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Abstract

A ready-made MnCau catalyst showing a good performance in the combustion of volatile organic compounds has been deposited on FeCrAlloy®
metallic monoliths by means of washcoating. With the aim of depositing a homogeneous and well-adhered layer of catalyst on the monoliths, the
effects of a pre-coating with colloidal alumina as a primer, the solid concentration in the slurry, the addition of a stabilizer to the slurry, and the
immersions number of the monolith in the slurry were studied. The addition of a stabilizer to the slurry was necessary to prevent sedimentation and
to achieve reproducible washcoatings. The pre-coating of the monolith with the primer improved the washcoating adherence obtained with one
impregnation but a better adherence did not compensate a lower solid load due to a lower surface roughness. A higher amount of deposited material
was obtained with the slurry at 35 wt% making two impregnations. The obtained monoliths showed excellent catalytic activity in the combustion
of ethyl acetate and toluene. The activity as well as the surface area and pore volume of each monolith increased with the amount of retained solid.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The catalytic oxidation is the most attractive way to elimi-
nate volatile organic compounds (VOCs) at low concentration
in industrial gaseous effluent. For practical applications, the cat-
alyst should be supported on a structured support to treat large
gas flows with low pressure drop.

The most widely used structured supports are the monoliths
with longitudinal parallel channels made of ceramic or metallic
materials. Monoliths for polluted emissions control are being
used since the sixties [1,2]. They are the substrate or matrix
where a material of high surface area which acts as catalytic
support is deposited. Then, the active phase is dispersed on the
catalytic support.

The most popular supports with monolithic structure are the
ceramic ones, due to their wide use in the automobile sector.
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They are made mainly of cordierite and obtained by extrusion.
Despite their wide use, these monoliths have limitations related
to the minimum wall thickness for a correct extrusion (100 pwm)
and a low thermal conductivity that, associated to the flow model
in the longitudinal channels, origins a non-homogeneous radial
thermal profile [3,4].

Although metallic monoliths are more expensive than
ceramic ones, they present a smaller wall thickness (25-50 pm)
and higher thermal conductivity [5]. However, the low adher-
ence of the washcoating acting as support of the active phase
is their main disadvantage. This problem can be solved by a
combination of chemical modifications in the preparation of the
washcoating and by the use of alumina bearing ferritic alloys
(FeCrAlloy, Khantal, etc.) [6]. These ferritic alloys are used in
the monolith manufacture for two reasons [7]. They support
very well high temperatures and by means of adequate physi-
cal chemical treatments, they are covered with a well-adhered
alumina layer that can act as substrate to deposit thicker layers
of support. The alloy with 3-5% aluminum has the peculiarity
that at high temperatures the aluminum migrates to the surface
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generating an alumina layer in form of whiskers that allows the
anchoring of the washcoating [7-10].

The rheological properties of the suspension containing the
catalyst are very important to obtain a satisfactory washcoat-
ing. The suspension should be stable and have an adequate
viscosity to achieve a homogeneous coverage of the metallic
monolith. Many factors influence on the suspension character-
istics, mainly, the particle size of the solid [11-13], the nature
of the dispersing medium [1], the solid concentration and the
pH [14,15]. Agrafiotis and Tsetsekou [13] studied the effect of
the pH on the slurry stability and viscosity. Also, Agrafiotis et
al. [11,12] studied the effect of particle size on the adhesion
properties of oxides washcoating on cordierite honeycombs,
ball-milling the oxides for several periods of time. They found
that there is a certain threshold value (around 5 pm) below which
the particle size has to be reduced in order to get a satisfactory
adhesion of the washcoating layer to the support.

In this work, the preparation of a manganese—copper mixed
oxide catalyst washcoated on metallic monoliths is reported.
This manganese—copper oxide catalyst has shown a very good
catalytic behavior for the VOCs combustion [16]. The main goal
was to find out the most convenient preparation conditions to
obtain a homogeneous and well-adhered washcoating. For this
purpose, the effects of a pre-coating with colloidal alumina as
a primer, the solid concentration in the slurry, the addition of a
suspension stabilizer, and the immersion numbers were studied.
Finally, the catalytic performance was evaluated in the ethyl
acetate and toluene combustion.

2. Experimental
2.1. Preparation of monolithic catalysts

Manufacture of the monoliths. The monoliths were prepared
from thin foils (0.05mm of thickness) of FeCrAlloy® (Fe:
72.8%; Cr: 22%; Al: 5%; Y: 0.1%; and Zr: 0.1%) by rolling
around a spindle alternate flat and crimped foils. The monoliths
(3 cm long and 1.6 cm of diameter; 330 cpi) were then calcined
at 900 °C for 22 h.

Washcoating with the primer: colloidal alumina. The metallic
monoliths were washcoated with pure Nyacol® Al 20 (20 wt%
colloidal alumina) and aqueous dilutions Nyacol:water=1:1;
1:2 and 1:4. The monoliths were dipped into the slurry for 10's,
withdrawn to constant speed of 3cmmin~! and then, the sus-
pension excess was eliminated by centrifugation at 400 rpm for
10 min. Finally, they were dried at 120 °C for 1 h and calcined
at 500°C for 2 h.

Washcoating with the active phase: MnCu catalyst. MnCu
catalyst was obtained as a powder by the coprecipitation method
from Mn(NO3),-4H,0 and Cu(NO3);-4H,O with a molar ratio
Mn:Cu=1:1. The details of the synthesis procedure and char-
acterization results were presented in a previous paper [16]. In
order to be used for washcoating, the ready-made MnCu catalyst
was ball-milled at 400 rpm for 5 h. Then, aqueous suspensions
with 30, 35, and 40 wt% solids content adding colloidal alumina
(Nyacol® Al20) as stabilizer and a suspension with 40 wt% solid
content without colloidal alumina were prepared. The pH 4 was

adjusted employing diluted HNOs3. The slurries were subjected
to orbital agitation for 17h before being used for washcoat-
ing. The monoliths without and with a primer (denoted as MF
and MF + Ny, respectively) were washcoated with the slurries of
MnCu catalyst following the steps described for the washcoat-
ing with colloidal alumina. One and two immersions (indicated
in the sample denomination by means of arabic number 1 or
2, respectively) were performed with each slurry concentration.
Finally, they were calcined at 500 °C for 2 h.

2.2. Characterization techniques

Farticle size distribution. Particle size distribution of the
crushed MnCu catalyst was determined with a laser parti-
cle size analyzer using a Mastersizer 2000 apparatus from
Malvern Instrument. Typically, 3—5 ml of suspension prepared
with 100 mg of catalyst and 10 ml of water were added to the
sample chamber.

Isoelectric point determination. A Zetasizer Nano series from
Malvern Instruments was employed. The catalyst was dispersed
in electrolytic solution of 0.003 M NaCl adjusting the pH with
either NaOH or HNOj solutions.

Viscosity measurements. After the washcoating, 9 ml of sus-
pension were used to determine the viscosity using a Haake
Rotational Viscosimeter (range 2—103 mPass at 25 °C) equipped
with a NV sensor.

Washcoating adherence test. The adherence of the washcoat-
ings was evaluated in terms of the weight loss after exposure
of the monoliths to ultrasounds. The coated monoliths were
immersed in petroleum ether, inside a sealed beaker, and then
treated in an ultrasound bath for 30 min. After that, the monoliths
were dried at 80 °C for 2 h. The weight loss was gravimetrically
determined measuring the weight of the samples both before and
after the ultrasonic treatment.

Textural  characteristics ~ measurement.  Adsorption—
desorption isotherms of liquid nitrogen at 77K were per-
formed in an ASAP 2000 apparatus from Micromeritics after
outgassing the monoliths at 120°C. A home-made cell was
used for the measurement of complete monoliths.

Scanning electron microscopy (SEM). The morphology of
samples was examined with a scanning electron microscope
LEO 1450VP. The samples were covered with a thin gold layer
to improve the images.

2.3. Catalytic tests

The monoliths were pretreated in air flow at 450°C for
1 h. After cooling them at 100 °C, they were evaluated in the
combustion of ethyl acetate and toluene. The reacting stream
was 1000 cm?/min (GHSV 10,000 h~ 1) with a composition of
1000 mg C/m> diluted in purified air. The reaction was per-
formed at atmospheric pressure. The temperature was increased
at 2.5 °C/min between 100 and 400 °C. The gaseous mixtures
were analyzed before and after reaction by gas chromatography,
in the case of ethyl acetate combustion, and by mass spectrom-
etry for toluene combustion. Also, CO, was measured with an
on-line IR detector.
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Fig. 1. SEM photograph of FeCrAlloy® calcined at 900 °C for 22 h.

3. Results and discussion
3.1. Preliminary studies

When depositing an active phase on a metallic monolith
by washcoating, the major challenge is to achieve a homoge-
neous and well-adhered catalyst layer on the monolith walls.
The washcoating adherence is very important since the operat-
ing conditions of the catalysts in the volatile organic compounds
combustion involve high space velocities of the gaseous stream.
In order to favor the anchorage of the washcoating to the
metallic substrate, the FeCrAlloy® monoliths were thermally
treatment (900 °C for 22 h). In Fig. 1, the SEM micrograph of
a treated FeCrAlloy® foil shows the alumina layer formed. Due
to surface roughness, catalyst fine particles from a slurry are
retained and the mechanical adherence to the metallic substrate
is induced.

Considering the results reported by Agrafiotis et al. [11,13],
the MnCu catalyst powder employed in this work was ball-
milled in order to reduce the particle size. The characteristic
particle size doo (90% of the particles of the batch are smaller
than that) was 4.5 pm after ball-milling it for 5 h.

To select the suspension pH, zeta potential measurements for
the MnCu catalyst were made. Fig. 2 shows that the isoelectrical
point of the catalyst is 7.7. The highest zeta potential was 27 mV
at pH 4 and lower. Then, the suspensions were prepared in an
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Fig. 2. Zeta potential vs. pH curve for the ready-made MnCu catalyst.

Fig. 3. View of the monolith channels with washcoating from the slurry at
40 wt% without colloidal alumina as stabilizer.

aqueous medium and the pH was adjusted to a value of 4 with
diluted HNOj3 for all the preparations.

The selected pH and a characteristic particle size, dgp <5 pm
[11] should produce stable suspensions but, only 10 min after
stopping the agitation, the solid particles settled. However, wash-
coatings with the suspension of 40 wt% were assayed by dipping
the monolith immediately after stopping the agitation. The
amount of catalyst retained was very different in two monoliths
prepared in the same way. Furthermore, the coating was non-
uniform. The monolith showed channels with highly charged
zones and some others, almost bare (Fig. 3). Performing a sec-
ond immersion, the amount of solid retained was excessive and
the monolith channels were plugged (Fig. 4).

In order to solve these problems and to improve the sus-
pension stability, 6% colloidal alumina (Nyacol®) was added
as stabilizer. Thus, the suspensions were stable (not settling
in 24h) with viscosities around 5.5 mPas. The washcoatings
obtained were homogeneous (Figs. 5 and 6) presenting good
reproducibility (loading differences less than 10%).

As it is expected that the catalytic activity of the mono-
liths will be related to the amount of active phase retained, it

Fig. 4. Top view of a monolith with blocked channels.
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Fig. 5. Top view of a monolith with homogeneous washcoating.

is desirable that the highest possible amount of catalyst should
be deposited homogenously on the surface. Itis also important to
obtain a good adherence of the deposited material since the cata-
lystloss would produce an activity loss. In this work, the effect of
preparation variables on the amount of catalyst deposited and its
adherence was evaluated. The results are summarized in Fig. 7
in which, for each solid content, the amount of catalyst retained
during the washcoating (maximum value indicated by the bars)
and the catalyst mass remnant after the adherence test (internal
bar with denser traces) are shown. These results are discussed
in detail below.

3.2. Effect of the pre-coating with primer

In some cases, the adherence of the active phase can be
improved making a pre-coating of the metallic substrate with
a primer [17,18]. With the objective of studying this possibil-
ity, washcoatings with aqueous dilutions of colloidal alumina
(Nyacol® Al 20) in different concentrations were made. As it
is expected, at a higher concentration of colloidal alumina, a
higher amount of alumina is retained. However, this causes a

Fig. 6. Lateral view of a monolith with homogeneous washcoating.
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Fig. 7. Amount of catalysts retained after the washcoating (maximum value
indicated by the bars) and after the adherence test (internal bar with denser
traces) for the prepared monoliths.

loss of surface roughness which makes difficult the subsequent
active phase washcoating. Therefore, the primer was added
from a diluted suspension (Nyacol®:water = 1:4) which shows a
loading around 0.17 wt% without losing completely the rough-
ness. In Fig. 8, a SEM photography of the foil pre-coated with
Nyacol®:water = 1:4 is shown.

Comparing the loading of the monoliths with and without a
primer (Fig. 7), it is observed that the monoliths with primer
(MF + Ny-1 and MF + Ny-2) retain lower amount of MnCu cat-
alyst than those without primer. The washcoating with diluted
colloidal alumina decreases the surface roughness of calcined
FeCrAlloy® explaining the unfavorable effect with regard to the
capacity to retain solids.

The adherence of the active phase can be evaluated by dif-
ference between the amount of catalyst before and after the
adherence test (portion of the bar with sparser traces in Fig. 7). In
this regard, a great difference of weight loss is observed between
the monoliths with and without primer when a single immer-
sion is made (MF-1 and MF + Ny-1). Evidently, the pre-coating
with the primer improves the adherence of the active phase.

Fig. 8. SEM photograph of FeCrAlloy® pre-coated with diluted colloidal alu-
mina (Nyacol®:water = 1:4).
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However, considering the amount of solid remaining after the
adherence test (Fig. 7, the portion of the bar with denser trace),
it can be deduced that the increasing adherence is not enough to
compensate the lower amount of solid retained.

The weight loss of the monoliths with two immersions (MF-
2 and MF + Ny-2) is very similar, except for the suspension of
40 wt%. When the second immersion was carried out, the mono-
lith surface was constituted mainly by a MnCu catalyst layer
instead of an alumina layer. This could explain the disappear-
ance of the primer effect on the catalyst adherence when two
immersions are made.

Consequently, it can be concluded that in our case, the pre-
coating with colloidal alumina as primer do not offer advantage
on the final loading of catalyst.

3.3. Effect of the number of immersions

In order to increase the amount of catalyst washcoated on
a monolith, successive immersions can be made. Depending on
the slurry viscosity the loading achieved with the firstimmersion
can be higher or lower than that achieved with the successive
immersions. This is determined by attractive forces occurring
between the first washcoating layer and the subsequent one [13].

As can be seen in Fig. 7, when two immersions of the
monolith are made, more than the double amount of catalyst
is retained. With regard to the adherence of the deposited solid
making two immersions, the results on monoliths with and with-
out primer are different. The lost amount of catalyst in the
monoliths with primer and two immersions is about four times
higher than in the monoliths with a single immersion. Although
this difference is not so marked in terms of percentage, a higher
weight loss is observed for the monoliths with two immersions.
For the monoliths without primer, the weight loss with one or
two immersions is similar (in the range of +3.5%) irrespective of
the suspension concentration. However, expressing the weight
loss in percentage (Fig. 9), the monoliths with two immersions
show a notably better adherence (lower weight loss).

In Fig. 7, it is clearly observed that the monoliths with two
immersions retain more than the double amount of solid in com-
parison to the monoliths with a single immersion even after the
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Fig. 9. Weight loss percentage during the adherence test.

adherence test (the portion of the bar with denser trace). In conse-
quence, it is concluded that two immersions are an effective way
to increase the deposited solid amount, which could increase the
catalytic activity of the monolith.

3.4. Effect of the solid content of the slurry

Several authors have investigated the effect of solids con-
tent on both the slurry characteristics and the loading achieved
on the monolith [13,15,19]. In general, they recommend slurry
solids content between 35 and 50 wt%. In this work, the slurries
were prepared with solids content of 30, 35, and 40 wt%. As
can be observed in Fig. 7, the loading increases with the sus-
pension concentration, although the difference between 35 and
40 wt% is very small with the exception of the monoliths without
primer and with two immersions. The results of the adherence
test (Fig. 9) show that the weight loss with the slurries of 30 wt%
and 35 wt% are similar and, except in the case of the monoliths
without primer and with one immersion, the weight loss percent-
ages are very low. With the 40 wt% slurry, the highest weight
loss is observed. From these results, it is clear that more con-
centrated slurry (40 wt%) do not give comparative advantages.
Considering the remaining solid amount after the adherence test
(Fig. 7), it can be concluded that the best results are obtained
with the suspension at 35 wt%.

3.5. Catalytic activity

On the basis of the results presented until now, it was decided
to evaluate the catalytic behavior of the monoliths washcoated
with the slurry at 35 wt% in the combustion of two different VOC
molecules, ethyl acetate and toluene. The results are presented
in Figs. 10 and 11.

The results of the catalytic activity are very promissory. The
monoliths showed very good activity in the ethyl acetate com-
bustion as well as the toluene combustion and only the total
oxidation products, CO, and H,O, were detected under the
experimental conditions employed in this study. The conversion
of ethyl acetate starts at 150-170 °C and it is completed below

100 150 200 250 300 350
Temperature (°C)

Fig. 10. Catalytic activity in the ethyl acetate combustion.
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Fig. 11. Catalytic activity in the toluene combustion.
Table 1

Textural characteristics for the monoliths prepared with the suspension at 35 wt%

Monolith Surface area Pore volume Coating amount
(m%/monolith) (cm?/monolith) (g/monolith)

MF-1 3.7 0.020 0.173

MF-2 7.9 0.050 0.381

MF + Ny-1 35 0.016 0.109

MF +Ny-2 8.8 0.050 0.365

250-280°C (Fig. 10), while the toluene conversion starts at
about 170-200 °C and it is completed below 350 °C (Fig. 11). As
it is expected, in both reactions, the catalytic activity increased
with the increase in the amount of solid deposited.

Likewise, the monoliths with two immersions have surface
areas (m2/monolith) and pore volume (cm>/monolith) higher
than those with a single immersion (Table 1). Obviously, this is
due to a higher amount of catalyst deposited.

4. Conclusions
The most relevant conclusion of this study is that a ready-

made MnCu oxide catalyst with an excellent catalytic activity
in the combustion of ethyl acetate and toluene was successfully

washcoated on metallic monoliths. The activity, the surface area
and the pore volume increased with the increasing amount of
solid retained. A higher catalyst loading was obtained using
the slurry with a solid content of 35 wt% and performing two
immersions.

Colloidal alumina was used as stabilizer of the suspension
and as a primer. The former option was necessary to obtain
a stable suspension and reproducible washcoatings. The latter
one did not produce significant improvement over the direct
washcoating of the calcined FeCrAlloy monoliths.
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