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to reach a suitable chemistry surface. Carbon-coated monoliths present a high washcoat homogeneity,
high integrity and a suitable chemistry surface that favour NO reduction at low temperatures. The carbon

Keywords: washcoat was bonded perfectly to the ceramic monoliths. The high adherence between both materials,
SCR-NH; of NO hecked by vibrational ides higher resi ind inst axial ion and
Alumina checked by vibrational tests, provides higher resistance indexes against axial compression and prevents
Carbon-coated catalysis crack propagation. Both facts are a consequence of the high mechanical strength of the catalyst.
Washcoat On the other hand, alumina coatings present better temperature resistance, although their adherence

to ceramic monoliths is not as good as in carbon-coated samples. The properties of alumina coatings are
strongly dependent on the slurry viscosities, which influence the integrity of the washcoat, mechanical
properties and even NO conversion. Both series of catalysts have shown a good NO conversion under

on-board conditions, although the key parameters of each washcoat are completely different.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The abatement of nitrogen oxides generated by diesel engines is
amatter of both scientific and technological interest. Since Iwamoto
etal.[1]and Hamadaetal. [2] showed independently that hydrocar-
bons could be used as reducing agents to reduce NOy in an oxidising
atmosphere, many possible catalyst formulations have been exten-
sively studied to find suitable catalysts and reductants, which are
effective for the selective catalytic reduction (SCR) of NOy in the
exhaust gases from numerous applications, working under oxygen
excess and at lower temperatures.

NOy reduction efficiency by means of SCR technology depends
on both catalysts and reductant agents. Typical reductants are
hydrocarbons, ammonia or urea. Among them, ammonia is known
to be very selective towards N, and provides high efficiencies [3].
However, it does not present the most desirable properties for its
use in some applications, such as on-board applications, because
of storage and handling difficulties. It should be generated in situ
by hydrolysis and the decomposition of urea, which can reduce the
efficiency [4].
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A large number of materials have been tested as SCR catalysts.
Catalysts are usually structured, as they present a lower pressure
drop and handling feasibility [5]. Generally speaking, structured
catalysts consist of three kinds of materials: the substrate, which
gives the shape and most of the mechanical resistance properties;
washcoats, which provides high surface area without interacting
with the active element; and the active phase, which is the catalytic
element.

In some application fields, a cordierite monolith is usually the
substrate material due to its excellent properties [5]. Low-pressure
drop in the exhaust system, good thermal shock resistance and
refractoriness are some of its most important properties. However,
cordierite presents a low surface area, which does not allow its
direct use for catalytic approaches, and thus it should be coated
with a porous phase. Good washcoat adherence and compatibil-
ity to washcoat and catalyst active phases are also required. In
recent years, a great number of washcoats have been tested for
the SCR of NO as well as different techniques for coating mono-
liths. A recent review [6] provides details about most of the coating
methods (colloidal coating, sol-gel coating, slurry coating and
polymer coating) using different materials (Al,03, TiO,, SiO, and
Zn0, or activated carbon). All of them improve the porosity of
the monolith to permit the high metal dispersion of the active
phase.
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The most widely used active phases for NO reduction are vana-
dium and copper. Supported vanadium oxides have been widely
investigated in the last two decades [7]. The surface structures of
vanadia supported either on metals oxides, such as Al,03, SiO,,
ZrO, and TiO,, or carbon materials are quite different from the
bulk vanadia, as well the interaction between the active phase and
supports. Consequently, the SCR efficiency of catalysts is highly
dependent on the nature of the washcoat, the dispersion of the
active phase and the presence of promoters/additives parameters
that, in turn, are controlled by the method of preparation and pre-
treatments of both the washcoat and active phase.

For some uses, catalysts must be stable and active in a relatively
low temperature region in the presence of excess oxygen, water
vapour and sulphur dioxide, and they must resist some temperature
peaks. These reasons make both alumina and activated carbon very
promising candidates.

As a washcoat, Al,03 has been widely reported [8-10] for its
potential of supporting vanadium oxides as a SCR catalyst. Recently,
researchers have focused on V,0s5-alumina catalysts prepared by
wet or dry impregnation methods for SCR-NH3 of NO under lean-
burn conditions [11]. Most of them have reported acceptable NO
conversions at temperatures slightly higher than those required
in on-board applications. However, today, several commercial cat-
alysts based on <y-alumina pellets or monoliths are being used for
the treatment of exhaust gases from nitric acid production plants at
lower temperatures. In this application, copper—nickel oxides [12]
and vanadium oxides [13] have shown the best results, and this
opens up possibilities of use on-board as well.

As reported in the literatures [14,15], one of the most important
parameters for catalyst preparation is the deposition of alumina on
the monolith. Typical properties of an alumina coating slurry used
to impregnate a 400 cpsi cordierite monolithic substrate are given
by Shimrock et al. as summarizes Meille in [6]. They suggest that the
solid loading of the slurry should range between 35 and 52 wt% and
that the viscosity should range between 15 and 300 cP. Under these
conditions, a predetermined amount of alumina coating could be
achieved by means of the slurry rheological characteristics.

Alumina slurry preparation methods are very diverse, but
ball-milling is the most widely used, especially in industrial appli-
cations. An examination of the slurry preparation and substrate
coating procedures referenced in the literature does not reveal the
parameters influencing the wet-milling process. However, it has
been indicated that the H,O/Al, 03 and H*/Al, O3 ratios or the pres-
ence of active elements could be among them. The lack of studies
on the influence of active elements on the rheological and depo-
sition properties is very surprising. To the best of our knowledge,
only Collic et al. [16,17] carried out explorative works to study the
influence of active phase metals on the viscosity of slurries. They
observed that the presence of alkaline in the slurry powder causes
an increase in the viscosity, probably due to the higher amount of
excluded ions.

Returning to the catalyst requirements, when SO, and particu-
late matter are also present in the exhaust gases, sulphur resistance
and mechanical strength are necessary. Activated carbon-based
catalysts are well known for resisting sulphur oxide poisoning [18].
In the last decades, there has been increasing interest in carbon-
supported catalysts [19-22], although its use is not so widespread.
On the basis of previous studies [19-22], it is known that acti-
vated carbon-based catalysts have been successfully tested for the
SCR-NH3 of NO for stationary applications. However, to the best of
our knowledge, there are no previous studies where carbon-based
catalysts have been applied to the emissions of other exhaust.

The well-established commercial vanadium catalysts based on
metallic oxides present two main drawbacks. The narrow temper-
ature window (350-450°C) of the reactivity is the main obstacle

for real applications, since it does not cover the main temperature
range of some applications that work especially at low tempera-
ture (100-500°C). Secondly, the deactivation caused by sulphur
dioxide and dust contained in the exhaust gases is a problem
[23]. Conversely, carbon-based catalysts have been demonstrated
to be active at much lower temperature, i.e., 100-250°C [19-22],
and sulphur has a beneficial effect due to the formation of acidic
compounds that improve the adsorption of NH3 favouring its reac-
tion [23,24]. In this way, carbon-based catalysts could be exposed
directly without preheating and without the necessity of burning
sulphur-free diesel fuels.

Although many works have been published on both alumina
and activated carbon washcoat systems, they have rarely been com-
pared under laboratory conditions close to real ones. We begin with
a comparative study of the activity and deactivation causes for alu-
mina and carbon-based catalysts. In this sense, this study deals with
the washcoat quality and adherence as well as mechanical proper-
ties of various V,05/Al,03 and V,05/AC catalysts prepared by dry
and wet impregnation, respectively.

2. Experimental
2.1. Catalyst preparation

2.1.1. Catalysts based on carbon supports

Cordierite monoliths (400 cpsi, 1 cm diameter and 5 cm length)
supplied by Cordering were coated with a polymer blend by the
dip-coating method described elsewhere [19]. Briefly, this method
consists of dipping the cordierite monolith into a liquid polymer
that is subsequently cross-linked and carbonised. The polymers
used were Furan resin (Huttens-Albertus) and polyethylenglycol
(6000 mw, Sigma-Aldrich) as two carbon precursors. The first is
in liquid state and the latter is solid, ground in a mill and sieved
through a diameter less than 100 wm. The dip-coating was car-
ried out with mixtures of Furan resin, PEG, acetone and HNOs, as
polymeration catalysts after withdrawing the monoliths from the
blend; they were flushed with pressurised air to remove excess liq-
uid in the channels. The carbon coating was cured first for 24 h at
room temperature and later at 108 °C for 24 h to become a ther-
mosetting polymer. The monoliths coated with the polymer were
carbonised at 700°C and later activated with CO, at 900 °C during
4 h to develop further surface area and porosity.

The as-prepared carbon-coated monoliths were treated with
different oxidising agents to develop surface oxygen complexes. For
this purpose, four different oxidation treatments with concentrated
HNO3, HNO3(2N), HySO4(2N) and H,0, were applied. The liquid
oxidation treatments of the activated coated monoliths were car-
ried out for 24 h at room temperature. Subsequently, the monoliths
were thoroughly rinsed with distilled water.

The oxidised carbon-coated monoliths were loaded with vana-
dium. The impregnation was carried out by the ion-exchange
method with an excess of ammonium metavanadate solution
(NH4VO3, Panreac, analysis grade) until equilibrium. To facilitate
the dilution of ammonium metavanadate ca. 5 mg of oxalic acid was
added. Under these conditions, the pH of solution remained neu-
tral, and the solution had a yellow colour, indicative of the presence
of VO2* ions. These monoliths were placed in a holder containing
100 ml of the impregnating solution. The vessel was provided with
a stirrer at the bottom to create a continuous flux of vanadium solu-
tion through the monolithic channels. This design allows vanadium
to be deposited uniformly inside the channels. This process was
extended for 24 h, which was enough time to reach equilibrium,
where the solution became colourless. Subsequently, the mono-
liths were rinsed with distilled water in the same set up. After
drying the monoliths, the catalysts were thermally treated in N,
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Table 1
Micro- and mesoporosity calculated by means of t-plot and BJH methods.
Washcoat SBET (mZ/g) Vicroptotal (CmB/g) Vi (Cm3/g) Vmicrop<0.7nm (CmB/g) Vinicrop medio (Cl‘l‘l3/g) Average
loading (wt%) diameter (A)
Plane cordierite 0 0.35 0.000 0.000 0.000 0.000 400
Al,03 powder - 145 0.003 0.457 0.000 0.003 149
Al,05-3% V powder - 136 0.006 0.473 0.000 0.006 142
Al;03-5% V powder - 138 0.006 0.391 0.000 0.006 139
V(3%)/Al,03—(3.4) 7.2 102 0.001 0.040 0.000 0.001 121
V(3%)/Al,05—(4) 3.9 - - - - - -
V(5%)/Al,05—(3.4) 7.9 137 0.000 0.022 0.000 0.000 92
V(5%)/Al,05—(4) 49 48 0.001 0.003 0.000 0.001 -
AC coated monolith 6.0 807 0.017 0.033 0.012 0.005 -
V(3%)/AC+HNOs(c) 6.5 273 0.009 0.028 0.006 0.003 63
V(3%)/AC+HNO3(2N) 6.7 407 0.020 0.028 0.015 0.005 68
V(3%)/AC+H,S04(2N) 6.2 608 0.017 0.028 0.013 0.004 65
V(3%)/AC+H,0; 6.1 458 0.014 0.022 0.010 0.004 67

at 350°C. The nomenclature of the activated carbon-coated mono-
liths is as follows: V(x%)/AC+HNO3(c) where V(x%) indicates the
loading weight of V related to the carbon coating, AC indicates acti-
vated carbon washcoat and HNOs(c) the oxidising agent used. The
samples prepared are summarised in Table 1.

2.1.2. Catalysts based on alumina supports

The raw material used to synthesise V,05/Al,03 catalysts
was commercial alumina supplied by Sasol and denoted Puralox
SCFa140/L3. The alumina powder is characterised by a superficial
area of around 150 m?/g, a volume pore of 0.5cm3/g, a particle
diameter lower than 100 nm and a 3% (w/w) of La;05 that acts as
an alumina stabiliser agent. Catalysts were prepared by doping the
alumina powder with vanadium by means of a dry impregnation
method and finally depositing the slurry prepared with the doped
alumina powder on the monoliths by a dip-coating method.

First, Al;03 powder was impregnated with an appropriate
amount of V,05 by means of a dry impregnation method. Stoichio-
metric amounts of NH4VO3 (Merck, 99% pure) were added to twice
the amount of oxalic acid in a volume of distilled water equal to
that of the y-alumina porous volume. The solution was kept under
continuous stirring and moderate heating to obtain the blue com-
plex (NH,4)2[VO(C304),]. Then the solutions were deposited on the
v-alumina by dry impregnation at room temperature, and the cat-
alyst samples were dried for 12 h at 110 °C. Eventually, the catalysts
were calcinated at 400°C for 10 h with an increase and decrease
temperature ramp of 2 °C/min to promote the removal of nitrates
from the alumina powders.

In the chosen slurry route, the suitable ratios of HNO3/Al;03
and H,0O/Al;03 play an important role. The most suitable ratios
for achieving a proper alumina slurry deposition by means of
the ball-milling process on a 400 cpsi monolith were previously
studied [25]. In this work, the formulation of the slurry was
only changed by varying the water/alumina ratio (from 3.4 to
4) and keeping the acid content constant to modify the wetting
properties.

Washcoat deposition was carried out by means of a dip-
coating method. Monoliths were introduced into a vessel with
the as-prepared slurry until their inner channels were completely
covered. Subsequently, monoliths were raised at a constant veloc-
ity (7cm/s), and the excess of slurry dispersion blocking the
pores was removed with an air jet with an empty tube velocity
of 0.2m/s that left a thin film around the inner wall chan-
nels. After that, monoliths were subjected to a flash heating,
5min at 280°C. The alumina samples follow this nomenclature:
V(x%)/Al;03(y), where x indicates the amount of V with respect
to alumina powder and y represents the water/alumina ratio used

in slurry preparation. The samples prepared are summarised in
Table 1.

2.2. Catalyst characterisation

The monolithic catalysts were characterised regarding texture
properties by N, physisorption, scanning electronic microscopic
(SEM) and surface chemistry by temperature programmed desorp-
tion (TPD). Moreover, the coating was characterised by measuring
its loading, thickness and adherence. The mechanical properties
were studied from the corresponding strain-stress curves obtained
from compression experiments.

Nitrogen adsorption was performed on a Micromeritics ASAP
2020 at —196 °C. Before N, adsorption measurements, the sample
was dried at atmospheric pressure and 108 °C for several hours. The
evacuation temperature was low to prevent the decomposition of
oxygen surface complexes. From the physisorption measurements
with Ny, the specific surface was calculated with the BET equation.
The t-plot method was applied to calculate the micropore, whereas
the BJH method was used to calculate the parameters related to
mesoporosity.

SEM pictures were taken in an SEM EDX Hitachi S-3400 N with
variable pressure up to 270 Pa and an EDX Rontec XFlash of Si(Li).
This technique provides the external composition by means of the
EDX runs as well as pictures of the surface.

Mechanical characterisation was carried out using a Shimazdu
AGS-] 10kN modular apparatus. The compression experiments
between the parallel faces of the cylindrical pieces were carried
out with a deformation velocity of 1 mmmin~!. In this way, the
compressive stress is parallel to the wall channels. The Youngis
modulus and compressive strengths of both uncoated and coated
ceramic foams were determined from the corresponding compres-
sive stress-strain curves.

Temperature programme desorption measurements were carried
out in a Micromeritics apparatus. Before TPD runs, the sample was
treated at 150 °C with 30 ml/min stream of He in order to release all
physically adsorbed complexes. In the TPD, a temperature increase
rate of 10°C/min from 150 to 1050°C was used. The CO, and CO
evolved during the runs were detected by a gas chromatograph
equipped with a thermal conductivity detector. In recent years, TPD
methods have become rather popular. Surface oxygen groups on
carbon materials decompose upon heating to release CO and CO,
at different temperatures. There is some confusion in the literature
with respect to the assignment of the TPD peaks to specific surface
groups, as the peak temperatures may be affected by the texture of
the material, the heating rate and the geometry of the experimen-
tal system used [26-28]. However, some trends can be established,
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as summarised in [28]. Thus, a CO, peak is the result of carboxylic
acids that evolved at low temperatures, or lactones that evolved at
higher temperatures. Carboxylic anhydrides originate both a CO and
a CO, peak. In general, TPD spectra obtained with carbon materials
show composite CO and CO, peaks, which must be deconvoluted
before the surface composition can be estimated. Deconvolu-
tion was carried out by the commercial computer program
ORIGIN.

The coating loading was calculated as the difference between the
monolith weight before and after deposition and drying. The coat-
ing thickness was measured by cutting the sample in one section and
measuring the coating thickness at different points by microscopy.
The rheological behaviour of the prepared sol-gel dispersions was
characterised in a rotational stress controlled rheometer Stresstech
500 from Reologica instruments. The instrument used flat plates
of 40 mm diameter, and all the measurements were done at room
temperature.

Finally, coating adhesion was quantified by measuring the weight
loss after treatment in an ultrasonic bath for 30 min. This method
was recently applied [29] for alumina layers on ceramic and metal-
lic supports. In this work, the coated monoliths were subjected to
ultrasound by immersing them in acetone or water in the case of
carbon-coated monoliths, and inside a glass vessel with petroleum
ether in the case of alumina-coated monoliths, and then in an ultra-
sonic bath for 30 min at room temperature. After that, the samples
were dried for 2 h at 120°C. The weight of the sample both before
and after the ultrasonic treatment was measured. This method was
employed to measure the washcoat adherence of different sam-
ples for comparison purposes. The selection of water, acetone or
petroleum ether depends on the washcoat nature. The chosen agent
should avoid solution interactions with the washcoat. In this sense,
it is not suitable to use water for alumina washcoats as the weight
loss would be due to both adherence and solution effects. The effect
of differing thermal expansions on the stability of coatings was
also tested by cycling a carbon-coated monolith between 500°C
and room temperature. The monolith was introduced in an oven at
500°C and kept for 60 s at this temperature. Then it was quenched
at room temperature. The procedure was repeated 10 times, after
which the ultrasonic test was performed, and the sample was dried
and weighed.

2.3. Catalyst test

The catalytic activity was measured by using a quartz fix-bed
flow reactor heated with a furnace, and 2.2 g catalytic sample
monoliths with a diameter of 1 cm and a length of 5 cm were used.
The feed gas mixture contained 1000 ppm NO, 1000 ppm NHj3, 10%
0, and argon as balance gas, unless otherwise specified. The gas
flow rate was fixed at 100 cm3/min. The effluent gases from the
reactor were analysed on-line by a quadrupole mass spectrome-
ter previously calibrated with cylinders of known concentrations.
The NO conversion was calculated by means of the following
reaction:

% NO reduction =

Cl,-C
MXlOO (1)

NO

where Crixlo is the initial concentration of NO and Cyo corresponds
to its concentration once steady state is reached.

MS equipment is one of the most commonly used detection sys-
tems to determine the concentration of various components in a gas
stream. However, due to the presence of different components and
steam, a calibration is often needed. Calibration was carried out
before starting each run by means of cylinders of certified concen-
trations as follows: 7000 ppm of NO and 3,5% of O,, 2000 ppm of

NO, 3000 ppm of NH3, 1000 ppm of N5, 1000 ppm of N,O and 7%
0,; all of them were in Ar as a balance gas.

3. Results and discussion
3.1. Comparison of the washcoat porous structure

A well-developed washcoat porous structure is a key factor for
achieving a highly active catalyst. It is widely reported in the lit-
erature [20] that microporosity and mesoporosity allow a high
dispersion of active metal on the washcoat surface and a close
contact between the metal phase and the reactant gases. Both con-
ditions are favoured when a coating is present.

The BET surface areas and the main structural parameters of
the catalysts, obtained by means of BJH and t-plot methods, are
summarised in Table 1. The results show that the surface areas of
all activated carbon-coated catalysts are, regardless of the oxidation
process, higher than those of the alumina-coated catalysts. This fact
could be due to the higher microporosity volume developed on the
activated carbon-coated monoliths instead of the poor values for
alumina coatings. However, both activated carbon- and alumina-
based catalysts show a high mesoporosity, exhibited by a broad
hysteresis loop as well as the high BJH volume.

In the case of the carbon-coated catalysts, porous structure is
mainly dependent on the oxidation process carried out on the sam-
ple. As widely reported in previous studies [30], oxidation causes
destruction of the porous structure developed during the activation
step with CO,; the destruction carried out by the inorganic acid
is higher than that caused by other milder oxidising agents such
as H,0,. Moreover, the chemistry surface developed during the
oxidation process influences equally the active metal adsorption
and therefore the porous structure. A carbon coating subjected to a
strong oxidation process favours vanadium adsorption and disper-
sion, which is without any doubt reflected in an important decrease
inits porous structure. On the other hand, the oxidation process car-
ried out with H, O, triggers a slight decrease in the porous structure
and likely a lower adsorption of vanadium, which results in higher
BET surface areas.

Regarding alumina coatings, the main factor for determining
its porous structure seems to be the alumina precursors. Viscos-
ity depends greatly on the H*/Al,03 and H,0/Al,03 ratios and
only slightly on the amount of active phase introduced during the
preparation process. In this sense, although all samples present
similar values of microporosity and mesoporosity, a slight decrease
in mesoporosity after impregnation with the higher amount of
vanadium loading could be observed. This suggests that vanadium
induces a small pore plugging on alumina coating as well.

3.2. Comparison of the washcoat adherence

Under real conditions, the washcoat monolith catalysts are sub-
jected to high gaseous flow rates and temperature fluctuations. As
a result, adhesion loss is a likely cause for concern [32]. Although
adhesion should be tested for stationary catalysts, it is a more crit-
ical factor for on-board catalysts, since the loss of the catalytic
washcoat via attrition or erosion is also a serious source of irre-
versible deactivation.

In the case of carbon-coated monoliths, it has been observed
in previous works [30,33] that carbon-based monoliths under flow
rates and temperatures similar to those employed in environmen-
tal applications did not have any catalyst loss. Thus, a more severe
stability test, which consists of an accelerated ultrasonic test, was
employed. The treatment caused different degrees of erosion in
the monolith washcoats. The degree of erosion was measured by
weighing the sample before and after the ultrasonic treatment and
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Table 2 Table 4
Adherence carbon coating tests (vibrational and thermal tests). Comparison of washcoat adherence to other catalysts reported in the literature.
Ultrasound bath diluting AW, vibrational tests AW,, thermal tests Washcoat AW, AW, Reference
Water 4.96% 4.06% v-Al203 (10 mPa s viscosity) 1.9% 21.3% [14]
Acetone 2.93% 1.98% v-Al203 (30 mPa s viscosity) 12.4% 20.1% [14]
v-Al203 (40 mPa s viscosity) 48.6% 30.4% [14]
. .. . Zeolite (water bath) 2.9% - [35]
also by v1.suallsmg the surfgce through SEM observgtlops. The char- Zeolite (methyl alcohol bath) 29.1% _ [35]
acterisation of sample weight loss after ultrasonic vibration and Zeolite (ethil alcohol bath) 21.7% - [35]
thermal shock was defined as follows: Zeolite (isoporpyl bath) 43.2% = [35]
KFerrierite 26% - [36]
The weight loss of sample after ultrasonic vibration : Kferrierite with silice as binder 1% - [36]
HNO;/Al, 05 11.3% = [34]
AW: = (Wy —Wy)  100% HNOs /Al Oscalcinated at 400°C 1.6% - [34]
1 1 HNOs /Al O5calcinated at 700°C 0.8% - [34]
HNOs3/Al;Oscalcinated at 900°C 0.08% - [34]
The weight loss of sample after thermal shock : ZSM5 4.6% [41]
ZSM5 with SiO; as binder 1.8% [41]
(W3 —Wy) o Morderite 13% [41]
AW, = |: 3 x 100% Morderite with binder 2.3% [41]
Ferrierite 26.1% [41]
W is the washcoat weight before ultrasonic vibration, W5 is the Ferrierite with binder 1% [41]
washcoat weight after ultrasonic vibration, W5 is the washcoat Carbono (water bath) 4.96% 4.06% This work
Carbono (acetone bath) 2.93% 1.98% This work

weight before thermal shock, and Wy is the washcoat weight after
thermal shock.

The cohesions between the coatings and the ceramic monoliths
as assessed by both ultrasonic and thermal shock are summarised
in Tables 2 and 3, respectively. A comparison with other kinds of
catalysts prepared for the same application and reported in the lit-
erature is shown in Table 4. Carbon coatings present a weight loss
after ultrasonic vibration tests with water immersion of around
5wt%. This value is slightly higher than obtained with acetone
immersion (3%). The difference could have been related to the
acid surface character evaluated by TPD runs and reported more
extensively in previous work [30]. The data from the TPD runs are
collected in Table 5. When carbon-based catalysts are subjected to
an oxidising treatment, a high number of oxygen surface groups
are created on the carbon coating. The amount and kind of these
groups are highly depended on the oxidising agent used. As shown
in [30], HNOs3 oxidation is able to create a large number of oxygen
surface groups that evolve as CO, at lower temperatures and that
could be attributed to carboxyl and lactone groups, according to
[27,28]. On the contrary, H, O, oxidation provides a high number of
oxygen surface groups that are evolved at higher temperatures and
that could be attributed to lactone and phenol groups. In this case,
washcoat adherence tests have been performed to HNO3 oxidised
carbon-coated monoliths because they present the highest activ-
ity. Oxygen surface groups that were created after this oxidation
process and evolved at lower temperatures as CO, have a strong
hydrophilic character that favours their interaction with a polar
dissolvent, such as water, and consequently these samples present
a higher weight loss than if acetone is used as dissolvent.

Moreover, samples subjected to thermal shock and immersed
in water also have a higher weight loss (4%) than those in acetone
(2%). Nevertheless, it is worth noting that the thermal shock weight
loss remains at the same order of magnitude as the vibrational test
weight loss, which indicates that carbon and cordierite have similar
thermal expansion coefficients.

Table 3
Adherence of alumina coatings (vibrational tests).

Table 5
TPD results of carbon-coated monoliths before and after different oxidation treat-
ments for 24 h at room temperature.

Oxidation treatment CO (cm3/g) CO, (cm3/g) CO+CO, (cm3/g) CO/CO,
None-activated coating  3.47 0.47 3.87 7.36
HNOs(c) 2.26 1.11 3.37 2.04
HNOs3(2N) 2.01 0.91 2.92 2.22
H,S04 1.77 0.71 2.48 2.49
H,0, 2.78 0.65 3.42 4.29

In the case of alumina-coated monoliths, only vibrational tests
were carried out, as the excellent thermal resistance properties are
widely known. Results are shown in Table 3. The coating adherence
is highly dependent on the alumina slurry viscosity, which is in turn
dependent on the H*/Al,03 and H,0/Al,03 ratios. Moreover, the
alumina coating thickness and integrity also depend on viscosity,
and both have an influence on the coating adherence. Both thick-
ness and adherence parameters seem to be connected by a linear
regression that can be due to the ability of low viscose alumina
slurries to be introduced into the ceramic macropores, whereas
this is impossible for high viscose slurries. Thus, it seems that suc-
tion forces favour, and on the contrary, viscosity forces discourage,
washcoat adherence onto the ceramic support.

Comparing the results herein to those published recently in the
literature (Table 4) [14,34-36], the as-prepared washcoats have
great stability. In fact, in most of the cases, the weight loss is very
low (between 1 and 5%), which could be considered to be less than
experimental error.

Both ultrasonic treatments caused different degrees of erosion.
The degrees of erosion were visualised by means of thorough SEM
observations (not shown here). It was observed that the carbon
washcoat stability of the samples treated by ultrasonic vibration is

Ratio H+ /Al,03 Ratio H,0/Al,03 Vanadium loading AW;, vibrational test Viscosity at shear rate, 10 MPa
14 4 5% 4.88% 0.05
14 34 5% 7.88% 0.11
1.4 4 3% 1.72% 0.02
1.4 3.4 3% 5.88% 0.08
1.4 3.0 3% 12.81% 0.11
1.4 2.6 3% 14.47% 0.13
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Fig. 1. Cracks of carbon coating after thermal vibrational resistance tests.

high enough to show a continuous surface with no sight of crack-
ing on the whole surface. However, samples subjected to 10 thermal
cycles show a deleterious effect. Fig. 1 shows some of these cracks.
Despite these photographs, it should be pointed out that the num-
ber and depth of cracks are not high enough to become a limitation
for catalytic activity.

According to these results, it can be stated that carbon washcoats
can easily fulfil the requirements of stability for on-board appli-
cations, while alumina washcoats only fulfil these requirements
depending on the viscosity of the slurries.

3.3. Comparison of the washcoat thickness and integrity

A detailed study of the coating layer was carried out by SEM
observation. As an example, Figs. 2-5 present SEM images of
coatings. Figs. 2 and 4 (parallel cuts) and Figs. 3 and 5 (perpen-
dicular cuts) show coating layer characteristics on the walls of
the cordierite honeycomb channels. SEM observations (not showed
here) conducted at several distances from the top of the monolith
did not show significant differences between the coating layer in
the centre of the monolith and in the channel open ends, indicat-
ing that the synthesis solution is accessing the whole channel of
the monolith during synthesis.

In Fig. 2, a carbon coating is shown, and uncovered regions in
the monolith are not observed. Another relevant issue observed in
Fig. 3 is the fact that carbon layers can also be introduced inside
the cordierite macropores or remain on the channel surface of the
ceramic monolith. This image shows that the solution is homo-
geneously distributed and can even penetrate into the cordierite
macroporous structure during synthesis. Pore filling could explain
the strong carbon anchorage to the support previously studied.
After cleaning and curing the sample, the remaining carbon forms
a compact structure in which the internal layer is connected to the
ceramic, creating a unique and strong network.

M1H 25X SEI

In Figs. 4 and 5, an alumina coating is observed. It is important
to note that only in the case of V(3%)/Al,03(4) are small uncovered
area observed, probably due to the low viscosity of the alumina
slurry used. This finding is also in agreement with the lower BET
surface area exhibited by this sample. Moreover, and according to
the SEM images, alumina does not seem to be introduced into the
macropores of cordierite remaining mainly on the surface. This fact
can be the cause of the weaker interaction between the support
and washcoat. Regarding the literature [31], two types of coating
defects can be appreciated: pinholes and crackings. Pinholes are
due to uncovered zones of cordierite materials, while crackings are
mainly due to thermal and mechanical tensions suffered during the
drying process. The first defect is observed in samples covered with
the lowest viscosity slurry, whereas crackings are observed for the
highest viscose slurries.

Perpendicularly cut SEM images are useful for measuring the
thickness of both carbon and alumina layers at different points and
in different samples. All carbon layers showed a thickness between
800 and 900 nm, without irregularities even in the inner channel
corners. Conversely, alumina layers showed a thickness between
5 and 20 pm. It is important to highlight the fact that the alu-
mina layer thickness is highly dependent on the viscosity. Alumina
layers present considerably different thicknesses and areas if the
slurries have a high viscosity. This fact is probably due to the irreg-
ular surface of the original cordierite support itself and/or alumina
accumulation in some areas, because the connection force between
particles is stronger and consequently the ability to remove the
excess with air pressure blowing is more difficult.

3.4. Comparison of mechanical properties

The mechanical properties were evaluated with compressive
strength tests. The compressive strength tests were performed
along the axial axis, as described in Section 2. Table 6 and Fig. 6

Fig. 2. Parallel cut of carbon-coated monoliths.
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Fig. 3. Perpendicular cut of carbon-coated monoliths.

summarise the main mechanical parameters of the three supports
(before and after washcoat application). The washcoated mono-
liths were V(3%)/Al;03(3.4) and V(3%)/AC+HNO3(2N). First, the
values reached for both coated samples are very similar to those
reported in the literatures [5,37], especially if monoliths have the
same amount of cpsi.

As observed in Fig. 6, both carbon and alumina coatings lead
to the reinforcement of the raw honeycomb monolith. At the
beginning of the experiments, the relationship between the strain
applied and the stress produced is linear, and the slope of these lines

5% V- AlL,O,-La- 3.4-1.4

e £

corresponds to the Youngis modulus (E), which clearly increases
in the following order: uncoated < alumina-coated < carbon-coated
monolith. In the case of the uncoated cordierite monolith, the pres-
ence of small peaks indicates the formation of small cracks even
before reaching the elastic limit. This behaviour is not observed for
the coated monoliths. This is because E indicates of the rigidity of
the material, showing how the elastic deformation (&¢) progres-
sively decreases as long as E increases (Table 6). Regarding the
maximum strain (omax), a significant improvement in the case of
carbon-coated monolith only is found. In this case, the deforma-

5% V- ALO,-La- 4-1.4

Fig. 4. Parallel cut of alumina-coated monoliths.
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Fig. 5. Perpendicular cut of alumina-coated monoliths.

Table 6
Mechanical parameters obtained from strength vs. deformation plots.

Cordierite Alumina Carbon washcoated
monolith washcoated monolith
monolith
Young module (MPa) 123 339 680
Elastic limit (MPa) 7.7 7.9 8.5
Elastic deformation (%) 8.3 4.0 1.9
Maxima resistance (MPa) 8.5 8.6 12.3

tion progressively increases up to 40% without a noticeable loss of
mechanical resistance. This leads to a greater tenacity in opposi-
tion to the great rigidity of the cordierite monolith. The presence
of small peaks points out once more the development of cracks.
The differences between the curves indicate that the breaking
pathway is different. In the case of carbon-coated monoliths, the
rigid character favours the development of crack advance parallel
to the strain (along the wall channel). Thus, although some cracks
produce the total fracture of the wall, the rest of wall remains
in the same position, i.e. parallel to the effort, and continues to

4 Cordierite monolith

16 7 o Alumina coated monolith
© Carbon coated monolith
w 12
o
=
=
[
=]
7]

Stress (%)

Fig. 6. Mechanical resistance. Axial compression tests.

work collectively. Thus, even though the original piece is fractured
progressively into smaller pieces, the total resistance they offer is
quite similar to that of the non-cracked piece. The strong defor-
mation recorded is due to the crushing produced in the extremes
of the pieces. The uncoated monolith presents a greater elastic
deformation, as previously commented, and also a significant plas-
tic deformation (crushing) before a progressive loss of resistance
occurs. This is due to the greater facility of cracks to progress in
any direction because of the unfilled macropores. The alumina-
coated monolith presents an intermediate behaviour: it is more
rigid and resistant than the uncoated monolith, but it is not able
to avoid crack propagation in the radial direction. The better per-
formance of the carbon-coated monolith is related to the ability
of the carbon precursor to fill the support porosity, resulting in an
anchored and stable coating, as previously mentioned. It is well
known that the strength of ceramic particles depends on porosity
[38]. Exponential laws are usually used to determine the relation
between the porosity and the strength [39]. Because of the nature
of the ceramic material, macropores are the most important kind
of pores. It is expected that the presence of these large pores may
have a strong effect on the monolith strength, as they tend to act as
stress concentrators [40]. The monolith reinforcement is increased,
a consequence of filling the cordierite pores with the coating.

3.5. Comparison of NO reduction activity

The catalytic activity in terms of NO conversion has been stud-
ied for some catalysts as a function of temperature. Steady-state
isothermal experiments at three different temperatures (150, 250
and 350°C) (Figs. 7 and 8) were carried out. Experimental con-
ditions were chosen to be as close as possible to real conditions.
Therefore, a GSHV of 34,000 h~—! was maintained for all runs. These
conditions may cause external diffusion effects and consequently
provide a lower NO conversion ratio. However, as NO conversion
was calculated supposing a zero order reaction for O, and a first
order reaction for NO, possible diffusion effects would be included
into the kinetic constant. Despite this observation and as described
below, further investigations are being carried out.
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Fig. 7. Stationary conditions. NO conversion with alumina doped catalysts.

The catalytic activity of both kinds of catalysts is quite simi-
lar under stationary conditions. NO conversion varies from 50% to
above 80%, showing a dependence on temperature. As expected for
a catalytic process, a higher temperature causes higher NO conver-
sions to a certain extend. At the highest temperature, carbon-coated
catalysts show a slight decrease in activity that can be attributed a
slight NH3 oxidation.

Although catalytic conversion values for both kinds of catalyst
are quite close, some differences can be observed. On one hand, the
NO conversion of alumina-coated catalysts follows a trend accord-
ing to slurry viscosity, since the highest NO conversion values are
achieved when medium slurry viscosities are used in the prepa-
ration process. Lower or higher viscosity slurries provide catalysts
with lower activity, indicating that structural features and homo-
geneity of the slurries play an important role in catalyst activity.

On the other hand, carbon-coated catalysts show the high-
est activity after a strong oxidation process. The highest activity
is shown when carbon-coated monoliths have been subjected to
an oxidation process with concentrated nitric acid. According to
Table 5 and previous works reported in [30], the nitric acid oxida-
tion process causes an acidification of the surface mainly by means
of the creation of carboxyl groups. This kind of group favours the
adsorption of vanadium. Moreover, the oxidation process produces
a depletion of structural features of carbon-coated monoliths, but
this fact is not as important as the acidification of the surface.

Both facts point out that the preparation process will determine
the catalytic activity, but that the key parameters of each catalyst
are completely different.

In order to compare the kinetic activity of both catalysts, the
apparent activation energy was calculated, assuming a zero order
reaction for O, and a first order reaction for NO. According to
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Fig. 8. Stationary conditions. NO conversion with carbon doped catalysts.

the data provided, carbon-based catalysts present an average
apparent activation energy of around 7kJ/mol, while alumina-
based catalysts present an average apparent activation energy
of 15kJ/mol. Both apparent activation energy values are lower
than those typically reported for commercial catalysts, which are
around 60 kJ/mol. This fact can point out either that these catalysts
much more readily react at lower temperature or that they are
subjected to a strong internal and external mass transfer. Further
investigations should be performed.

4. Conclusions

This study has demonstrated that the activity of catalysts in cat-
alytic NO reduction with NH3 can be affected by the nature of the
washcoat. A rough comparison was carried out, taking into account
two kinds of washcoats: carbon and alumina. Both kinds of cata-
lysts were prepared through a dip-coating method and then cured
and treated under different conditions to achieve the most suitable
conditions for the SCR reaction at low temperatures.

The comparison of both washcoated catalysts, alumina- and
carbon-coated catalysts, provides the following results: (i) the car-
bon washcoat is much thinner, better adhered to ceramic supports
and provides a higher Sggr than the alumina washcoat; (ii) the car-
bon washcoat presents a higher thermal shock resistance and a
higher vibration resistance than the alumina washcoat does; (iii)
the alumina washcoat adherence and quality strongly depend on
the slurry viscosity. Moreover, the slurry viscosity depends on the
preparation process, making the determination of a key factor dif-
ficult. Al;03 adherence could be governed by suction forces that
allow the introduction of slurry into the ceramic macropores and
viscose forces that avoid the incorporation to supports. Finally, (iv)
the NO reduction activity reached by both kinds of catalysts is really
close under steady-state conditions.
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