance, by using
Ce,_,Zr, 0, as redox component NO, reduction efficiency
is maximized [19] and hydrothermal stability may be fur-
ther enhanced by dispersing on a stable high surface acidic
oxide. The activity is further enhanced by the addition of
acidic components to bind ammonia, such as vanadate,
tungstate or niobate [19, 22, 25]. However, the acidic
component dispersed on the metal oxide surface tends to
separate out under hydrothermal ageing at high tempera-
tures initiated by sintering of the surface. Tungstate (WO3)
is not only useful as acidic component but can also function
as stabilizer for the underlying metal oxide. It has been
found, for example, that a layer of WOj stabilizes anatase
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TiO, and vice versa at temperatures up to 800 °C. Similarly,
WO; dispersed on ZrO, may keep the tungstate species
stable and, consequently, preserve the amount of acidic sites
at the surface. If WO5/ZrO, and CeO,—ZrO, are combined,
Ce,_,Zr,0, may disperse on the high surface WO5/ZrO,
thereby maximizing the NO, reduction efficiency and pre-
venting the loss of redox activity of Ce,_,Zr,O, due to sin-
tering of the surface at high temperatures.

In this paper, we report a new mixed phase oxide cat-
alyst, 15 wt % WO5/ZrO,—Ce,_,Zr,O, that shows high
NO, reduction efficiency with NHj;. The catalyst was
characterized by XRD and NH;-TPD techniques. The
catalyst performance was tested under various conditions
including tests with urea solution, representative for SCR
systems aboard of diesel vehicles.

2 Experimental
2.1 Catalysts Preparation and Characterization

The catalysts were prepared following different methods
including the solution combustion method [26] and incipient
wetness impregnation. 15 wt % WOs/ZrO,—Ceq 71 40,
was made in two steps as following.

In the first step, 15 wt % WO5/ZrO, was prepared by
dissolving ammonium tungstate in a NHj3 solution and
adding ZrO,. The suspension was evaporated to dryness.
The solid was dried in air at 120 °C for 6 h and then cal-
cined at 650 °C for 5 h.

In the second step, 15 wt % WO3/ZrO, was mixed with
the other component Ce( ¢Zry 40, by two different meth-
ods. This was done a) by forming Cej¢Zry40, phase
directly in presence of WO3/ZrO, suspended in a Ce and Zr
precursor solution, or b) by ball milling of a mixture of 15
wt % WO3/ZrO, and Ceq ¢Zry40, phases in a 50:50 ratio.

The first method a) of preparation could be accom-
plished by solution combustion method as well as co-pre-
cipitation method, commonly called CP catalysts. In the
solution combustion method, an aqueous solution of
(NH4)2CC(NO3)6, ZI'O(NOQ,)Q and C2H5N02 (fuel) was
prepared in the molar ratio 0.6:0.4:0.51. 15 wt % WO/
7ZrO, was added to the solution forming a suspension
solution and kept at 400 °C in the furnace. After evapo-
ration at the point of complete drying the mixture ignited
and the combustion product was obtained in a minute. In
this preparation method, % of the stoichiometrically cal-
culated amount of fuel was used to avoid formation of
voluminous oxides. This sample was marked SCM. In the
co-precipitation method, the hydroxides were precipitated
from a solution of ZrO(NO3), and (NH4),Ce(NO3)g¢ and
stirred for 6 h for homogeneous mixing. Then, 15 wt %
WO3/ZrO, was added to the hydroxides suspension and the
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resulting mixture was stirred until complete evaporation.
The precipitate was dried at 120 °C for 3 h and then cal-
cined at 650 °C for 5 h. The samples obtained by using this
method was marked ‘Co-prep’.

In the second method b), the Ceg¢Zry 405, used in the
ball milling (BM) mixing, was also prepared by both
solution combustion as well as co-precipitation method as
described above and was marked by the same abbreviations
SCM and Co-prep, respectively.

10 wt % WOs5/Ceg ¢Z1940, was prepared by the wet
impregnation method. Ammonium tungstate was dissolved
in an ammonia solution and added to Ceg ¢Zry 4O, such that
it just wets the oxides. The resulting product was dried in
air at 120 °C for 3 h and calcined at 650 °C for 5 h. This
sample was marked IMP.

The catalysts were coated on cordierite honeycombs
following previous described methods [8]. The catalyst
loading was ~200 mg/cc.

X-ray diffraction measurements were carried out on a
Bruker D8 Advance diffractometer using Cu K, radia-
tion. The XRD patterns were collected over the 20 range
of 20° to 70° at a step size of 0.01°. To minimize the
influence of texture, the samples were rotated during each
measurement.

Ammonia Temperature-Programmed Desorption (NHs-
TPD) was applied to measure the surface acidity of the
materials and check their NH; storage capacities (ASC,
expressed in mL/g). For this purpose, 200 mg powder
catalyst were placed in a quartz U-shaped down-flow
reactor (total length: 150 mm; internal diameter: 8 mm).
The temperature was measured with a thermocouple loca-
ted inside the reactor. In a first step, the sample was pre-
treated in a flow of 30 mL/min He at 500 °C for 30 min.
Ammonia adsorption was carried out for 15 min at 50 °C
using a flow of 30 mL/min of 5 vol. % NHz/He. After
purging at 50 °C for 1 h with pure He, the desorption of
NHj; was monitored with a Thermal Conductivity Detector
(TCD) during heating up to 650 °C with 10 K/min.

2.2 Catalytic Activity Tests

The NO SCR activity with NH; gas was tested between
200 and 550 °C by feeding 1000 ppm NO, 1000 ppm NH3,
10 % O,, 5 % H,0 and N, into a quartz plug-flow reactor
at a gas hourly space velocities (GHSV) of 50,000 h™'.
The resulting NO, NO,, N,O and unreacted NH; were
quantified with a Nicolet Magna-IR 560 FTIR spectrometer
[8]. The NO, reduction efficiency (DeNO,) was calculated
as follows:

Ox,in - NOx,oul

N
DeNO,(%) = "1 5~ x 100
x,in
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where NO, is the sum of NO and NO, concentrations.
Besides the equimolar dosage of NO, and NHj3, the NH3
concentration was gradually increased from 100 to
1500 ppm at a constant NO concentration of 1000 ppm for
assessing the ammonia slip of the catalyst (surface acidity),
its redox potential and its ammonia oxidation potential.

3 Results and Discussions

The catalyst contains 15 wt % WO3/ZrO, as acid and
Ce,_,Zr,0; as redox component. To find the best compo-
sition regarding x, the NO SCR activity over 15 wt %
WO5/ZrO,—Ce_,Zr, O, was tested with x = 0.0-0.5. The
reference material 10 wt % WO3/ZrO,—CeO, showed high
NO, reduction efficiency at all temperatures. The NO,
reduction efficiency over the WO5/ZrO,—Ce,_,Zr,O, cat-
alysts did not change much with increasing Zr concentra-
tion from x = 0.0 to 0.5, except slightly lower NO,
conversion at high temperatures. At high temperatures,
slightly more NH3 oxidation occurred for higher Zr con-
tents up to x = 0.4. At x = 0.5, a lower activity was
observed at lower temperatures. Therefore, since the opti-
mum Zr content also enhances both the redox activity and
the hydrothermal stability, we choose Ceg¢Zrg40;
(x = 0.4) as composition for the redox component in the
target catalyst.

The mode of mixing of the components in the catalyst
may change the NO, reduction efficiency. It can be done in
two ways: as prepared Ceg ¢Zrp 404 can be added to WO5/
ZrO, and then mixed by ball milling (marked BM) or
Ceg 621040, can be crystallized directly from the precur-
sors on the WO3/ZrO, surface (marked CP). Figure 1
shows a comparison of the NO, reduction efficiency over
these catalysts of the common formula 15 wt % WO3/
7r0,—Ceg 6219 40,. Ball milling of WO3/ZrO, and
Co.6Z19 40, resulted in a much lower activity as compared
to the later method. The Ceg¢Zrg 40, component in BM
and CP catalysts could be prepared by both the solution
combustion method and the co-precipitation method.
Obviously, the CP catalysts were generally more active
than the BM catalysts. In the BM catalysts, when
Ceg.6Z19.40, was prepared by the co-precipitation method
(Co-prep), it showed a higher NO, reduction efficiency
than the same catalyst with Ceg¢Zrg40, prepared by
solution combustion (SCM). Although WO5/ZrO, was the
common component used in all catalyst preparations, the
close proximity of redox sites and acidic sites in the CP
catalysts seems to be decisive to achieve high NO,
reduction efficiency. It seems to be reasonable to assume
that Ceq ¢Zr( 4O, crystallites could form on the surface and
were distributed more homogeneously in the CP catalysts.

Since the CP catalyst from solution combustion was the
easiest to prepare, we continued with this type for the
further studies. The potential formation of a Ceg ¢Zr 40,
solid solution on the WO3/ZrO, surface in the 10 wt %
WO3/ZrO,—Ceg ¢Z1y 40, (SCM) catalyst was examined by
XRD in Fig. 2. For the purpose of comparison of the peak
positions in the mixed oxides, pure Ce( ¢Zr( 4O, phase and
10 wt % WO3/ZrO,—Ceq ¢Zro 40, (Co-prep) are also shown
in Fig. 2. To identify the phases present in the mixed

100 :/;71 V/l‘ — X
Y
wl N
] Y/ \

Qﬁghoi crystallized on W07/Zr07
= 15wt% WO,/ZrO,-Ce  Zr O, (Co-prep)

—eo— 15wt% WO, /ZrO-Ce  Zr O, (SCM)

067042

Mixed by Ball milling
A Ce, Zr O, (Co-prep)+15wt% WO /ZrO,

067042

—v—Ce  Zr O, (SCM)+15wt% WO /ZrO,

0670472

T T T T T T T T T T .
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Fig. 1 NO, reduction efficiency over various 15 wt % WO3/ZrO,—
Ceg 621940, prepared by different way of mixing the components,
i.e., 15 wt % WO5/ZrO, and Ce ¢Zry 40,. Model gas: 1000 ppm NO,
1000 ppm NHs, 10 % O,, 5 % H,O and N, at GHSV = 50,000 h™'

10wt% WO,/Ce, Zr, O(IMP)

060472

% WO,/ZrO,-Ce Zr, O,(Co-prep)

t% WO,/ZrO,-Ce  Zr, O,(SCM)
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Fig. 2 X-ray diffraction profile of ZrO,, WO;, 15 wt % WO3/ZrO,,

Ce0_62r0_402, 15wt % WO:,‘/ZI'Oz—Ce()_6Zr0_402(SCM), 15wt % WO3/
ZrOz—Ceo'(,ZrOAOz(CO-prep) and 10 wt % WO3/CCO'6Zr04402(IMP)
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oxides, the characteristic reflections from pure ZrO, and
WO; are also shown. Both ZrO, and WO; remained in the
monoclinic structure after calcination at 650 °C. Although,
the presence of these oxides were expected in the mixed
oxide catalyst there is no reflection at 23°, excluding the
presence of WOj3 crystallites in WO3/ZrO, and indicating
finely dispersed WOj3 on the ZrO, surface. Ceg ¢Zy 40, on
the WO3/ZrO, surface in the 15 wt % WO3/ZrO,—
Ce(.6Z19.40, (SCM) catalyst could not be detected because
the peaks were overlapped with the ZrO, peak. It is clearly
visible that the peaks of 15 wt % WO3/ZrO,—Ce ¢Zro 40,
(SCM) are broader than of the 15 wt % WO53/ZrO,—
Ceg¢Zro.40, (Co-prep) catalyst indicating a smaller crys-
tallite size in the SCM catalyst. The main peak in 15 wt %
WO3/ZrO,—Ceg ¢Z1y 40, (Co-prep) becomes unsymmetri-
cal due to an overlap with the ZrO, peak. Note that the
relative intensity of the peaks remained the same con-
firming a homogeneous distribution of Ceg¢Zry40,. The
formation of Ce ¢Zry 40, was confirmed by the shift of the
Raman band at around 455 cm™" with respect to CeO,.

NH; TPD was used to determine the surface acidity
which is required to bind ammonia at the surface as a
condition for high NO, reduction efficiencies. Figure 3
shows the NHj desorption profiles over Ce¢Zry40,, 15
wt % WO3/ZI'02 and 15 wt % WO3/ZI'02—CCO'6ZI'()'402.
Pure Ce¢Zrg40, desorbs weakly adsorbed NH; below
350 °C. Since the WO3/ZrO, surface is strongly acidic, the
NHj; desorption tail goes up to 600 °C in 15 wt % WO/
Zr0O,. A similar type of acidic sites is also present in 15
wt % WO3/ZrO,—Ce ¢Zr( 40, as evident from the desorp-
tion profile.

Figure 4a shows the NO, reduction efficiency of the
most promising catalyst 15 wt % WO3/ZrO,—Ce ¢Zr 40>
with varying space velocity from 20,000 to 50,000 h™".
Even at the highest space velocity of 50,000 h™' almost
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oo W, 15Wt% WO,/Zr0, - Ce, Zr, O,
/) " Aoy
i | \"’% Al J’L
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Fig. 3 NH;-TPD over Ceg¢Zrg40,, 15 wt % WO5/ZrO, and 15
wt % WO3/ZI‘02*CGO.6ZI‘04402
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full conversion was measured between 300 to 550 °C. Only
below 300 °C, a significant decrease in activity was
observed with increasing space velocity. At low tempera-
tures, the reaction rate became slow because the redox
activity of CeO, significantly decreased. Figure 4b shows
the NO, reduction efficiency (DeNO,) of this catalyst
versus NHj slip. This plot demonstrates that DeNO, is high
at 10 ppm NHj3 emissions above 300 °C. Moreover, the
steeply rising curves confirm the high surface acidity of the
catalyst, because already at rather low NHj3 dosage the
local NHj3 concentration at the SCR sites are high enough
to reach almost the maximum activity of the catalyst.
Figure 5 shows a comparison between the 15 wt %
WO5/ZrO,—Ce ¢Zry 404 catalyst and a commercial vana-
dium-based reference catalyst. It is obvious that there was
no significant difference in NO, reduction efficiency in the

1 E—
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v
X 60 —=—20000 h"
o —e—30000 h'!
=z Ny -
40 40000 h
o —v— 50000 h
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Fig. 4 a NO, reduction efficiency (DeNO,) vs temperature over 15
wt % WO3/Zr0,—Ceq ¢Zro 40, with varying space velocity. b NH;
slip vs DeNO, over 15 wt % WO3/ZrO,—Ce ¢Z1¢40,. Model gas:
1000 ppm NO, 200-1500 ppm NHj3, 10 % O,, 5 % H,O and N, as
balance
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temperature range from 250 to 550 °C. The reference
catalyst produced much higher amounts of N,O above
450 °C compared to the 15 wt % WO3/ZrO,—Ceq ¢Zr 404
catalyst, which on the other side produced slightly more
N,O at lower temperatures. The 10 wt % WO5/
Ce ¢Z1o.40, catalyst, which was included in Fig. 5 for the
purpose of comparison, showed a similar NO, reduction
efficiency in the fresh state.

However, after hydrothermal aging substantial differ-
ences between these two catalysts became apparent, which
are presented in Fig. 6. Hydrothermal ageing was per-
formed successively at 675, 700 and 750 °C. The NO,
reduction efficiency of the 15 wt % WO5/ZrO,—
Ceg¢Z1o.40, catalyst remained almost unchanged over the

100 100
80+ 80 E
o
L 60l —=—15Wt% WO%/ZrOZ—CeD GZrU-AOZ 60 é
~ —e—V,0,-WO,/TiO, (Commercial) ©
x S
®) —4— 10 Wt% WO,/Ce, Zr, O, ]
z 9]
O 404 F40 @
e 5
O
20 20 CZDN
0 0

T T T T T T T T T T T T T
200 250 300 350 400 450 500 550
Temperature / °C

Fig. 5 A comparison of NO, reduction efficiency between 15 wt %
WO3/ZrO,—Ce ¢Zrp 4O, and reference catalysts V,0s—WO3/TiO,
and 10wt % WO3/Ce ¢Zry.40,. Model gas: 1000 ppm NO, 1000 ppm
NH;, 10 % O,, 5 % H,0 and N, at GHSV = 50,000 h™"

100
80
<
& 60+ 15wt% WO,/Zr0,-Ce, Zr, O,
x —&— Fresh catalyst
(@] —e— Hydrothermal ageing, 650 °C, 16 h
P4 —&— Hydrothermal ageing, 700 °C, 16 h
8 40+ —w— Hydrothermal ageing, 750 °C, 16 h
10wt% WO,/Ce, Zr, O,
204 —<}— Fresh catalyst
—>— Hydrothermal ageing, 700 °C, 16 h
—/\— Hydrothermal ageing, 750 °C, 16 h
0
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Temperature / °C

Fig. 6 NO, reduction efficiency (closed symbols) and N,O emissions
(open symbols) vs temperature of fresh and hydrothermally aged 15
wt % WO3/Zt0,—Ce( 6Zrp 4O, sample and 10 wt% WO3/
Ce.6Z19.40,. Model gas: 1000 ppm NO, 1000 ppm NHj, 10 % O,
5 % H,0 and N, at GHSV = 50,000 h™"

entire temperature range after hydrothermal treatment up to
700 °C. At 750 °C, there was some deactivation in activity
mainly below 300 °C. Hydrothermal ageing of the 10 wt %
WO3/Ceg ¢Zrp.40, catalyst started to decrease the NO,
reduction efficiency significantly even at 700 °C and it
went further down at 750 °C. The hydroxyl groups on the
monoclinic ZrO, surface might be responsible for the
observed differences by forming stronger bonds with WO3
species than with the surface of Ceg ¢Zrg40,. Since WO3/
ZrO, is more stable than WQO5 alone, Ceg ¢Zry 4O, remains
dispersed avoiding the loss of active sites.

The effect of SO, on the NO, reduction efficiency of the
10 wt % WO5/ZrO,—Ce ¢Zro 40, catalyst is presented in
Fig. 7. After 5 h of SO, dosing, a promoting effect on the
NO, reduction efficiency was observed at high tempera-
tures, whereas the activity decreased below 300 °C. At
550 °C, the NO, reduction efficiency increased from 65 to
76 %, while it decreased from 71 % to 46 % at 250 °C.
The catalyst could be regenerated after heating in O, at
650 °C. The increase in activity at high temperatures could
be due to an increase in acidity by the presence of sulfate
groups. The presence of sulfate groups avoided ammonia
oxidation leading to higher NO, reduction efficiencies at
high temperature, while the surface coverage with sulfate
reduced the redox property decreasing the NO, reduction
efficiency at lower temperatures.

Figure 8 compares the SCR activity of 15 wt % WO;/
7Zr0,—Ceg ¢Zr9 404 with NH3 gas and urea solution as
reducing agents in the same reactor at 200, 250, 275 and
300 °C. The NHj slip-DeNO, curves show an identical
behavior. The NO, reduction efficiency with urea solution
was somewhat lower for some measurement points because
Al,05 had to be added as catalyst binder in this experiment.
This means that urea hydrolysis was also efficiently

100
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-\
80 - \
4
X 60+
g)(
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8 40 —e— S0, treated for 5h
—a—Regenerated at 650 °C 1h
20

T T T T T T T T T T T
200 250 300 350 400 450 500 550
Tempberature /°C

Fig. 7 SCR activities of the fresh and 5 h SO,-poisoned and reacti-
vated 15 wt % WO3/ZrO,—Ce ¢Zro.40,. Model gas: 1000 ppm NO,
1000 ppm NH3, 10 % O,, 5 % H,0 and N, at GHSV = 50,000 h™"
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Fig. 8 NHj slip versus DeNO, during urea and NH; SCR over
15wt %  WO3/ZrO,—Ce 6219 40,. Model gas: 1000 ppm NO,
1000 ppm NHj (or the corresponding amount of urea), 10 % O,,
5 % H,0 and N, at GHSV = 50,000 h™!

catalyzed, which renders the catalyst suitable for both
stationary application with NH; gas and mobile applica-
tions with urea solution.

4 Conclusion

Ceg6Z10.40, was grown on 15 wt % WO3/ZrO, yielding a
highly stable 15 wt % WO3/ZrO,—Ceq ¢Zry.40; catalyst for
the SCR process with NH3 and urea. The catalyst activity
was completely unaffected by hydrothermal aging up to
700 °C. The SO, treatment had only a limited effect on the
SCR activity and the sample could be regenerated fully at
650 °C. The most important result regarding the applica-
tion was that the CeO, content in the catalyst could be
reduced by 50 % by dispersing Ceg ¢Zry40, on WO3/ZrO,,
which kept the NO, reduction efficiency at a similar level
as the 10 wt % WO5/Ceq ¢Zro 40, reference catalyst.
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