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Catalytically active microchannels containing 1.5 wt.% Ag/alumina were used for studying the kinetics
of the hydrocarbon-assisted selective catalytic reduction of NOx. Hexadecane, a model component for
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second-generation biodiesels, was used as a reducing agent. Steady-state data from the microreactor was
used to develop a detailed kinetic model. The kinetic parameters were estimated through numerical data
fitting, with plug flow model for the microchannels. The model explained fairly well the experimental
data.

© 2009 Elsevier B.V. All rights reserved.
iodiesel
inetic modelling

. Introduction

Microreactor technology has emerged as one of the most vig-
rous research areas during the past decade proven by the large
mount of scientific publications in the field [1–5]. The benefits
f these devices compared with conventional vessels are numer-
us: enormous improvements in energy efficiency allowing very
igh heat transfer rates; faster reactions, suppressing mass trans-

er limitations effects; improved yields due to the faster heat and
ass transfer capabilities; intrinsic safety because of the small-

hannel dimensions, which gives reliability; and last but not least,
better process control is achieved [6–8]. These advantages make

he microreactor an optimal set-up for obtaining fast and reliable
inetic data. Moreover, in previous studies, good agreements with
esults obtained in mini and microreactors under comparable con-
itions were obtained [9], making it possible to transfer results from
ini to microreactors and vice versa.

Globally, there is a growing concern for the environment, and
he strict legislations regarding emissions have led to an emerg-
ng research in the area of environmental catalysis. Nitrogen oxides

re one of the most harmful compounds among these emissions,
roduced primarily from stationary (industry) and non-stationary
transport) sources during the combustion processes. Approxi-

ately 90% of the nitrogen oxides generated is in the form of nitric

∗ Corresponding author. Tel.: +358 22154431; fax: +358 22154479.
E-mail address: dmurzin@abo.fi (D.Yu. Murzin).

1 Fax: +358 22154479.

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.01.031
oxide (NO), which oxidizes rapidly to nitrogen dioxide (NO2) in the
presence of air. When these oxides react with water, nitric acid is
formed which causes acidic rains.

For the case of diesel engines, which operate under a large excess
of oxygen, the conventional three-way-catalyst approach cannot be
employed and other techniques must be introduced. A SCR pro-
cess for reducing NOx using ammonia in stationary sources is well
established. However, due to difficulties in storing and handling
ammonia and its hazards for the potential user, it is not likely that
this technology could be used in a passenger’s vehicle. In principle,
a safer component, i.e., urea could be used as a source of ammonia.
In that case, the most promising catalyst has been found to be a
vanadium-based one [10]. Even if the urea-SCR technology for NOx

removal employs urea instead of ammonia as a reductant, the pro-
cess still produces NH3 slip and problems with the infrastructure
and distribution of the urea are a challenge to face [11]. A safer and
more elegant approach to issue this problem is the hydrocarbon-
assisted selective catalytic reduction (HC-SCR) of NOx [12–18]. Since
the pioneering work of Iwamoto et al. [12] and Held et al. [13],
the exhaust treatment by HC-SCR of conventional fuels in diesel
exhaust has been studied in detail in a large amount of industrial
and academic publications. Iwamoto et al. [12] and Held et al. [13]
investigated the activity of copper-exchanged zeolite ZSM-5 gen-
erating a great interest in the subject. However, the efforts put on

Cu-ZSM-5 were limited due to the instability of this catalyst in the
presence of water [14], making the following studies aimed towards
non-zeolitic alternatives for the system. Noble metals supported
on metal oxides have been tested obtaining promising results with
short chain hydrocarbons, especially propene [14]. Pt was believed

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:dmurzin@abo.fi
dx.doi.org/10.1016/j.cej.2009.01.031
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o be one of the best catalysts for the system as stated by Fritz and
itchon in their review [18]. However, most of the recent devel-
pment has been devoted to silver catalysts on alumina [19–26],
ince it has been found to be one of the most successful catalysts
p to date [19]. The research has been focused on lower alkanes
nd alkenes as reductants, e.g., propene [14]. Still, there were some
fforts on higher alkenes, i.e., octane [19] and even decane [20]
nd other more complex hydrocarbons [26]. Nevertheless, real on-
oard fuels, such as diesel, contain hundreds of compounds, usually
igher alkanes than C10 [27].

On the other hand, biofuels are regarded as an alternative
olution for reducing the oil dependence in the transport sector.
ccording to the Directive 2003/30/EC of the European Parliament
nd of the Council, the European Union (EU) has set the use of bio-
uels to be of 5.75% of the total vehicle fuel consumption in the
U by 2010. In the case-scenario where biodiesel would substi-
ute petrodiesel, the understanding of the NOx reduction will be
ssential.

It has been previously proved that the HC-SCR NOx reduction
trongly depends on the nature of the hydrocarbon [28]. Although
t is known that kinetics of a catalytic reaction can provide valuable
nformation for catalytic converters design, and kinetic model for
eal exhaust treatment, there are surprisingly few papers in the
iterature describing kinetic studies for HC-SCR of NOx with higher
ydrocarbons (above C12). The discussion has mainly been focused
n lower hydrocarbons, e.g., propane [29], propene [30] and octane
31–33].

In this contribution, an attempt to close the gap is made: a sys-
ematic kinetic study for the selective catalytic reduction of NOx

ith biodiesel is presented. It is based on the rigorous treatment of
he chemical transformations occurring in selective catalytic reduc-
ion of NOx in microchannels.

Neste oil has recently developed a process for the produc-
ion of a biomass-derived diesel, called NExBTL, which consists

ostly of C15–C18 paraffins. Hexadecane, that can also be produced
rom renewable sources, i.e., vegetable oils by decarboxylation,
nd is regarded as a high-quality diesel [34,35], was selected as a
odel compound representing the second-generation biodiesels.

uch green diesel is known for its renewability, biodegradabil-
ty and fewer emissions (PM, SOx, net CO2, and VOC) in exhaust
ases.

. Experimental

.1. Microreactor
The gas-phase microreactor set-up was constructed at Åbo
kademi and the parts were purchased from the Institut für
ikrotechnik Mainz GmbH (IMM). The device consists of a two-

iece cubic chamber with two inlets and one outlet, each with a

Fig. 1. Microreactor chamber with catalytic plates (left) an
ring Journal 154 (2009) 34–44 35

tube diameter of 710 �m. The lower part of the chamber has two
recesses, each filled with a stack of 10 stainless steel (before the
catalytic coating) micro-structured plates, which are connected by
a diffusion tunnel, where the gases from the two reactor inlets
mix before entering into the catalytic area. The first stack con-
tains a total of 10 mixing plates with nine semicircular channels
of different radii but with a common center. They are arranged in
the stack in such a way that they meet the two inlets in alterna-
tion. The second stack consists of 10 rectangular plates with nine
parallel shallow microchannels (∅ = 460 �m, length = 9.5 mm and
depth = 75 �m) coated with an Ag/Al2O3 catalyst. Fig. 1 shows the
microreactor chamber with the coated plates (left) as well as a
scanning electron micrograph of the catalytically active channels
(right).

2.2. Catalytic preparation and characterization

There is a need to introduce a catalytically active phase on
the microchannels. The plates were previously coated with Al2O3
at IMM obtaining a mass of 0.7 mg per plate (7 mg total in the
microchamber). The catalyst was further impregnated in our lab-
oratory by washcoating with a 0.022 M aqueous silver nitrate
solution of high purity (J.T. Baker). The impregnation time was
24 h and the stirring speed ca. 70 rpm. After impregnation, the
platelets were dried at room temperature overnight and were fur-
ther calcined in air for 3 h at 550 ◦C. More details of the procedure
are described elsewhere [9]. The plates were further characterized
by LA-ICP-MS [9] and X-ray photoelectron spectroscopy (XPS). A
PerkinElmer 5400 ESCA spectrometer was used with monochro-
matized Al K� radiation (photon energy 1486.6 eV) and a pass
energy value of 35 eV. Samples were in contact with ambient air
prior to analysis and the analysis was made from the surface of the
microplate without any additional chemical or physical treatments.
A low energy electron gun (flood gun) was used to stabilize the
charging that arises from loss of photoelectrons during X-ray bom-
bardment. To calibrate the binding energy axis accurately, carbon
1s line at 284.6 eV was used [36].

2.3. Kinetic experiments set-up

The kinetic experiments were carried out in the microreactor
containing the previously coated plates. The microreactor cham-
ber was connected to a temperature controller and thermocouples
for monitoring the temperature in the catalytic area. The cata-
lyst was pre-treated in a 6 vol.% O2 flow in helium for 30 min. The

experiments were carried out under atmospheric pressure and the
temperature was varied from 150 to 550 ◦C (sampling every 50 ◦C).
For each temperature, the concentrations of the reactants in the gas
flow were varied as follows: (a) keeping the concentrations of hex-
adecane and oxygen at 187.5 and 60,000 ppm respectively, NO was

d SEM picture of a coated microplate – 50× (right).
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also have a tendency towards electric charging during the analy-
sis, which leads into calibration issues [37]. Despite the anomalous
core-level chemical shifts in silver, binding energies of silver atom
nanoclusters dispersed over alumina behave as platinum clusters;
Fig. 2. Scheme of t

aried (750, 1000, 1500, and 2000 ppm); (b) keeping the concen-
rations of NO and oxygen at 500 and 60,000 ppm, hexadecane was
aried (187.5, 375, and 468.8 ppm); and (c) keeping the concentra-
ion of hexadecane and NO at 187.5 and 500 ppm, respectively, the
xygen variation was done (3, 4.5, 9, 12, and 15 vol.%). The concen-
ration of water was kept constant at 12 vol.% in all the cases. It was
sed for balance. A total of 132 experiments were performed (12
ifferent conditions at each temperature). The total gas-flow rate
as always kept at 50 ml/min.

NO was fed from a mixture of 5.01 mol% NO in helium. All the
ases were of high purity (AGA) and were pre-heated to 100 ◦C
nd introduced into the reactor by means of mass flow controllers
Brooks 5850).

The liquid flows, i.e., water and hexadecane, were pumped via a
yringe pump (CMA/102 Microdialysis). Due to the small amounts
f hexadecane present during the experiments (187.5–468.8 ppm),

t was assumed that it was vaporised on the gas stream even at
emperatures lower than its boiling point (287 ◦C). The liquids were
ondensed after the reactor, before gases were introduced to the gas
hromatograph.

The concentrations of the resulting species were determined
y a Hewlett-Packard Gas Cromatograph (GC) System 6890 series
ith TC an FI detectors, and the NOx, NO and NO2 concentrations
ere measured by a PPM Systems Chemiluminescent NOx Ana-

yzer model 200AH. High-purity calibration gases (AGA) were used
or calibration of the NOx analyzer and the GC. A scheme of the
xperimental set-up is presented in Fig. 2.

. Results and discussion
.1. Catalysts characterization

The metal uptake was measured by both LA-ICP-MS and XPS.
he results of the latter are presented here. Fig. 3 shows the sil-
er 3d line for one of the fresh-coated microplates. In most metals
erimental set-up.

electron donation from metal to ligand is observed as increased
binding energy. Silver does not follow this trend; binding energies
of 368.3, 367.5 and 367.3 eV are found in metallic silver, AgO2 and
AgO respectively [36]. Silver nanoparticles dispersed over alumina
Fig. 3. Ag 3d line from the catalytically active microplate.
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(diameter 10 mm), a similar behaviour was found, even at smaller
NO concentrations (up to 100 ppm). In this study, a maximum of NO
to N2 conversion was observed with a NO initial concentration of
250 ppm [43]. Studies with other hydrocarbons, e.g., propane, have
shown the same pattern [42].
ig. 4. NO to N2 conversion on the HC-SCR over a 1.5 wt.% Ag/alumina microchannel
ith hexadecane (-©-) and octane (-�-). 500 ppm NO, C1/NO = 6, 6 vol.% O2, 12 vol.%
2O and He balance. Total flow 50 ml/min.

ery small Ag particles have a binding energy that is ca. 0.9 eV higher
han bulk Ag 3d5/2 [38]. Although it is not easy to determine the
xidation state of the silver over the alumina support, the XPS bind-
ng energy (368.1 eV, with C 1s at 284.6 eV) suggests that silver

as in the Ag0 form and the average particle diameter is at least
few nanometers. The silver loading was found to be 1.5 wt.% with

espect to the alumina and the B.E.T. specific surface area, accord-
ng to the manufacturer was found to be 70 m2/g before the metal
mpregnation [39].

.2. Activity tests

The NO to N2 conversion of the hexadecane-assisted SCR over a
.5 wt.% Ag/alumina-coated microchannels is shown in Fig. 4. The
eduction conversion with octane is used for comparison purposes,
s a representative component for fossil fuels, on the same microre-
ctor. Even though the utilization of octane results in the highest
O-to-N2 conversion, the low-temperature activity improvement
f hexadecane (<350 ◦C) is significant. At 350 ◦C, the NO reduction
ith C16H34 is four times higher than in the case of C8H18. The-

retical studies of n-alkanes on metal surfaces suggest that the
dsorption energies increase linearly with the chain length [40,41].
he greater enthalpy of adsorption of the longer alkane chains and
he weaker C–H bond strength of their methylene groups could at
east partially explain their greater ability to react at lower temper-
tures. On the other hand, the geometry of the molecule could have
n effect on its reactivity. Hexadecane, with its larger size compared
o octane, would occupy more space when adsorbed on a metal
luster. Thus, due to steric hindrance, less available space would
e available for other molecules to adsorb, e.g., NO. In any case,
he reduction behaviour and reaction mechanism is expected to be
imilar for both cases.

The two main reactions in the hydrocarbon assisted-SCR are the
O reduction and the hydrocarbon oxidation. In the present case

hey are represented by Eqs. (1) and (2)

NO + C16H34 + 23.5O2 → N2 + 16CO2 + 17H2O (1)

16H34 + 24.5O2 → 16CO2 + 17H2O (2)

It is generally assumed that reactions (1) and (2) are connected,
nd that Eq. (1) cannot occur if the hydrocarbon is not partially
xidized.
.3. NO effect

The effect of NO initial concentration 500–2000 ppm on the NO
o N2 reduction and the C16H34 to CO2 + CO oxidation, over Ag/Al2O3
t different temperatures (150–550 ◦C) is shown in Fig. 5. A clear
ring Journal 154 (2009) 34–44 37

tendency of decreasing the reduction activity (Fig. 5a), as well as
the oxidation one (Fig. 5b) was observed. Regarding the reduction
activity (Fig. 5a), at lower temperatures (<250 ◦C), despite a slight
decrease on the conversion when higher NO concentrations are
injected, the negative slope is not very pronounced. It is clear that
the activation of the hydrocarbon does not occur at these temper-
atures, which also impedes the reduction activity. At temperatures
above 300 ◦C, the inhibiting effect of NO started to appear. A possi-
ble explanation would be that at very high concentrations of NO, the
active silver sites are blocked by the adsorption of these species, not
letting the hydrocarbon to adsorb. As it is conventionally assumed,
the adsorption of the hydrocarbon is a necessary step for the reduc-
tion to occur. More details can be found below when the reaction
mechanism is discussed. A similar tendency has been previously
reported by Shimizu et al. for SCR of NOx with propane in minire-
actors [42].

The addition of even more NO at the inlet ([NO] > 1400 ppm)
does not affect strongly the conversion. It seems that as more NO
is introduced into the system, it would only contribute to the bulk
concentration, without affecting the catalytic activity of the already
filled active sites; hence, not changing the NO to N2 activity in great
extent.

It is not surprising that the behaviour of the oxidation of the
hydrocarbon follows the same trend (Fig. 5b). In this case, even at
temperatures below 250 ◦C, the inhibiting effect of the NO concen-
tration is depicted. However, the negative effect, for the oxidation
of hexadecane, tends to increase with the augment of temperature.
In a parallel study of the hexadecane-SCR of NOx in minireactors
Fig. 5. (a) NO reduction and (b) hexadecane oxidation over a 1.5 wt.% Ag/alumina
microchannel varying NO partial pressure. 150 ◦C (-�-); 200 ◦C (-�–); 250 ◦C (-�-
); 300 ◦C (-�-); 350 ◦C (-♦-); 400 ◦C (-�); 450 ◦C (-�-); 500 ◦C (-©-); 550 ◦C (-–-).
187.5 ppm C16H34, 6 vol.% O2, 12 vol.% H2O and He balance. Total flow 50 ml/min.
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In brief, the inhibition of the nitrogen oxides adsorption on the
surface as previously mentioned could be the explanation for the
reduction of the NO to N2 conversion with high hexadecane con-
centrations. Moreover, the larger size of the hexadecane molecule
compared with previously studied molecules, i.e., octane, could
ig. 6. (a) NO reduction and (b) hexadecane oxidation over a 1.5 wt.% Ag/alumina
icrochannel varying O2 partial pressure. 150 ◦C (-�-); 200 ◦C (-�–); 250 ◦C (-�-

; 300 ◦C (-�-); 350 ◦C (-♦-); 400 ◦C (-�); 450 ◦C (-�-); 500 ◦C (-©-); 550 ◦C (-–-).
00 ppm NO, 187.5 ppm C16H34, 12 vol.% H2O and He balance. Total flow 50 ml/min.

.4. O2 effect

Fig. 6 presents the effect of oxygen initial concentration on
he NO to N2 reduction and the C16H34 to CO2 + CO oxidation. An
ncrease in reduction activity (Fig. 6a) is observed when higher con-
entrations of oxygen were fed into the system. Previous studies
ave found Ag/alumina catalyst to be active in excess of oxygen
15]. For lower temperatures (below 300 ◦C), the NO reduction
eached an inflexion point around 9 vol.% of O2 initial concentra-
ion. A further increase in the oxygen concentration resulted in the
ame reduction activity. For the case of higher temperatures (above
00 ◦C), the inflexion point was found to be around 6 vol.% of ini-
ial concentration of oxygen, at higher concentrations, the NO to N2
onversion did not increase very sharply. The curves followed an
-shape behaviour found previously by other authors, with other
ydrocarbons, i.e., propane [42], propene [44] and decane [45].

For the oxidation of the hydrocarbon case (Fig. 6b), the inflex-
on point is more pronounced. However, both the oxidation and the
eduction trends seem to be the same, which suggests that the acti-
ation of the hydrocarbon plays an important role in the mechanism
or the hexadecane-SCR over Ag/alumina. An assumption that the
dsorption of the hydrocarbon and its partial oxidation is an essen-
ial step in the conversion of NO to N2, is in line with these results.

Again, at oxygen concentrations close to 15 vol.%, the increase of
xygen in the feed stream becomes unimportant and the reduction
nd oxidation cease to increase.
.5. C16H34 effect

The dependence of the reduction activity and oxidation on the
oncentration of the reducing agent, hexadecane, is depicted in
ig. 7.
ring Journal 154 (2009) 34–44

For the case of NO reduction (Fig. 7a), an interesting behaviour
was observed. At lower temperatures, a lower C1 to NO ratio seems
to enhance the reduction of NO. Nevertheless, at higher temper-
atures, the effect is the opposite, i.e., higher concentrations of
hexadecane result in the augment of the catalytic activity.

This interesting behaviour has not been reported for either short
or long-chained paraffins. Previous studies with octane suggested
that the hydrocarbon had only a positive effect on the NO to N2
reduction [46]. When increasing the concentration of hexadecane,
hence, its coverage raises, it could be that the molecule would
impede the adsorption of the nitrogen oxide on the catalyst, inhibit-
ing the NO reduction reaction (Fig. 7a). On the other hand, the
oxidation conversions follow the same pattern: there is a detri-
mental effect when adding more hexadecane in the feed at lower
temperatures (below 350 ◦C), while the behaviour was reversed at
temperatures above 350 ◦C (Fig. 7b). The measured data on the
minireactor and further rate calculations based on it [46] sug-
gested that hexadecane did not limit the oxygen coverage on the
surface, since the oxidation rates were promoted by higher con-
centrations of the hydrocarbon, even for the cases when the NO
to N2 reduction rates were inhibited [46]. At temperatures above
350 ◦C, the hexadecane was not inhibiting anymore the SCR since
the oxidation rate was very high, indicating lower hexadecane cov-
erage in the high temperature range, helping to promote the NO
to N2 reduction. Although the conversion values were not identical
for the micro and minireactor systems, the trends were found to
agree.
Fig. 7. (a) NO reduction and (b) hexadecane oxidation over a 1.5 wt.% Ag/alumina
microchannel varying C16H34 partial pressure. 150 ◦C (-�-); 200 ◦C (-�–); 250 ◦C (-
�-); 300 ◦C (-�-); 350 ◦C (-♦-); 400 ◦C (-�); 450 ◦C (-�-); 500 ◦C (-©-); 550 ◦C (-–-).
500 ppm NO, 6 vol.% O2, 12 vol.% H2O and He balance. Total flow 50 ml/min.
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nfluence its adsorption mode. It would take more space on the
ctive sites than smaller molecules.

This effect could presumably be explained by the coverage of
he active sites on the catalyst. When increasing the amount of the
ydrocarbon, it would saturate the catalytic surface, impeding other
olecules to adsorb and resulting on a decrease of the reduction

ctivity as it was experimentally observed.
Then, since the boiling point of hexadecane is quite high (287 ◦C)

ven with very small amounts of this compound in the gas mixture
187.5–468.8 ppm), some condensation of the component on the
urface might occur, ceasing the oxidation of the hydrocarbon, a
ey step on the SCR. The condensation of the hydrocarbon would
mply the diffusion of the reactants through the liquid film (slower
han the diffusion through the gas phase) and limiting the adsorp-
ion of the species present in the reaction. This phenomenon could
lso affect the way the different species are adsorbed on the sur-
ace.

This explanation, although feasible, would not be sufficient to
xplain the reduction of NO to N2 activity, since a similar effect was
emonstrated with other components with lower boiling points,

.e., aromatics in [47]. A more plausible explanation would be the
nhibition of the NO adsorption due to hexadecane molecule size,
s was also found in a similar system in minireactors [46].

As mentioned before, the effect of hexadecane at temperatures
bove 350 ◦C was the opposite, i.e., higher concentrations of the
araffin resulted in NO-to-N2 activity improvements. At sufficiently
igh temperatures, no hexadecane liquid film is present on the sur-

ace, giving other molecules the possibility to adsorb on the catalytic
ayer.

In general, due to the relatively small amount of available active
ites in the microchannels, when the reactants concentrations in
he feed stream tend to increase, it is presumed that the reactive
pecies: oxygen, NO and hexadecane compete for adsorbed sites
nd to react further to intermediates, which will eventually react
mong them to produce molecular nitrogen.
Although Houel et al. [48] proposed coking on Ag/alumina cat-
lyst as the underlying cause for the decrease of the reduction
ctivity at low temperatures when using dodecane as reducing
gent, no evidences of deactivation could be found in the present
tudy.

able 1
roposed mechanism and routes, of the C16H34-SCR of NO over Ag/Al2O3-coated microch

tep Reaction N(1) N(2) N

1 NO+* ⇔ NO* 0 0
2 NO* + * → N* + O* 0 0
3 O2 + 2* ⇔ 2O* 49 33 2
4 2N* → N2 + 2* 0 0
5 NO* + O* → NO2 + 2* 0 0
6 CO + * ⇔ CO* 0 −32
7 CO* + O* → CO2 + 2* 32 0 1
8 C16H34 + O*+* → C16H33* + OH* 2 2
9 C16H33 + NO* → C16H33NO* + * 0 0

10 2C16H33NO* → N2 + 2C16H33O* 0 0

11 C16H33O ∗ +48O ∗ fast−→16CO ∗ +33OH∗ 2 2
12 C16H34* + O* → C16H33O* + * 2 2
13 2OH* → H2O + O* 34 34 1
14 C16H33NO* + NO* → N2 + C16H33O* + O* 0 0
15 NO2 + * ⇔ NO2

* 0 0
16 C16H33* + NO2* → C16H33NO* + O* 0 0
17 N* + CO* → NCO* 0 0

18 NCO ∗ +H2O
fast−→NH2 ∗ +CO2 0 0

19 NH2* + NO* → H2O 0 0
0 N* + NO* → N2O* + * 0 0

21 N2O ∗ fast−→N2 + O∗ 0 0

(1): 2C16H34 + 49O2 → 32CO2 + 34H2O; N(2): 2C16H34 + 33O2 → 32CO2 +
16H34 + NO + 16O2 → 16CO + 17H2O + 0.5N2; N(5): C16H34 + NO + NO2 + 23CO2 → 16CO
O + 0.5O2 → CO2; N(8): NO + 0.5O2 → NO2; N(9): NO + CO → 0.5N2 + CO2.
ring Journal 154 (2009) 34–44 39

4. Reaction mechanism

Based on the kinetic data from the performed experiments
and with previously published mechanism of the SCR for different
hydrocarbons, a reaction mechanism for C16H34-SCR of NOx over
Ag/alumina microchannels was proposed. Principally, it follows the
mechanism published by our group [32] and considerations pre-
sented in [49]. The reaction mechanism is given in Table 1, with
21 reaction steps and 9 reaction routes. The stoichiometric num-
bers are presented as well, and they were chosen in a way that
no intermediates would appear in the overall equations for each
route.

Molecular adsorption of NO and CO are assumed, as well as dis-
sociative adsorption of O2 [32]. While Backman et al. [32] proposed
a mechanism for H2-assisted HC-SCR of NOx, it was also stated
that the mechanism was similar as in the absence of hydrogen. It
is assumed here that the behaviour of a higher hydrocarbon, i.e.,
hexadecane, will be analogous as the one obtained with octane
as a reducing agent, with some differences based on our kinetic
observations that will be explained below.

It is generally agreed that over Ag/alumina catalysts, the reduc-
tion of NO proceeds through a complex reaction network. It is
suggested that the role of the catalyst in this case is to oxidize
the hydrocarbon to O- and N-containing intermediate compounds,
which will further react with NO to produce molecular nitrogen
[23].

According to the experimental data (see Section 3 above) con-
versions in the C16H34 oxidation were higher than the NO to N2
reduction (Figs. 5–7).

It was then suggested that oxidation of the hydrocarbon is
a first step leading to strongly bound intermediates that react
with pre-adsorbed nitrite or nitrate moieties: chemisorption of the
hydrocarbon via pre-adsorbed oxygen is proposed, which further
splits the C–H bond, resulting in adsorbed hydrocarbon specie and
a hydroxyl group (step 8). The adsorbed hydrocarbon will then react

either with a previously adsorbed NO to produce a N-functionalized
hydrocarbon intermediate (HC–NO), as suggested previously in the
literature (step 9) [23], or with another adsorbed oxygen to pro-
duce oxygenated hydrocarbons (step 12). Molecular nitrogen is
suggested to be formed either by the combination of two of the

annels.

(3) N(4) N(5) N(6) N(7) N(8) N(9)

1 1 1 1 0 1 1
0 0 0 0 0 −1 0.5
4 16 23 15 0.5 0.5 0
0 0 0 0 0 −1 0
0 0 0 0 0 1 0
0 −16 0 −16 1 0 1
6 0 16 0 1 0 0.5
1 1 1 1 0 0 0
1 1 0 0 0 0 0
0.5 0.5 0 0 0 0 0

1 1 1 1 0 0 0
0 0 0 0 0 0 0
7 17 17 17 0 0 0
0 0 1 1 0 0 0
0 0 1 1 0 0 0
0 0 1 1 0 0 0
0 0 0 0 0 0 0.5

0 0 0 0 0 0 0.5
0 0 0 0 0 0 0.5
0 0 0 0 0 1 0

0 0 0 0 0 1 0

34H2O; N(3): C16H34 + NO + 24O2 → 16CO2 + 17H2O + 0.5N2; N(4):
2 + 17H2O + N2; N(6): C16H34 + NO + NO2 + 15O2 → 16CO + 17H2O + N2; N(7):
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C–NO species (step 10) or by the reaction between a HC–NO inter-
ediate and a pre-adsorbed NO (step 14). Both steps would also

orm oxygenated hydrocarbons, which are considered to rapidly
eact with adsorbed oxygen to produce adsorbed CO and OH (step
1).

It has been suggested that CO2 is formed through CO [31].
ccording to Klingstedt et al. [25] a drawback of the Ag/alumina
atalyst is its poor catalytic activity at low temperatures (below
00 ◦C) and the strong CO formation for the octane-SCR. They also
ttributed the formation of CO2 to the further oxidation of the
dsorbed CO, likely to be enhanced at high temperatures as it
as experimentally proved. CO is suggested to be formed when

xygenate species rapidly react with adsorbed oxygen to form sur-
ace CO and hydroxyl (step 11). Surface CO can be further oxidized
o CO2 reacting with adsorbed oxygen (step 7), or it could also
eact with adsorbed nitrogen to produce adsorbed isocyanate (step
7).

Isocyanates are likely to be formed in the lower temperature
ange. When using octane the low temperature SCR of NOx (<350 ◦C)
s not very effective [50], hence its elementary steps were discarded
32]. However, when hexadecane is used as a reducing agent, low
emperature activity tends to increase (see Fig. 4) and isocyanate
pecies are likely to appear. Burch [49] indicated that –NCO species
ere remarkably stable except when a very high concentration of
O was introduced. On the other hand, he also stated that the rate
f reaction of the –NCO species with NO under more typical HC-
CR conditions, e.g., the ones used in this work, might be too slow
o contribute significantly to the formation of N2. Nevertheless, we
ave included these steps in our model, again, for a generalization
f the system.

Steps 11, 18 and 21 are considered fast. These three reactions are
bviously not elementary surface reactions [51]. They involve two
r more elementary steps, thus the surface coverage of C16H33O*,
CO* and N2O* was considered negligible.

Under lean conditions, the selectivity in the reduction of NO to
ither N2 or N2O has been found to be favoured towards the latter
t low temperatures [49]. Moreover, Denton et al. [52] concluded
hat N2O was in fact, an intermediate in the reduction of NO to N2
t temperatures higher than 230 ◦C [52].

Additionally, relatively high yields of NO2 can be obtained by
he oxidation of organo-nitrito compounds, and hence, formation
f NO2 was also taken into account (step 5). Nevertheless, NO2 is
ore reactive than NO and as a result it may adsorb in order to form

d-NOx species. The experiments evidenced the production NO2 in
ll the temperature range opposite to what was found for the case
f octane [31].

With these considerations, the proposed reaction mechanism is
resented in the already mentioned in Table 1.

Regarding the 9 reaction routes, N(1) and N(2) are the
omplete and partial oxidation of the hexadecane, while N(3)

nd N(4) correspond to the reduction of NO. Routes N(5)

nd N(6) describe the complete and partial HC-SCR with the

resence of reacting NO2. Routes N(7) and N(8) account for the basic
echanism for the formation of CO2 and NO2 and route N(9) deals
ith the isocyanate pathway.

�hex-NO =

⎛
⎝−k14K1cNO +

√
k2

14K2
1 c2

NO + 8k10k8chex
√

K3cO2

(
k9
Only reactions occurring on the catalytic surface were consid-
red. Mass transfer restrictions were supposed to be negligible. Due
o the dimensions of the microchannels (230 �m of radius on its
arger part), the mass transfer between the gaseous species and the
atalytic layer is sufficiently high.
ring Journal 154 (2009) 34–44

5. Rate equations

In order to properly analyze the complex reaction system
elementary reactions were proposed. A linear combination of ele-
mentary steps, multiplied by the corresponding stoichiometric
number were grouped into reaction routes. The total number of
reaction routes was determined by the expression proposed by
Horiuti and further developed by Temkin [53]. The concentra-
tions of the adsorbed intermediates were expressed as surface
coverages (�i), according to the ideal case of chemisorption on sur-
face reactions developed by Langmuir [51]. The quasi-equilibrium
approximation was assumed for the adsorption of the reactants,
Eqs. (3)–(6):

�NO = K1cNO�v (3)

�O =
√

K3cO2 �v (4)

�CO = K6cCO�v (5)

�NO2 = K15cNO2 �v (6)

where Ki represents the equilibrium constant, accounting for the
adsorption strength of each species. The formation of NO2 was
observed when hexadecane was applied as a reducing agent,
contrary to the case when octane is used [31], hence, it was
included on the mechanism. When deriving the equations, the
concentrations of surface intermediates were assumed to be
at steady-state, meaning that the sum of the rates of forma-
tion of surface intermediates in elementary reactions is equal
to the sum of the rates of its consumption in other elementary
steps.

For instance, for C16H33* it follows that:

r8 = r9 + r12 + r16 (7)

Substituting each corresponding rate expressions in Eq. (7):

k8chex�O = k9�hex�NO + k12�hex�O + k16�hex�NO2 (8)

Solving for chex, and introducing Eqs. (3), (4) and (6); an expres-
sion for the hexadecane coverage (C16H33*) is obtained:

�hex =
k8chex

√
K3cO2

k9K1cNO + k12
√

K3cO2 + k16K15cNO2

× �v (9)

With the same procedure, coverages for other species could be
obtained. In the cases where more than one solution was possible
(quadratic expressions), the only solution with physical meaning
was considered (0 < �i < 1).

For hexadecane-NO (C16H33NO*) it follows that:

r9 = 2r10 + r14 − r16 (10)

which is then:

k9�hex�NO = 2k10�2
hex-NO + k14�hex-NO�NO − k16�hex�NO2 (11)

resulting in an expression for the coverage of the specie C16H33NO*:

O + k16K15cNO2 /k9K1cNO + k12
√

K3cO2 + k16K15cNO2

)
10

⎞
⎠ �v (12)

Analogously, using the steady state approximation for the inter-
mediate hydroxyl (OH*):

r8 = 2r13 (13)
which leads to:

�OH =

⎛
⎝
√

k8chex
√

K3cO2

2k13

⎞
⎠ �v (14)
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behaviour of most of the estimated parameters was similar, obtain-
ing a minimum of the objective function close to the estimated
value. A simplified model with less parameter could be proposed
for future contributions in order to diminish the standard errors
and the overall explanation factor.
J.R.H. Carucci et al. / Chemical E

nd nitrogen (N*):

2 = 2r4 + r17 − r20 (15)

ielding an expression for the coverage of this species:

N =
(

−k17K6cCO − k20K1cNO +
√

(k17K6cCO + k20K1cNO)2 + 8k4k2K

4k4

Since the number of sites is assumed to be equal to unity, the
ollowing balance equation is proposed (Eq. (17)), from which the
urface coverage of vacant sites can be calculated

v + �NO + �O + �CO + �NO2 + �hex + �hex-NO + �OH + �N = 1 (17)

It is important to notice that, as deduced from Eq. (17), only one
ype of metal site on the catalytic surface was considered. In prin-
iple, it is possible that different oxidation states of silver (Ag0, Ag+,
tc.) could be present in the system. In situ spectroscopy studies
ould be needed in order to validate and determine the oxidation

tates of the metal before, during and after the reaction.
Each route of the reaction could be expressed as a linear com-

ination of runs along the basic routes [54]. Under this premise,
he rates of production or consumption for different species are
resented in Eqs. (18)–(21).

Hexadecane is consumed along the routes N(1), N(2), N(3), N(4),
(5), and N(6), giving its rate of consumption as follows:

rhex = r12

2
+ r12

2
+ r10

0.5 × 2
+ r10

0.5 × 2
+ r14 + r14

= r12 + 2r10 + 2r14 (18)

Analogously the rates of consumption of nitric oxide, consumed
long routes N(3), N(4), N(5), N(6), N(8), and N(9) is given by:

rNO = r10

0.5 × 2
+ r10

0.5 × 2
+ r14

2
+ r14

2
+ r5 + r19

0.5

= 2r10 + r14 + r5 + 2r′
19 (19)

Since adsorbed NH2 is generally assumed to be very reactive
pecie in the SCR of NOx [27], its coverage was considered negligible
nd Eq. (19) could be further simplified (r19 ≈ 0) into Eq. (20)

rNO = 2r10 + r14 + r5 (20)

Analogously the rates of production of molecular nitrogen could
lso be obtained. The expression becomes:

N2 = 4r10 + 2r14 (21)

. Parameter estimation

In order to understand the catalytic behaviour and the mecha-
isms involved in complex chemical systems, e.g., HC-SCR of NOx,
inetic studies, as well as reactor models, should be developed. The
inetic modelling and parameter estimation performed in this work
re based on the experimental data obtained in the activity exper-
ments (Section 3). Isothermal plug flow model was used for each
tudied temperature. The kinetic data was simultaneously fitted by
on-linear regression to the rate equations as a function of the inde-
endent variables: concentrations of C16H34, NO, NO2, CO, CO2, H2O

nd O2 that were measured at the inlet and outlet of the microre-
ctor. The model predictions and kinetic parameters were obtained
y using the parameter estimation software ModEst 6.0 [55]. A stiff
DE-solver (Odessa) with the Simplex-Levenberg–Marquardt algo-

ithm implemented in the software was used to solve the system.
ring Journal 154 (2009) 34–44 41

)
�v (16)

The sum of residual squares was minimized using the following
objective function (Eq. (22)):

Q =
∥∥cexp − cest

∥∥2 =
∑

t

∑
i

(cexp,it − cest,it)2 (22)

The degree of explanation that represented the accuracy of the
fit was given by Eq. (23):

R2 = 100 ×
(

1 −
∥∥cexp − cest

∥∥2∥∥cexp − c̄exp
∥∥2

)
(23)

where c̄exp represents the mean value of all the data points. In the
model, the temperature dependences of the rate constants were
expressed as in Eq. (24):

ki = Ai,ave × exp
(−Eai

R

(
1

TRx
− 1

Tave

))
, with

Ai,ave = A × exp
( −Ea

R × Tave

)
(24)

The estimated parameters are presented in Table 2.
Due to the numerical stiffness of the problem, good initial

estimates are crucial for convergence. Previously found values in
minireactors for octane-SCR from different publications [31] have
been employed as initial estimates in the present work.

In this first stage of parameter estimation no simplifications for
the model were made following the ambitious aim of creating a
kinetic model that fully describes the hexadecane-SCR of NOx over
Ag/alumina, even if the system is very complex and the standard
errors would be significant in this first attempt.

Despite of the large number of parameters, the model was suc-
cessfully fitted to the experimental data with a high degree of
explanation (≈95%, Eq. (23)). The comparison between experimen-
tal data and calculated values is given in Fig. 8. Even if there are
values that differ, the proposed model was fitting the data with a
good degree of accuracy.

However, in these types of systems, problems of over-
parametrization could occur. In order to discard this possibility,
sensitivity analysis was applied. Sensitivity plots of two of the
parameters A2 (Fig. 9a) and A12 (Fig. 9b) are presented in Fig. 9. The
Fig. 8. Comparison between experimental and predicted reaction rate.
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Table 2
Parameters from the fitting of the experimental data using non-linear regression.

Pre-exponential factor Estimated values (ppm−1 s−1) Activation energy Estimated values (kJ/mol)

A2 (8.97 ± 1.08) × 109 Ea2 112.1 ± 5.2
A4 (8.12 ± 3.04) × 104 Ea4 78.5 ± 49.3
A5 (2.73 ± 1.31) × 100 Ea5 37.9 ± 12.9
A7 (8.29 ± 1.73) × 104 Ea7 69.2 ± 8.4
A8 (6.46 ± 0.70) × 103 Ea8 65.6 ± 33.4
A9 (2.86 ± 0.44) × 1011 Ea9 135.7 ± 40.4
A10 (2.68 ± 0.42) × 109 Ea10 124.3 ± 18.7
A12 (2.58 ± 0.71) × 1012 Ea12 147.1 ± 33.4
A13 (4.09 ± 0.81) × 101 Ea13 49.8 ± 10.4
A14 (2.08 ± 1.98) × 103 Ea14 124.1 ± 38.1
A
A
A
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16 (3.60 ± 3.94) × 103

17 (5.10 ± 4.81) × 10−2

20 (5.46 ± 1.51) × 101

Crucial steps for the formation of molecular nitrogen are r10
nd r14, while the most important elementary reactions for the
xidation of the hydrocarbon are r10, r12 and r14. Obviously, r10
nd r12 are important steps, since they are present in the con-
umption/production rates (Eqs. (18)–(21)). Both steps had high
ctivation energies (around 124 and 147 kJ/mol respectively). Small
ariations on temperature are very likely to affect the reaction
ate, since its dependence increases exponentially. This could be
elated with the activation of the hydrocarbon when the tempera-
ure barrier (around 350 ◦C) is surpassed boosting the hydrocarbon
xidation.

The formation of NO2 depends on steps 5 (formation) and 16
consumption). The formation exceeds the consumption of NO2 at
emperatures lower than 250 ◦C, switching the trend at temper-
tures above 250 ◦C, which explains very well the experimental
ndings.

Although the concentrations of NO2 in the system during the
xperiments were relatively small compared to the concentrations
f NO, its formation was observed and should be taken into account
s the model predicts.

Then, the small contribution of the step 17, compared to the
ther elementary reactions, could easily be neglected. It seems
hat the formation of isocyanates is not as important as initially
hought, even with the higher catalytic activity using hexadecane
s a reducing agent instead of octane.

It is important to mention that only surface reactions were
onsidered in this mechanism, whereas the gas-phase interac-
ions were neglected. Because of the small dimensions in the
icroreactor and high surface-to-volume ratio, the occurrence of
omogeneous gas-phase reactions is considerably reduced, leaving
he heterogeneously catalyzed reactions as the only ones taking
lace.

Fig. 9. Sensitivity plots for para
Ea16 69.2 ± 43.9
Ea17 38.7 ± 27.0
Ea20 69.9 ± 25.0

One of the attractive features of the presented model is that it
is valid in a large reactant concentrations region as well as over
a large temperature range (150–550 ◦C). Most important, it helps
to understand the SCR of NOx with a second-generation biodiesel
component, i.e., hexadecane.

SCR of NOx with octane has been successfully performed in a
microreactor and the obtained results were compared with con-
ventional minireactors [9]. No previous kinetic studies of the SCR
of NO with hexadecane have been presented. Kinetic experiments
have been performed in a parallel study in a minireactor at our
group [43]. When comparing reaction orders of hexadecane with
respect to hexadecane, for the case of minireactors, the calculated
orders varied from 0 at temperatures below 250 ◦C (when the par-
tial oxidation of the hydrocarbon remains low) to 1.23 at 550 ◦C.
For the microreactor case, the reaction orders were correspond-
ingly increasing, reaching a maximum of 1.73 at 550 ◦C, and being
zero at temperatures below 250 ◦C. The effect of hexadecane in the
reaction rate appears to be stronger for the case of the microre-
actor at elevated temperatures (above 450 ◦C). At temperatures of
350–400 ◦C, reaction orders for the mini and microreactors were
very similar, i.e., 0.54 and 0.62 (350 ◦C) and 1.06 and 0.98 (400 ◦C)
respectively. For the reaction orders of NO in NO similarities were
also found. In minireactors, reaction orders of NO in NO were in the
range of 0.52–0.67 at the studied temperatures (250–550 ◦C). The
values obtained in the microreactor were in the range of 0.49–0.71
for the same temperature range.

Interestingly, the experimental reaction rates (turnover fre-
quencies) obtained in the microreactor exceeded those for the

minireactor. The catalyst used for the kinetic experiments in the
minireactor has been developed and optimized by our group [24].
This is not the case for the coating of the microchannels, where
more research and catalytic characterization is still needed. In that

meters A2 (a) and A12 (b).
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ense, obtaining higher reaction rates in this system (sometimes
wo orders of magnitude higher) shows the strong potential of these
evices for kinetic experiments: not only the results are obtained

aster, but better conversion of reactants per gram of catalyst could
e achieved as well. Such advantage of microreactors over minire-
ctors is important if the former are to be used as a standard
quipment for kinetic measurements.

. Conclusions

A gas-phase microreactor (∅ = 460 �m) coated with Ag/Al2O3
as used for the kinetic investigations of the hydrocarbon-assisted

elective catalytic reduction of NOx. As a model compound, hexade-
ane, a high quality diesel fuel and a representative component of
he second-generation biodiesels, was employed. A kinetic model
ased on the experimental data was developed. The kinetic param-
ters were estimated with non-linear regression by using a plug
ow model for the microchannels. The model assumes molecular
dsorption of NO and CO and dissociative adsorption of O2. After
exadecane is chemisorbed on the surface, its C–H bond is split
y adsorbed oxygen. The oxidized hexadecane reacts with surface
itrates to form adsorbed R-CNO species that further on, via inter-
ediates, reacts to yield N2 and oxygenated hydrocarbons. The
odel described the experimental data fairly well.

The nature of the hydrocarbon was proved to influence the SCR
f NOx. At low temperatures, below 350 ◦C, the large size of the
exadecane molecule was suggested to inhibit the adsorption of
itrogen oxides on the surface, producing a detriment in the NO to
2 activity. On the other hand, when the temperature was above
50 ◦C, the hexadecane was oxidized easier and positive effect of
he increasing hydrocarbon concentration on the SCR activity was
bserved.

Although the degree of explanation of the model was very high
>95%), some high standard errors were also found. However, the
enerality of the model and its validity for a broad reactant concen-
rations and a wide temperature range (150–550 ◦C), make it a valu-
ble tool for understanding the hexadecane-assisted SCR of NOx.
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24] K. Arve, L. Čapek, F. Klingstedt, K. Eränen, L.-E. Lindfors, D.Yu. Murzin, J. Dědecěk,
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