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a b s t r a c t

Silver-alumina (Ag-Al2O3) catalysts are susceptible to deactivation by nitrates and/or carbon species
deposition, especially at low temperatures. A prototype catalyst (PC) was used to cleanse the diesel
exhaust by reducing potential catalyst poisoning species and possibly generate more reactive species
which would aid the SCR catalyst NOx reduction activity. The PC was located upstream the SCR catalyst
and its influence on the passive SCR catalyst NOx activity was dependant on the engine exhaust gas
temperature, hydrogen concentration (50–5000 ppm) and space velocity (SV).

Nevertheless, the PC was found to have significant influence on the reduction of HCs, CO and particu-
late matter (PM) across all engine operating conditions. During HC-SCR at low temperatures, there was
sufficient HC species available for the reduction of NOx (peaking at ∼80%) over the Ag-Al2O3 catalyst.
However, there was a decrease in NOx conversion at higher engine exhaust gas temperatures, attributed
to the reduced HC concentrations relative to the NOx produced by the engine and also the HC oxidation
reaction being more predominant over the HC-NOx reduction reaction. At these particular conditions the

active injection of HC species (engine fuel) was necessary for improved NOx reduction activity over the
Ag-based SCR catalyst. HC speciation in the exhaust gas shows that the PC reduces small chain HCs but
has small influence in reduction of toluene and >C7 hydrocarbons.

Of the three investigated space velocities, the best NOx conversion was observed for the medium value
of ∼20,000 h−1. The lower (15,000 h−1) and higher (25,000 h−1) space velocities yielded results that were
similar to those without the use of the PC. Hence, a careful balance between exhaust gas temperature,

ore n
SV and reactants is theref

. Introduction

With ever more stringent emission regulations being enforced
y the environmental governing bodies with regards the emis-
ions from automobiles; diesel after-treatment is now a necessary
omponent in the emissions reduction strategy. Among the most
esirable after-treatment technologies for NOx emissions reduc-
ion is hydrocarbon selective catalytic reduction (HC-SCR) over

g-Al2O3 catalysts, which utilises hydrocarbons (HCs) as the reduc-

ng agent for NOx. Some advantages of this technology include its
ost effectiveness and simplicity to implement.

Abbreviations: CPC, condensation particle counter; cpsi, cells per square
nch; DMA, differential mobility analyser; DOC, diesel oxidation catalyst; DPF,
iesel particulate filter; FID, flame ionization detector; GC, gas chromatography;
C, hydrocarbons; HC-SCR, hydrocarbon-selective catalytic reduction; NDIR, non-
ispersive infraRed; NOx , nitrogen oxides; PC, prototype catalyst; PM, particulate
atter; SMPS, scanning mobility particle sizer; SOF, soluble organic fraction; SV,

pace velocity; ULSD, ultra-low sulphur diesel.
∗ Corresponding author. Tel.: +44 121 4144170; fax: +44 121 4143958.

E-mail address: a.tsolakis@bham.ac.uk (A. Tsolakis).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.01.004
ecessary for the best NOx reduction activity.
© 2010 Elsevier B.V. All rights reserved.

However, NOx reduction activity is currently interdependent
on other technologies, such as diesel particulate filters (DPFs) and
diesel oxidation catalysts (DOCs). The DPF and DOC technology’s
primary role is to reduce emissions of CO, HCs and PM, which are
harmful components present in diesel engine exhaust gas. At the
same time, the reduction of these has another important benefit,
since cleaner exhaust gas at the inlet of a selective catalytic reduc-
tion (SCR) catalyst (located downstream of the DOC/DPF in a typical
configuration) improves its durability and efficiency at reducing
NOx. A DPF is designed to trap and periodically or continuously
burn off the accumulated particulate matter (PM) [1–4]. The soot
accumulated in the DPF has to be kept below a balanced threshold
so as not to cause undesirable back pressures in the exhaust tailpipe
[3] which could reduce the fuel economy and engine durability. On
the other hand, a common DOC is designed to continuously oxidise
carbon monoxide, gas phase hydrocarbons, and the soluble organic
fraction (SOF) of PM to carbon dioxide (CO2) and water (H2O). Since

the diesel engine operates on a lean burn cycle, there is sufficient
oxygen (O2) necessary for the DOC oxidation reactions.

In HC-SCR, silver-alumina (Ag-Al2O3) catalysts are being widely
researched due to their proven ability to reduce NOx by utilising
various HC species in the presence of hydrogen (H2), at relatively

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:a.tsolakis@bham.ac.uk
dx.doi.org/10.1016/j.cej.2010.01.004
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Table 1
The ULSD fuel specifications.

Parameter Value

Cetane number 54.1
Density @ 15 ◦C (kg/m3) 833.3
50% distillation (◦C) 278
95% distillation (◦C) 340.4

◦
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ow temperatures [5–10]. Nonetheless, they are rather sensitive to
he amount and speciation of the HCs present in the exhaust. Exces-
ive amounts of HCs in the exhaust, at low temperature, even in the
resence of H2, can have an adverse effect on the NOx reduction
ctivity of the catalyst primarily due to carbon-containing species
dsorption onto the Ag-Al2O3 catalyst surface [9,11,12]. Surface
itrates formation has also been cited as a major contributor to SCR
atalyst fouling [13]; a process that can be reversed by the addition
f H2 into the exhaust gas.

Diesel engine operating conditions play an important role in reg-
lating the exhaust gas temperature of the engine. High load, high
peed engine operation results in increased exhaust gas tempera-
ures. With increasing exhaust gas temperature the HC oxidation
eaction is more prominent, resulting in decreased reactive HC
pecies availability for the SCR of NOx over the Ag-Al2O3 catalysts.
s a result, the H2 and HC amounts present in the exhaust need to
e optimized for specific engine operating conditions.

In the present investigation, the promotional effect of H2 was
tudied for full-scale diesel engine exhaust utilising a prototype
iesel oxidation catalyst (PC). The results presented show how
he activity and/or durability of Ag-Al2O3 catalysts can be possibly
mproved for NOx reduction in real diesel engine exhaust gas.

. Experimental

.1. Engine

The engine used in these experiments was direct injection,
ingle cylinder experimental diesel engine. More detailed specifica-
ions have been given in previous publications [14,15]. The engine
ailpipe and catalyst arrangement is shown in Fig. 1 below.

.2. Catalysts

The catalysts comprised of a prototype oxidation catalyst (PC)
nd two Ag-Al2O3 catalysts (for greater active volume) supported
n identical ceramic monolith bricks (Ø 4.66 × L3 in.). The PC was
laced upstream of the SCR catalysts, in a reactor connected to the
xhaust tailpipe as shown in Fig. 1.

Prototype monolith catalyst (PC): The catalyst comprised of a pro-
totype formulation developed by Johnson Matthey Plc, whose
purpose was to (i) adsorb hydrocarbons and oxidise CO at low
exhaust temperatures and (ii) to release hydrocarbons and/or oxi-
dise C-containing species (i.e. CO, PM and some HC species) at
high exhaust gas temperatures.
HC-SCR Ag-Al2O3 monolith catalysts: A silver catalyst (2 wt.%) was
prepared by impregnating �-alumina (surface area ∼ 150 m2/g)
with aqueous AgNO3, before drying and calcining (in air for 2 h at
500 ◦C).

The catalysts were made into separate aqueous suspensions,
hich were then uniformly coated onto ceramic monolith sub-

trates with a high cell density (600 cpsi).

.3. Fuel

Ultra-low sulphur diesel (ULSD) was the sole fuel used in this
nvestigation. The fuel specifications are as listed in Table 1, below.
.4. Test conditions

The effect of the PC on the Ag-Al2O3 catalyst activity with
ydrogen addition (0, 700, 1500, 3000 and 5000 ppm) from a certi-
ed bottled source (including ∼50–100 ppm from the combustion
Viscosity @ 40 C (cSt) 2.83
Sulphur (mg/kg) 7
Carbon (wt.%) 85.3
Hydrogen (wt.%) 13.9

process itself), were examined for twelve steady-state engine oper-
ating conditions (speed–load). In order to investigate the effect of
the space velocity over the Ag-Al2O3 catalyst, the engine speeds
tested were 1800, 1500 and 1200 rpm, resulting in space velocities
of 25,000, 20,000 and 15,000 h−1, respectively.

At each engine speed, the effect of exhaust gas temperature
and composition were investigated through various engine loads
(12, 25, 50 and 75%). Engine load was defined as the percentage of
the maximum torque achievable at each engine speed, running the
engine with the same fuel. The NOx, HC, HC:NOx ratio and exhaust
gas temperature were recorded at the inlet of the Ag-Al2O3 catalysts
and are shown in Tables 2 and 3.

2.5. Experimental procedure and equipment

2.5.1. Exhaust gas analysis
A Horiba Mexa 7100DEGR analyser was used to measure the

concentrations of NOx (NO + NO2) by chemiluminescence; CO and
CO2 by non-dispersive infrared (NDIR); O2 by an electrochemi-
cal method and hydrocarbons (HCs) by flame ionization detection
(FID). The H2 concentration in the exhaust gas at the SCR catalyst
inlet was measured using a gas chromatography (GC) analyser.

2.5.2. Particulate matter analysis
The particulate sampling system used a scanning mobility parti-

cle sizer (SMPS) spectrometer manufactured by TSI. It comprised of
an electrostatic classifier series 3080, a 3081 differential mobility
analyser (DMA) and a model 3775 condensation particle counter
(CPC). The exhaust gas dilution ratio was preset to 100:1 (using a
properly calibrated dilutor) and particle distributions were mea-
sured in the 10–500 nm range. Exhaust samples were taken from
the same position in the exhaust manifold for both the SMPS and
the exhaust gas analyser.

2.5.3. Hydrocarbon species analysis
Quantitative hydrocarbon analysis (C1–C7) at the inlet of the

SCR was performed on a Hewlett Packard Model 5890 Gas
Chromatograph-FID equipped with a 25 m × 0.32 mm i.d. capillary
column with a 10 �m film thickness PoraPLOT Q. The gas samples
were introduced into a gas-sampling valve outfitted with a 2.5 ml
sample loop. To calibrate the GC-FID for hydrocarbon species (i.e.
qualitative and quantitative) analysis, several standard mixtures of
paraffins and olefins from C1 to C7 with known concentrations were
used.

3. Results and discussion

3.1. PC effect on engine exhaust emissions
The prototype catalyst’s primarily design role was to reduce C
species such as HCs, CO and part of the PM from diesel engine
exhaust gas which typically has relatively low NOx reduction
efficiencies at low temperatures over Ag SCR catalysts. Its effec-
tiveness at reducing these particular emissions is illustrated in
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Fig. 1. Single cylinder Lister Petter engine exhaust tailpipe, showing the cata

igs. 2 and 3. The catalyst HC reduction efficiency is dependent on
he engine exhaust gas temperature. As indicated from the HC con-
ersion under the same SV (i.e. engine speed) the prototype catalyst
chieved its light-off (50% conversion) temperature only at high
ngine loads (i.e. 50 and 75%).

The CO reduction efficiency was very high (> 98%) across all
ested conditions (Tables 2 and 3) due to CO requiring less energy
o oxidise compared to HC molecules. On the other hand, the NOx

eduction activity of the PC was relatively low as Fig. 3 illustrates,
ith reductions of only ∼20% being achieved at the higher temper-

tures in the engine load operating range of 50 and 75% (>250 ◦C).

his means that the decline in the concentration of HCs is partially
ue to the NOx-reducing reactions taking place over the prototype
atalyst. In the lower temperature region (<240 ◦C), correspond-
ng to 12 and 25% engine loading, there was less than ∼10% NOx

eduction.

able 2
CR inlet parameters without the implementation of the prototype catalyst.

1800 rpm SV = 25,000 h−1

Engine load (%) 12
NOx (ppm) 388
CO (ppm) 174
HC (ppm) 367
HC:NOx ratio 0
O2 (%) 16
T3 (◦C) 165

1500 rpm SV = 20,000 h−1

Engine load (%) 12
NOx (ppm) 373
CO (ppm) 187
HC (ppm) 343
HC:NOx ratio 0
O2 (%) 17
T3 (◦C) 159

1200 rpm SV = 15,000 h−1

Engine load (%) 12
NOx (ppm) 361
CO (ppm) 288
HC (ppm) 333
HC:NOx ratio 0
O2 (%) 17
T3 (◦C) 137
rangement, exhaust sampling points and temperature measurement points.

For all the tested engine load conditions, the space velocity over
the PC seemed not to affect its performance significantly for the
reductions of CO, HC and NOx emissions. Overall, it could be con-
cluded that the PC only needs to reach light-off temperature to
maintain its effectiveness across a wide range of operating condi-
tions.

3.2. PC effect on particle size distribution (1200 and 1800 rpm
50% load)

The particle size distribution of the different engine speed–load

conditions yielded different results, but from our experimental
findings the characteristics observed followed a similar trend,
therefore to avoid repetition, only the analysis of the highest and
lowest engine speeds of 1800 and 1200 rpm at 50% load respec-
tively will be assessed. From the particle number analysis (Fig. 4),

25 50 75
494 806 1089
126 111 257
390 422 465

.95 0.79 0.52 0.43

.5 15.87 13.85 11.74
224 285 327

25 50 75
523 815 1064
164 133 153
349 396 425

.92 0.67 0.49 0.40

.02 16.15 14.1 11.77
197 240 306

25 50 75
457 668 993
230 251 1261
364 380 480

.92 0.80 0.57 0.48

.03 15.98 13.57 10.68
177 237 297
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Table 3
SCR inlet parameters with the implementation of the prototype catalyst.

1800 rpm SV = 25,000 h−1

Engine load (%) 12 25 50 75
NOx (ppm) 341 406 687 1035
CO (ppm) 0 0 0 5
HC (ppm) 228 234 267 292
HC:NOx ratio 0.67 0.58 0.39 0.28
O2 (%) 16.91 15.74 13.52 11.1
T3 (◦C) 190 231 299 342

1500 rpm SV = 20,000 h−1

Engine load (%) 12 25 50 75
NOx (ppm) 356 480 660 837
CO (ppm) 1 1 1 4
HC (ppm) 289 276 217 189
HC:NOx ratio 0.81 0.58 0.33 0.23
O2 (%) 16.79 15.75 13.70 11.32
T3 (◦C) 171 207 273 335

1200 rpm SV = 15,000 h−1

Engine load (%) 12 25 50 75
NOx (ppm) 341 443 544 840
CO (ppm) 2 0 1 5
HC (ppm) 211 227 157 222
HC:NOx ratio 0.62 0.51 0.29 0.27
O2 (%) 17.00 15.88 13.10 9.94
T3 (◦C) 152 183 260 340
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ig. 2. Reduction in hydrocarbon (HC) emissions over the PC for the specified engine
oads.

t was generally found that the particle number concentration, in

lmost all the diameter range measured, was reduced.

Through a mass analysis, the PC can be seen to effectively reduce
he total particle mass and number from the diesel exhaust gas,
articularly as the engine loading was increased (Figs. 5 and 6). It
an also be seen that the reduction in particle number along the PC

ig. 4. The total particle number distribution of the diesel engine exhaust with and witho
oad.
Fig. 3. The PC effect on the overall NOx to N2 conversion for the respective engine
speeds and loads studied.

is, in general, higher than the reduction in mass. This indicates that
the PC is more effective in removing the smaller particles, which
are formed (totally or in a high proportion) by hydrocarbons. It is

well known that hydrocarbons are more easily oxidise than soot in
an oxidation catalyst.

By reducing both the total particulate mass and number in the
diesel exhaust, the NOx reduction mechanism over Ag-Al2O3 cata-

ut the prototype catalyst for: (a) 1800 rpm and 50% load and (b) 1200 rpm and 50%
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Fig. 5. Total particulate mass concentration in the exhaus

ysts could be improved leading to better efficiencies, due to lower
mpurities. As a result, a study of the NOx activity over Ag-Al2O3 cat-
lysts was necessary in order to conclusively show that the activity
f the catalysts could be improved through the use of the PC by lim-
ting the amount of possible poisoning species (in the diesel exhaust
as) leading to reduced deactivation mechanisms.

.3. PC effect on C1–C7 hydrocarbons (1200 and 1800 rpm, 25
nd 75% load)

Analysis of the HC species from the combustion process itself
as carried out for short chain species (C1–C7). The HCs shown in

ables 2 and 3 are representative of the total C1 count and since
he experimental study was focusing on ‘passive; HC-SCR over Ag-
l2O3 catalysts, speciation was a necessary component for trend
nalysis during NOx catalysis. For trend analysis, the engine con-
itions chosen for this part of the study were the highest speed of
800 rpm and the lowest speed of 1200 rpm both at engine loads
f 25 and 75%.

Varying engine speed at low engine load (25%) showed
nly a slight effect on the C1–C7 HC species distribution pat-
ern and magnitude (Fig. 7). It was predominantly of the order
oluene > ethylene > methane > propylene in both conditions. At
200 rpm in particular (Fig. 7a), the poor toluene reduction of 15%
eflects the difficulty of oxidization of this aromatic HC compound.
his can be attributed to the combined effects of exhaust gas tem-
erature and the reduced space velocity, which lowers the effective
eat transfer towards an exothermic reaction.

At the higher engine load (75%), greater variation is observed

n the inlet HC species especially at 1200 rpm. At this condition,
ow toluene output from the engine was measured but with an
ncrease in the other light species. Included in the other light
C constituents was the photo-chemically reactive compound
f 1,3-butadiene, which is a known carcinogen according to the

Fig. 6. Total particulate number concentration in the exhaust ga
without (PC In) and with (PC Out) the prototype catalyst.

United States Environmental Protection Agency (US-EPA). In
contrast, at 1800 rpm a significantly higher toluene concentration
was observed before the PC, alongside with reduced amount of
light alkanes and alkenes, suggesting a less complete combustion
for each engine cycle. This combustion completeness discrepancy
between the HC species emissions from the engine could be
attributed to the difference in residual time inside the combustion
chamber due to the difference in engine speed. The rest of unde-
tected HC species making the total C1 count (Tables 2 and 3) are
therefore the heavier HCs (i.e. greater than C7).

From analysis of the engine out and PC out emissions
(Figs. 7 and 8), it can be observed that the PC was very effective
at removing the small amounts of light HCs which are known to be
un-reactive at low exhaust gas temperature in Ag-Al2O3 NOx catal-
ysis [12]. Comparatively, of the HC species characterised, toluene
(an aromatic HC) seems to be the major output product from the
combustion process of ULSD, before and after the PC. Other small
chain HCs can be present but only in small quantities. Arve et al.
[16] in their study on a cascade concept involving Ag/alumina and
a Cu-ZSM-5, found that toluene was not very good as a reductant
over the Ag catalyst. They found that the addition of toluene into
the exhaust gas stream into the Ag catalyst resulted in an increase
in the temperature for initial NO catalytic activity. These findings
are in agreement with Breen et al. [17] who in their study on the
sulphur tolerance of Ag/�-Al2O3 catalysts, found that the addition
of toluene to the exhaust stream had a negating effect on the tem-
perature at which the Ag catalyst showed significant NOx activity.
It can therefore be surmised that the presence of aromatics in the
exhaust gas during the HC-SCR of NOx is a major disadvantage for
Ag-Al2O3 catalysts.
3.4. H2-effect on HC-SCR of NOx with PC use

The PC was used in conjunction with H2 addition
(700–5000 ppm) in order to study its effectiveness on SCR

s without (PC In) and with (PC Out) the prototype catalyst.
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Fig. 7. Comparison of the variation in short chain (C1–C7) HC species a

f NOx over Ag-Al2O3 with reduced impurities. This was to
heck whether there was any notable improvement in the NOx

eduction activity of the Ag-Al2O3 catalysts as compared to a

imilar study [18] involving no PC use, where there was suspi-
ion of SCR catalyst deactivation due to excess HC adsorption
t low temperatures. A simplified mechanism of the HC-SCR
eaction involves the activation of NO to NO2 and then the
eaction of this NO2 with HC to form nitrogen (N2), carbon

Fig. 8. A comparison of the variation in short chain (C1–C7) HC species at the
ngine speed of 1200 and 1800 rpm operating at an engine load of 25%.

dioxide (CO2) and water (H2O), according to Eqs. (1) and (2)
below:
2NO + O2 → 2NO2 (1)

CH2 + 3
2 NO2 → 3

4 N2 + CO2 + H2O (2)

It can be surmised (on a molar basis) that the HC amount
(ppm) can reduce the equivalent of 1.5 times the NOx (ppm),

engine speed of 1200 and 1800 rpm operating at an engine load of 75%.



408 S. Sitshebo et al. / Chemical Engineering Journal 158 (2010) 402–410

ion ac

s
g
b
f
v
t
i

l
s
s
e
w
i
t
r
r
e
i

F
5

Fig. 9. Effect of varied H2 addition on Ag-Al2O3 NOx reduct

ince the NO and NO2 in reaction are 1:1 equivalent (Eq. (1)). It is
enerally accepted that there are intermediate reactions that occur
etween Eqs. (1) and (2) which form the critical path of reaction
or the reduction of NOx. This simplified NOx reduction mechanism
ersion is to show that the reaction of HC and NOx does not have
o be at 1:1 (Eq. (2)) or higher to achieve complete NOx reductions
n diesel exhaust gas.

To illustrate the effect of hydrogen addition on the SCR cata-
ysts, the results for the engine speed of 1500 rpm have been chosen
ince common similarities were observed for the other engine
peeds (i.e. 1200 and 1800 rpm). Without the addition of H2 to the
xhaust, there was no significant NOx reduction observed across the
hole engine speed–load range for both cases (Fig. 9). However, an

ncrease in hydrogen addition to the diesel exhaust gas upstream
he silver SCR catalysts had a corresponding positive effect on NOx
eduction, but predominantly in the low temperature (low load)
egions, where higher HC:NOx ratios were observed. With higher
ngine temperature, the HC:NOx ratios and NOx conversion activ-
ty were reduced; with peak NOx conversions being observed for

ig. 10. The maximum NOx conversion with H2 addition and PC use for (a) 1800 rpm, (b)
0 and 75% load, respectively).
tivity: (a) without PC use and (b) with PC use, at 1500 rpm.

lower H2 additions at these particular conditions. This highlights
the necessity to optimize the H2 content depending on the exhaust
temperature and the HC:NOx ratio, based on the reactive fraction
of HC species. The low HC:NOx ratios were due to the higher engine
out NOx emissions as the engine load was increased. Furthermore,
the presence of toluene does not aid the HC-SCR reaction over Ag-
Al2O3 catalysts [16]. The reduced maximum NOx conversion and
HC:NOx ratios (at higher loads) is in agreement with several authors
[19,20,12,21], who have reported that the HC:NOx ratio has signif-
icant influence in the amount of NOx reduced over the Ag-Al2O3
SCR catalyst; with increased NOx conversion being observed at the
higher HC:NOx ratios.

An important reported key step in low temperature NOx reduc-
tion activity lies in hydrogen’s reductive activation of molecular
oxygen species involved in the oxidative activation of HCs [8,21,22].

The improvement in overall NOx conversion with the use of the PC
for the 1500 rpm engine speed (Fig. 9b), was possibly due to higher
chain HC activation over the PC surface, coupled with the H2 acti-
vation of HCs after the PC, making them more reactive. However,

1500 rpm and (c) 1200 rpm, for varying SCR inlet exhaust temperature (i.e. 12, 25,
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ccording to the results herein, the most probable explanation lies
n the reduction of poisoning species, e.g. unreactive HCs, soot par-
icles etc, as illustrated and discussed in the above sections. Thus,
espite the fact that the HC:NOx ratio was reduced by using the PC,
e have proved that the same or even better NOx reduction can be

chieved over the SCR catalyst if it is fed with either less poison-
ng species or more active HCs, especially at the low temperature
egions (12 and 25% load). However, the space velocity (SV) seemed
o play an important role in the PC’s effectiveness at improv-
ng NOx reduction at all conditions as discussed in the following
ection.

When using the PC, the best NOx conversion peaked at ∼82%
t low engine load conditions and at an engine speed of 1500 rpm.
xhaust gas temperature, HC:NOx ratio and SV are all among the
nfluential factors in NOx reduction activity and given the peak
onversion occurring at the 25% engine load; near optimum val-
es of the influential parameters may have been attained. While
t the higher engine load (higher temperatures), there was not
nough active HCs after the PC for NOx selectivity over the Ag-Al2O3
CR catalysts, which may have resulted in the lower NOx conver-
ions obtained. External selective injection of HCs will need to be
dministered if there is to be a notable improvement in NOx reduc-
ion activity in the high load (i.e. high temperature) region for any
ngine speed.

.5. Space velocity effect

The respective speeds of 1800, 1500 and 1200 rpm yielded cor-
esponding gas hourly space velocities over the Ag-catalyst of
5,000, 20,000, and 15,000 h−1 respectively. The residence time
hus increases with decreasing engine speed and may lead to
ncreased NOx reduction activity [23]. The SV effect is illustrated
n Fig. 10, where the NOx conversion with and without the PC over
he same engine load range is shown. It was observed that the PC
ncreased the SCR inlet temperature (by approx. 10–40 ◦C) in all
hree engine speed representations. The increase in temperature is
ue to the oxidative catalytic activity over the PC and the associated
emperature gradient in the direction of exhaust gas flow after the
atalyst [24].

At the SV of 25,000 h−1 (1800 rpm) the residence time between
he catalyst reactive surface and the exhaust gas was shortest (com-
ared to SV of 15,000 and 20,000 h−1 respectively), but increased
emperatures at the high speed conditions resulted in relatively
ood NOx reduction activity for temperatures above 190 ◦C, due to
he advanced PC and Ag-Al2O3 light-off at these particular condi-
ions (Fig. 10a). Due to the constant HC conversion observed over
he PC prior to the Ag-Al2O3 SCR catalysts (Fig. 2), less SCR cata-
yst surface species accumulation and improved inlet temperatures

ere observed [24,25]. The PC initiated Ag-Al2O3 catalyst light off
arlier than without PC use, especially at lower loads. Confirmation
f this characteristic was also observed at the SV of 20,000 h−1,
here the PC helped maintain a NOx conversion rate that was
igher than that without the use of the PC (Fig. 10b). This lower
V may have been near optimum for the Ag-Al2O3 SCR catalysts
sed at this specific engine speed–load range. At the even lower
V of 15,000 h−1 (Fig. 10c), it was noticed that the PC had no sig-
ificant influence on the NOx reduction activity compared to the
esults with no PC use, yielding results similar to those observed
t 25,000 h−1 whereby there was no notable improvement in NOx

eduction with PC use. Possible explanations at these particular
onditions can be due to (i) the reactive reductant in the exhaust

as composition requiring either lesser or greater residence time
ver the SCR catalyst surface for improved NOx reactivity or (ii) the
omogeneous gas phase reactions having become significant prior
he PC; reaching a point where they were much greater than the
atalytic reactions over the PC and as result the PC may not have
g Journal 158 (2010) 402–410 409

been required in the diesel exhaust system prior to the Ag-Al2O3
SCR catalysts [23].

4. Conclusions

The prototype oxidation catalyst has been shown to mainly
reduce the hydrocarbons, carbon monoxide and particulate matter
from engine exhaust gas; which in turn helps enhance low temper-
ature NOx reduction activity at particular operating conditions. It
is suspected that at low temperatures the prototype catalyst acti-
vates the more reactive long chain HC species, which aid the NOx

reduction reaction.
At high temperatures the PC readily oxidises the PM and short

chain HCs from the engine exhaust gas which when coupled with
the low HC:NOx ratios observed, leads to lower NOx reduction activ-
ity over the Ag-Al2O3 catalysts. At these conditions, an external
hydrocarbon injection source may be required to achieve rea-
sonably good reactant ratios (in the presence of H2) and thus
possibly improve the NOx reduction activity over the Ag-Al2O3
SCR catalysts. During the short chain HC species analysis, toluene
was found to be the most abundant species after the combus-
tion process. Due to its lack of NOx reactivity as a reductant over
Ag-Al2O3 catalysts, it can easily be deduced that the quality of
reductant species in the exhaust gas could yield better NOx reduc-
tions. Thus, maintaining the use of the PC and quantitatively as
well as qualitatively dosing the exhaust gas may be the way for-
ward.

Gas hourly space velocity has to be carefully controlled for the
prototype oxidation catalyst to have any positive effect on passive
Ag-Al2O3 catalyst performance for NOx reduction. Furthermore,
optimized H2:HC and HC:NOx ratios would be required to maximise
the NOx reduction performance of the SCR catalysts at specific con-
ditions since it was found that the lower the HC:NOx the lower the
H2 required for maximum possible NOx conversion at a particular
exhaust composition.
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