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a b s t r a c t

Chemical deactivation of Ag/Al2O3 catalysts due to aromatic species and sulfur present in the diesel fuel is
a major challenge in hydrocarbon-based selective catalytic reduction (HC-SCR) of NOx from diesel engine
exhaust. In this paper, mechanisms for catalyst deactivation due to both aromatic species and sulfur are
investigated using model hydrocarbon species, such as toluene and xylene, as well as sulfation treatment.
A number of experimental techniques, viz., microreactor studies, temperature programmed oxidation,
temperature programmed decomposition, and diffuse reflectance UV–vis, are employed to understand
eywords:
CR
Ox

ydrocarbon
ilver
eactivation

the contribution of aromatic species and sulfur to catalyst deactivation. It is observed that the inhibition
effect due to aromatic species is reversible, but is dependent on the size and concentration of the aromatic
species. The sulfation effect is irreversible at a given temperature, and sulfur not only reacts with the silver
particles, but also affects the relative magnitude of the different types of hydrocarbon species adsorbed
on the catalyst surface, thereby changing the catalytic activity for the SCR chemistry.

© 2011 Elsevier B.V. All rights reserved.

romatics
ulfur

. Introduction

The selective catalytic reduction (SCR) of NOx by hydrocarbons
HC) has attracted great attention as a promising method for the
emoval of environmentally hazardous NOx emissions from diesel
ngine exhaust. Significant research work has been published over
he last decade, focusing on catalyst preparation and SCR mecha-
ism investigation [1–9]. The most commonly explored catalyst for
C-SCR is silver supported on alumina (Ag/Al2O3).

Use of onboard diesel fuel for NOx reduction offers a significant
dvantage over urea-based SCR systems [10–12], as no separate
nfrastructure development is required. However, a major chal-
enge for HC-SCR is the inhibitory effect by aromatic species and
ong-chain alkanes present in the diesel fuel [13–15]. Both compo-
ents promote coke formation on the catalyst surface, resulting in

radual degradation in the SCR performance [6]. Empirical attempts
o reduce the effect of aromatics involve optimized fuel injection
6]; therefore, it is important to develop a detailed understanding
f this inhibiting effect. Furthermore, typical silver-based catalysts
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are susceptible to poisoning with sulfur oxides, which originate
from the oxidation of sulfur in the diesel fuel. Several authors have
demonstrated such catalyst deactivation in the presence of SO2
[16–19]. On the other hand, other authors have reported a promo-
tional effect with SO2 [20,21], with some describing a shift in the
NOx conversion window to higher temperature, which results in
an increase in NOx conversion at higher temperature but a reduced
NOx conversion at lower temperature [22,23].

In the current work, a range of experimental techniques have
been used, some for the first time, with the aim of establishing the
mechanism of inhibition by aromatic species and deactivation by
sulfur for the HC-SCR of NOx on Ag/Al2O3 catalyst.

2. Experimental

Alumina-supported silver catalysts were prepared using incip-
ient wetness with silver nitrate as the precursor. �-Alumina
(Norton) support with a surface area of ∼200 m2/g was used. Cata-
lysts with loadings of 2 wt.% and 3 wt.% Ag were prepared. Testing

was performed using a micro-reactor, which consisted of a heated
quartz tube (3 mm i.d.). The catalyst sample (0.2 g, particle size of
250–425 �m) was exposed to a full gas mixture at a flow rate of
200 cm3/min, comprising 300 ppm NO, 300 ppm CO, 7 vol.% H2O,
12 vol.% O2, 6 vol.% CO2, and He in balance (BOC Gases, UK). Octane,
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Fig. 1. NOx conversion as a function of temperature for (a) 2% Ag/Al2O3 and (b) 3%
Ag/Al2O3 catalysts. Catalysts were tested at 200 cm3/min. Initial gas composition
16 V. Demidyuk et al. / Catal

oluene, and para-xylene were used as the hydrocarbon reduc-
ants, with total concentration of 1800 ppm on a C1 basis (i.e., a
1:NOx ratio of 6 was used). A chemiluminescence NOx detector
Signal series 4000) was used for the analysis of NO and NO2,
nd a mass spectrometer (Pfeiffer OmniStar-301) was used to
nalyze CO2, CO/N2, octane, toluene, xylene, and H2O. NOx conver-
ion was typically measured after 60 min at constant temperature
tarting from 425 ◦C and decreasing the temperature in 25 ◦C inter-
als. Temperature-programmed oxidation (TPO) experiments were
arried out in 10% O2/Ar and temperature-programmed decompo-
ition (TPD) experiments were performed in Ar both with a ramp
ate of 5 ◦C/min from ambient temperature to 700 ◦C directly after
he reaction. To investigate the combined effect of aromatic species
nd sulfur in the fuel, experiments were conducted after a sulfation
retreatment at 450 ◦C for 6 h using 30 ppm SO2, 7 vol.% H2O, and
2 vol.% O2.

. Results and discussion

.1. Aromatic inhibition effect

SCR experiments were carried out using octane and toluene as
epresentative hydrocarbon reductants. Fig. 1 shows the NOx con-
ersion for the (a) 2% Ag/Al2O3 and (b) 3% Ag/Al2O3 catalysts as a
unction of temperature for octane, toluene, and a mixture of 29%
oluene and 71% octane. It is clear that the presence of toluene sig-
ificantly decreases the octane-SCR performance, but these activity
ests cannot explain whether such decrease is because of inherently
ower toluene-SCR activity or catalyst site inhibition from toluene.

To explore this issue, a small amount of toluene was injected to
he octane-SCR reaction. Fig. 2 shows the inhibiting effect of toluene
n NOx reduction by octane. Immediately after the toluene injec-
ion, there is a sharp rise in NO concentration (i.e., a decrease in
he NOx conversion) before the conversion recovers to the origi-
al steady state value after ∼15 min. Furthermore, as the amount
f toluene injected increases from 0.01 cm3 to 0.03 cm3 the overall
xtent of inhibition (area under the curve and the time required to
ecover the original steady state NO concentration) also increases.
or example, the areas under the curves for injection of 0.01 cm3 vs.
.02 cm3 toluene are 126 ppm-min and 238 ppm-min, respectively.
n addition, upon toluene injection, a sharp peak is observed in the
ctane signal shown in Fig. 3 indicating that toluene competes with
ctane for adsorption sites on the catalyst. Since this occurs simul-
aneously with the loss of NOx reduction performance in Fig. 2, it
ppears that toluene is adsorbing on the Ag sites responsible for
he HC-SCR chemistry. Toluene injection does not lead to CO2 for-

ation even at high temperature (400 ◦C), therefore the recovered
erformance should be due to toluene desorption. Injection tests
onducted at different temperatures showed that higher tempera-
ure decreases the inhibition effect, which could be due to increased

obility or desorption of the aromatic species. Similar experiments
sing xylene show that xylene is an even stronger inhibitor than
oluene, as shown in Fig. 4. The overall extent of inhibition (area
nder the curve and the time required to recover the original steady
tate NO concentration) is also higher for xylene (area = 353 ppm-
in) than that for toluene (area = 98 ppm-min) despite the fact that
20% fewer moles of xylene were injected than toluene.

This competitive adsorption is supported by the TPO results
n Fig. 5, which shows that the amount of carbon on the surface
ncreases in the order: octane < toluene < xylene, even though the

otal hydrocarbon concentration is the same (1800 ppm on C1 basis)
n all cases. On the other hand, the TPD profiles for CO2 presented
n Fig. 6 show that the aromatic hydrocarbons modify the nature
f the adsorbed surface hydrocarbons. In case of octane, there are
wo CO2 peaks at ∼425 ◦C and ∼575 ◦C, which are similar in size
was 300 ppm NO, 300 ppm CO, 7 vol.% H2O, 12 vol.% O2, 6 vol.% CO2, and He in bal-
ance. C1:NO ratio was 6. (�) Octane; fresh catalyst, (�) octane; sulfated catalyst, (�)
octane + toluene; fresh catalyst, (�) octane + toluene; sulfated catalyst, (�) toluene;
fresh catalyst, (©) toluene; sulfated catalyst.

resulting from the decomposition of partially oxidized hydrocar-
bon species on the surface. With addition of toluene, magnitude of
the first peak slightly decreases, whereas addition of xylene nearly
eliminates it.

3.2. Sulfur effect

Fig. 1 shows the effect of sulfation pretreatment on the NOx

conversion. For both catalyst loadings, a significant change was
observed in the NOx conversion performance. Sulfur poisoning is
often irreversible and cumulative, unlike aromatic species inhibi-
tion, which is a reversible effect, as seen from Figs. 2 and 4. For the
2% Ag/Al2O3 catalyst, the NOx conversion is not affected by sulfa-
tion at higher temperature, but decreases at lower temperature, as

compared to the performance results before sulfation. On the other
hand, for the 3% Ag/Al2O3 catalyst, NOx conversion is low before sul-
fation, but it significantly increases after the sulfation pretreatment.
This is similar to the results reported previously [16–18,20–23].
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Fig. 2. Effect of toluene injection on NO reduction over 2% Ag/Al2O3 at 400 ◦C with
(a) 0.01 cm3, (b) 0.02 cm3, and (c) 0.03 cm3 of injected toluene. Arrows correspond
to injection of toluene. Initial NO concentration was 300 ppm and steady-state NO
concentration before toluene injection was 80 ppm. Operating conditions are the
same as in Fig. 1.

Fig. 3. Effect of toluene injection on octane and CO2 profiles. Initial CO2 concentra-
tion was 0 ppm. Remaining operating conditions are the same as in Fig. 1.

Fig. 4. Effect of 0.01 ml toluene and 0.01 ml xylene injection on NO reduction over
2% Ag/Al2O3 at 350 ◦C. Initial NO concentration was 300 ppm and steady-state NO
concentration before toluene or xylene injection was 45 ppm. Operating conditions
are the same as in Fig. 1.

Fig. 5. Temperature-programmed oxidation profiles for used 2% Ag/Al2O3 catalyst
samples. Catalyst was tested with octane, mixture of 29% toluene and 71% octane,
as well as mixture of 29% p-xylene and 71% octane; at 300 ◦C for 4 h. Operating
conditions are the same as in Fig. 1.
Fig. 6. Temperature-programmed decomposition profiles for used 2% Ag/Al2O3 cat-
alyst samples. Catalyst was tested with octane, mixture of 29% toluene and 71%
octane, as well as mixture of 29% p-xylene and 71% octane; at 300 ◦C for 4 h. Oper-
ating conditions are the same as in Fig. 1.

Fig. 7a shows that in case of the 2% Ag/Al2O3 catalyst, toluene
injection has a much larger inhibition effect for a sulfated cata-
lyst compared to that for the fresh catalyst. As shown in Fig. 7b,
the 3% Ag/Al2O3 catalyst, which appears more tolerant to toluene
inhibition before the sulfation treatment, also shows significant
deactivation after the sulfation process. Sulfation converts the sil-
ver particles that are responsible for oxidizing the hydrocarbons
into silver sulfate. Previous reports indicate that Ag2SO4 in combi-
nation with Ag clusters exhibit SCR activity [21]. Therefore, the net
result is an increase in the overall SCR performance due to better
hydrocarbons utilization in the SCR chemistry, and a decrease in
tolerance towards toluene inhibition. It is expected that this effect
would diminish upon deeper sulfation when both the alumina sup-
port and smaller silver clusters are converted to the corresponding
sulfated species.

The diffuse reflectance UV–vis spectra of catalysts are shown in

Fig. 8 for both the fresh and sulfated catalysts. In the UV–vis region,
the silver species can be classified into three main features, viz.,
ions, clusters, and nanoparticles [24]. Each type of silver species
possesses a specific absorption wavelength: the region between
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Fig. 7. Effect of 0.01 ml toluene injection on NO reduction over (a) 2% Ag/Al2O3 and
(b) 3% Ag/Al2O3 at 350 ◦C for fresh and sulfated samples. Initial NO concentration
was 300 ppm. Sulfation pretreatment was done at 450 ◦C for 6 h using 30 ppm SO2,
7 vol.% H2O, and 12 vol.% O2.

Fig. 8. UV–vis spectra of 3% Ag/Al2O3 in 300 ppm NO, 300 ppm CO, 7 vol.% H2O,
12 vol.% O2, 6 vol.% CO2, 225 ppm octane, and balance He at 300 ◦C for the fresh and
sulfated samples. Sulfation pretreatment conditions are the same as in Fig. 7.

Fig. 9. Temperature-programmed decomposition profiles for used 2% Ag/Al2O3 (a)

fresh and (b) sulfated samples. Catalyst was tested in SCR reaction mixture of 29%
toluene and 71% octane at 300, 350, and 400 ◦C for 4 h at a flow rate of 200 cm3/min,
initial NO concentration of 300 ppm, and C1:NO ratio of 6. Sulfation pretreatment
conditions are the same as in Fig. 7.

190 and 230 nm is assigned to dispersed silver ions on the alumina;
clusters containing 2–8 silver atoms are commonly attributed to
the absorption bands in the region of 255–390 nm, whereas silver
nanoparticles with diameter of ∼10 nm give characteristic band
in the visible region (>400 nm) [24–26]. It is clear that sulfation
mainly results in a decrease in the quantity of large silver parti-
cles. We believe that there is an optimum in the silver particle size
for HC-SCR. Large silver particles facilitate the partial oxidation of
hydrocarbon species at low temperature, and the resulting oxy-
genate species are critical for NOx reduction. However, beyond a
certain limit, the large silver particles can fully oxidize the hydro-
carbon species even before the NOx reduction begins. Based on our
experiments, it appears that sulfur primarily reacts with the large
silver particles responsible for partial oxidation of hydrocarbons,
and thereby decreases the SCR activity at low temperature and
increases it at high temperature.

Besides reacting with the silver particles, sulfur may react with
the alumina support as well. The sulfation treatment increases the
acidity of the catalyst, as observed in our ammonia TPD tests (not

shown). According to literature reports, sulfur (presumably in the
form of SO3) reacts with the alumina support to form aluminum
sulfate [14,19], and we believe that it modifies the surface hydro-
carbons as well. Fig. 9 shows the TPD profiles for the (a) fresh and (b)
sulfated catalysts investigated at different temperatures. In case of
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Fig. 10. Nitrogen formation during temperature-programmed decomposition pro-
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ess of the used catalyst. Catalyst was tested in SCR reaction mixture of 29% toluene
nd 71% octane at 350 ◦C for 4 h at a flow rate of 200 cm3/min, initial 15NO concen-
ration of 300 ppm, 300 ppm CO, 7 vol.% H2O, 12 vol.% O2, 6 vol.% CO2, and C1:NO
atio of 6.

he fresh catalyst (Fig. 9a) tested at 400 ◦C, two almost similar CO2
eaks are observed at ∼425 ◦C and ∼575 ◦C, corresponding to two
ifferent types of surface hydrocarbon species. Similar experiments
t lower temperatures (300 and 350 ◦C) show an increase in the rel-
tive magnitude of the second peak, as it is difficult to oxidize the
ydrocarbon species corresponding to high temperature peak at
he lower operating temperature. Sulfation modifies the TPD pro-
les as shown in Fig. 9b, where it is noticeable that the first CO2
eak is significantly smaller for the sulfated catalyst as compared
o the fresh catalyst in Fig. 9a. Therefore, it appears that sulfation
ncreases the relative magnitude of the strongly bound hydrocar-
on species, which corresponds to the high temperature peak. In
eneral, the effect of aromatic species is similar to that of sulfur –
oth decrease the quantity of the low-temperature surface hydro-
arbon species and increase the concentration of high-temperature
urface hydrocarbon species.

In order to allocate the TPD peaks with the SCR reaction, addi-
ional tests were conducted in the presence of isotopically labeled
5NO. Mass 30 was registered as 15N2 by mass spectrometer. Fig. 10
hows that nitrogen formation occurs simultaneously with the first
O2 peak in the TPD profile. Therefore there are at least two types
f the oxygen-containing hydrocarbon species on the surface, viz.,
1) desired carbon – the species that is involved in the SCR reaction
esulting formation of N2 and (2) undesired carbon – the accumula-
ion of which finally leads to coke formation on the catalyst surface.
he presence of aromatic species, sulfation treatment, and lower
perating temperature increase the quantity of such undesired car-
on and thereby results in catalyst deactivation.
. Conclusions

Deactivation mechanisms for Ag/Al2O3 catalyst due to aromatic
pecies and sulfur in the diesel fuel are explored for HC-SCR of

[

[
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NOx. Using model hydrocarbon species, such as octane, toluene,
and xylene, it is observed that the aromatic species competitively
adsorb with alkanes and result in lower catalytic activity. This inhi-
bition effect is reversible and depends on the size and concentration
of the aromatic species. Similar experiments for a sulfated catalyst
show enhanced inhibition effect due to aromatic species, indicat-
ing that the catalyst deactivation due to aromatic species and sulfur
is cumulative. Role of sulfur in catalyst deactivation is explored
using diffuse reflectance UV–vis and temperature programmed
decomposition experiments. It is proposed that sulfur reacts with
the large silver particles responsible for partial oxidation of the
hydrocarbon species to oxygenates, which are essential for NOx

reduction. Furthermore, sulfur also affects the relative magnitude
of the hydrocarbon species adsorbed on the surface – it promotes
the undesired carbon, the accumulation of which finally leads to
coke formation. In general, catalyst deactivation is enhanced by the
presence of aromatic species, catalyst sulfation, and lower operat-
ing temperature.
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