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Abstract

The preparation conditions to obtain zeolite washcoats with optimum loading and homogeneous distribution are studied for mordenite,
ferrierite and ZSM5. The slurry concentration and the number ofimmersions were combined to obtain different coating thickness and geometry.
The solid concentration increases the viscosity of the slurry resulting in an exponential growth of the zeolite loading. In order to obtain more
homogeneous washcoatings itis preferable to use diluted suspensions and perform more than one immersion. It was found that the washcoating
adherence increases with the decrease in the size of the aggregates deposited on the monolith. This improves the packaging and interactiol
between particles and facilitates a convenient filling of the surface cordierite macropores, producing a more effective anchorage. In this vein,
the order of washcoat stability tested with an ultrasound method is ZSM5 >mordenite > ferrierite. The additionasf Si@nder improves
the adherence of the three zeolites under study probably due to an improvement in the interparticle cohesion. The performance of an In-ZSM5
washcoated monolith was tested for the selective reduction gfith methane under oxygen excess. It was observed that the activity of
the monolithic catalyst was as good as those for the In-ZSM5 powder, which indicates that there are no diffusive restrictions due to coating
thickness.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction material like alumina or silica, followed by the impregnation
of the active phase to the coating of a ready-made catalyst
Zeolites are among the most promising materials for the [8].
abatement of atmospheric pollutants, e.g. the oxidation of  Zeolite monoliths can be obtained under the form of ex-
volatile organic compounds and the selective reduction of trudateq9] in which the catalytically active material is used
NOx. Numerous studies have been performed in microreac-to manufacture the monolith, although this presents prob-
tors using powder catalysit—4]. Nevertheless, for practical lems regarding the mechanical stability of the final product.
environmental applications, these catalysts should be shaped\nother possibility consists in the deposition of the zeolite
as honeycomb monoliths. Low pressure drop and good tol- as a coating onto a ceramic honeycomb substrate. The most
erance to plugging by dust are essential requisites that leadvidely used material for monolithic structures is cordierite (a
to the use of catalytic monolitj5—7]. However, the conven-  ceramic material consisting of magnesia, silica and alumina
tional procedures for preparing catalysts cannot be simply in the ratio of 2:3:2) because of its high mechanical strength
applied to monolithic catalysts. Different procedures can be and its low thermal expansion coefficigi]. The macro-
performed from coating the monolith walls with a support pores of the cordierite structure allow the anchoring of the

zeolite layer.
* Corresponding author. Tel.: +54 3424536861; fax: +54 3424536861, 1 Nere are two ways for coating the zeolite: hydrothermal
E-mail addressemiro@fiqus.unl.edu.ar (E.E. M. synthesis (direct synthesis, seeded growth or vapor phase
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synthesis)11,12] and the deposition from a slurry of ze- Tablel _ _ o
olite particles followed by a stabilizing thermal treatment. Characteristics of the zeolite particles used in this work

The first method has the advantage of a stronger adhesion oZeolite Si/Al Dmead  d0.5  d0.9  Meancrystal
the coating to the support. The main disadvantages of this sizé
method, however, are that it is considerably more complex ZSMS5 15 5.3 3.9 8.7 0.2
than slurry-coating and that a dense layer can be formed withMordenite 10 55 2.6 13 0.5
. ; . . . . T Ferrierite 6.5 63.7 62.5 115.3 1
small intercrystalline pores in which diffusion limitations can
occur D mean (um): average diameter of spherical equivalent volume of aggre-

h . f I | led * h gates;d 0.5 (wm): 50% of the aggregates have a volume lower than the
The coating from a slurry, commonly called ‘washcoat- corresponding ta 0.5;d 0.9 (wum): 90% of the aggregates have a volume

ing’, is usually carried out with a slurry of particles of a com- |ower than the corresponding &0.9.
parable size to that of the macropores of the suggprirhe # Measured with laser diffraction analysis.
main advantage of this method are a shorter diffusion dis- ° Measured with SEM.
tance to the active catalyst species for the reactants flowing
through Fhe channels. and the fact that ready-made CatalySt‘T'Nith Si/Al=6.5) all of them obtained from Zeolyst. The ba-
can be directly deposited from the slurry. The preparation of . o : A

S : N ... sic characteristics of these zeolites are summarizéalite 1
the finished catalysts always involves dipping the monolith . . s .
. : . - Portions of monoliths containing 64 channels were used in
into the slurry, blowing air to remove the excess liquid, dry- . L . .
. 4 . ; : these preparations, their dimensions being ctcm of
ing, and calcination. The last step is very important since the :

N ; . . section and 2 cm long. The outer faces were covered so that
calcination binds the washcoat to the monolith walls, and is

usually done at temperatures of 58D or higher[13]. Be- the depo_smons were performed c_>n|y inside the channel_s. Af-
; . . . .. _tereach immersion, the suspension excess was blown in are-
sides, a binder can be used in order to improve the binding

strength. However, for the washcoating of powder with small producible form, and the zeolite-coated monoliths were dried

particle size, which is the case of zeolite, it has been reportedIn a stove at 1260 aqd finally calcmed.at 55 for 4h.
that the use of a binder is not essenfial] One to three immersions of the monolith were performed,

This work focuses on the preparation and characteriza- so that 12 preparations were obtained with different zeolite

tion of different zeolites (ZSM5, mordenite, ferrierite) wash- loadings.

coated onto a cordierite honeycomb monolith. The method of

deposition from a slurry was chosen because of its simplicity 2 2 - Morphology observations

and versatility. Silica as a binder was used in some prepara-

tions. The said zeolites were selected in view of their activity A metallurgical microscope Nikon Optiphot (50-40p

for the SCR of NQ reaction when exchanged with cations  ith halogen lamps was used to perform optical observations

like Co, Cu, In. Zeolite powders and washcoated monoliths of the samples. The microscope has a photo-micrograpic at-

were characterized by scanning electron microscopy (SEM), tachment Microflex AFX-DX with a dark box FX-35 DX.

optical microscopy, mercury intrusion porosimetry (MIP) - samples of monoliths were transversally cut with a CSi disc

and laser particle size analysis. The adhesion of the wash-anq carefully polished in order to measure the characteris-

coatwas evaluated using an ultrasonic techniidel 5} The ic dimensions of coatings. Additionally, a stereomicroscope

main goal of this study was to find out a good preparation | ejca Stereozoom 2000 was used in order to perform inspec-

route to obtain a mechanically stable washcoated cordieritejons of zeolite coatings quality and for the determination of

monolith with catalytic activity at least as good as the pow- \yashcoat erosion after mechanical stability tests.

der catalyst. For this purpose, different washcoating strate-  The samples morphology was also examined with a scan-

gies are analyzed. Finally, an In/H-ZSM5 monolithic catalyst ping electron microscope (SEM) Jeol JSM-35C operated at

was prepared and tested for the selective catalytic reductiongccelerating voltages of 20-25kV. The samples were glued

of NOx with methane. to the sample holder with silver paint and covered with a thin
gold layer to improve the images.

2. Experimental
2.3. Particle size and pore size distributions
2.1. Preparation of washcoated monolithic catalysts
Particle size distribution of some powder samples was de-

Cordierite honeycomb monoliths (Corning, 400cps, termined with laser particle size analysis (LPSA) through a
0.17mm average wall thickness) were used as substratesMalvern Mastersizer X equipped with a sample suspension
The apparent monolith density and its geometric surface unit. Typically, suspension concentrations between ca. 0.004
were 0.42 g/crhand 27.4 crilem®, respectively. The mono-  and 0.02 wt.% were used, with obscurations between 15 and
liths were washcoated with aqueous suspensions of 25,35%. Pore size distributions of the monolith samples were
30, 35 and 40wt.% of different zeolites (NFSM5 with measured by mercury intrusion porosimetry (MIP) using an
Si/Al=15; NHs-mordenite with Si/Al=10 and K-ferrierite ~ Autopore 11 9220 V1.04 unit.
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2.4. Washcoating adherence obtained with washcoated monoliths can be compared with
those of the powder zeolites.

The adherence of zeolite coatings was evaluated using a
method described in the patent literat[ikB], which consists
in the measurement of weight loss caused by exposing the3. Results and discussion
sample to ultrasound. This method was recently applied by
Valentini etal[16] for aluminalayers on ceramicand metallic 3.1. Morphology of zeolite particles in powders and
supports and Moulijn et a]17] for checking adherence ofin  washcoated monoliths
situ zeolite growth on monoliths.

In this work, the coated monoliths were subjectedto ultra-  The shape and size of zeolite particles to be wash-
sound by immersing them in acetone inside a glass vessel anadtoated was studied by SEM and LPSEig. 1 shows
then in an ultrasonic bath (Cole Parmer, 47 kHz and 130 W) SEM pictures of the three zeolites used. It can be seen
for 1 h at 25°C. After that, the samples were dried for 2h that the as-received ZSM5 sample is under the form of
at 120°C. The weight of the sample both before and after nearly spherical aggregates of cawr®@ in average size,
the ultrasonic treatment was measured. Microscopic obser-while ZSM5 crystals have a size between 0.1 andu®ri3
vations of the washcoat erosion caused by the ultrasound,(Fig. 1A). The laser diffractogramFig. 2A) shows a dis-
were also performed. This method was employed to compar-tribution between 0.1 and 30m, in agreement with the
atively measure washcoating adherence of different zeolitesSEM pictures. The mordenite sample has similar features,
with and without silica binder. The effect of differing thermal but the size dispersion is broadéfid. 2A) and the shape
expansions was also tested by cycling a ZSM5 washcoatedof aggregates is somehow less uniforiffig( 1B). The
monolith between 500C and room temperature. The mono- morphology and size of the ferrierite powder is totally dif-
lith was introduced in a oven at 500 and kept for 60s at  ferent. As can be seen iRig. 1C, crystals are sheet-like
this temperature. Then it was quenched at room temperatureof ca. 0.um x 1.0.m, forming big spherical aggregates.
The procedure was repeated 10 times; after that the ultrasonidParticle size distribution shows an average size of.®0

test was performed. and a wide and asymmetrical dispersion between 0.5 and
100pm (Fig. 2A). When suspensions of zeolite aggregates
2.5. Catalytic measurements are subjected to ultrasound, the size distribution is altered

(Fig. 2B), showing the partial rupture of the big aggregates,

An ZSM5-coated monolith was selected to load In as the which produce a shifting of the curve towards smaller sizes.
active phase for the SCR of N@Wvith methane. The impreg-  This is indicative of the aggregate stability, the order being
nation was carried out with a solution of In(NJ2 (5 wt.%). ZSM5 > mordenite > ferrierite.
The impregnation procedure for powders is described else- Fig. 3 shows SEM pictures of washcoated monoliths.
where[18]. In this work, the ZSM5 washcoated monolith  While ZSM5 and mordenite-coated samples show homoge-
was immersed in the solution and the excess was blown, re-neous and compact films with zeolite particles anchored into
peating this process until obtaining the desired loading (4% cordierite macropores-{g. 3A and B), the ferrierite sample
of indium). Between blowing steps, the monolith was subse- shows a non-homogeneous aspect with only a few particles
quently dried in a microwave oven and in a stove to obtain inside the poresHig. 3C). It can also be seen that the size of

uniform distributions of the indium precurs{8]. The acti- aggregates remains unchanged after the washcoating proce-
vation was carried out in air flow at 75C for 2 h in order dure.

to develop the (InO) active sites by solid-state reaction be- The results obtained with MIP for a ZSM5-coated mono-
tween impregnated h®3 and zeolite protonfl8]. lith are depicted inFig. 4. The bare cordierite monolith

This monolithic catalyst was evaluated in a continu- presents a macropore distribution with a maximum centered
ous flow system. The typical composition of the reacting at 1.5um, and does not show pores at lower sizes than
stream was 1000 ppm NO, 1000 ppm £H0% Q, in He 0.1pm (Fig. 4A). When cordierite is washcoated with ZSM5
balance. The reaction was performed at atmospheric pres{13.7 wt.%), the more accessible superficial cordierite macro-
sure and temperatures between 300 and°@@ith dif- pores are blocked by zeolite crystals, the intrusion volume
ferent flow/catalyst weight ratios. The washcoated monolith being lower for this size range. A second type of pores with
(emx 1ecmx 2 cm) was placed inside a quartz reactor be- sizes smaller than 0ylm is now observed due to the space
tween quartz wool plugs, and the free space between thebetween zeolite crystal§ig. 4B).
monolith and the quartz tube was filled with CSi particles
to avoid bypass flow. The gaseous mixtures were analyzed3.2. Study of preparation conditions upon the washcoat
before and after reaction with an on-line FTIR Thermo Matt- geometry
son Genesis Il equipped with a gas analysis cell. The gas-
hourly space velocity, GHSV =flow ratezeolite apparent  3.2.1. Zeolite loading and washcoat thickness
density/zeolite mass was calculated on the basis of the mass Regulating the load of the material deposited on monoliths
of zeolite loaded in the monolith. In this way, catalytic results is one of the most important preparation aspgt®. Fig. 5
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Fig. 1. SEM pictures of the three zeolites used in this work (as received):
(A) NH4-ZSM5; (B) NHs-mordenite; (C) K-ferrierite.
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Fig. 2. Particle size distribution measured by laser particle size analysis
(LPSA): (A) as-received zeolites; (B) zeolites treated in an ultrasonic bath.

In order to study the influence of the above mentioned
washcoating conditions upon the washcoat characteristics,
monoliths with different ZSM5 zeolite content, between 4
and 27 wt.%, were prepared by combining different suspen-
sion concentrations and a number of immersions. Within this
range, a non-linear increase of the load with the suspension
concentration was observeig. 6A). A similar trend was
observed for the loads achieved at each immersion stage for
different concentrationg~{g. 6B), which explains the differ-
ent slopes of the curves ig. 6A. This load was calculated
as the increase in weight after each immersion. It is worth
noticing that the increase in weight is not a function of the
number of previous immersion stages, suggesting that once
the first layer of zeolite crystals is formed, the surface rugos-
ity remains invariant and very similar to the bare monolith
rugosity. However, during the third immersion, the load in-
crease is considerably higher for concentrated suspensions,

presents a cross-section cut of a ZSM5-coated monolith, seerdue to the combination of a reduced section of the channel

with a metallurgical microscope. The characteristic dimen-
sions of the coating are indicated (min.minimum thick-
ness, maxt: maximum thickness). The amount of material

(due to the previous depositions) with the high viscosity of
the suspension. In this vein, the combination of three immer-
sions and 40% concentration, generates obturation of some

loaded during the washcoating procedure and the characterchannels. Thus, within the 20—-30% range of zeolite concen-
istic dimensions strongly depend on the zeolite concentrationtration in the slurry, the latter is sufficiently concentrated not

in the slurry and the number ofimmersions. By varying these

to require an excessive number of immersions, having an ad-

conditions, the desired zeolite loading and thickness can beequate viscosity to form a homogeneous layer onto monolith

adjusted.

walls.
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Fig. 4. ZSM5 pore size distribution obtained by mercury intrusion porosime-
try (MIP): (A) cordierite monolith; (B) washcoated monolith.

the slurry. A plot (not shown) of the relative viscosity versus
the slurry concentration gives a curve which is qualitatively
similar to the curves shown Ifig. 6A and B, which indicates
that the characteristics of washcoats are strongly related to
this property.

An important characteristic related to the loading is the
film thickness. As shown iRig. 5, the coatings obtained with
the washcoating method have two thickness regiorfSgry,
itis observed that the minimum thickness varies linearly with
the load = 0.98), whereas the maximum thickness does not,
the latter reaching a plateau with high loadings. The greater
variability of maximum thicknesses is reflected in the dis-
persion of the values and it can be easily seen how this im-
pinges on the accurate control of the average film thickness.

Fig. 3. SEM pictures of washcoated monoliths: (A) ZSM5; (B) mordenite;
(C) ferrierite.

Afundamental property of the zeolite slurry is its viscosity
(n), which can be simply related to the solids concentration
through equatiofi20]:

n(y) 1
o @-p*®

wherey is the volume fraction of solids and is the viscosity
of pure water. The VOlL_lme fraCt'_On of solids can be easﬂy cal- Fig. 5. Cross-section cut of a ZSM5-coated monolith seen with a metallur-
culated from the density of particles and the concentration of gical microscope.
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Fig. 6. Effect of slurry concentration upon zeolite loading in the washcoat: L . Lo
(A) cumulative loadings; (B) zeolite loaded in each immersidl) ¢éne non-homogeneity in each channel would continue to existin

immersion; @) two immersions; &) three immersions. the monolith. This effect is inevitable when the immersion
method is used and is a negative factor since for its use under
The minimum thickness (mit) obtained under these prepa- reaction conditions, the limitations in mass transfer will be
ration conditions could be regulated between 5 ang.80  cCritical at the channel corners.
corresponding to material loads between 4 and 27%. Another variable affecting the characteristics of the coat-
FromFigs. 6 and 7itcan be inferred that coating thickness  ings is the nature of the solvent employed to make the sus-
is a function of the suspension concentration and of the num- pension8], which has an incidence on the material load and
ber of immersions (for the other conditions kept constant). its distribution, since its viscosity and surface tension affect
On the other hand, the relative degree of homogeneity of thethe flow originated when the suspension excess is eliminated
different preparations can be evaluated, calculating the rela-from the channels during the blowing stage. The effect of
tive standard deviation of the coatings thicknesses, which is different solvents will be analyzed in subsequent studies.
a measure of their variability. It was found that for monoliths
with similar loadings, the relative deviations increase withthe 3.2 2. Channel geometry after washcoating
use of few immersions and concentrated suspensions, if com-  The former variables, which define the distribution of the
pared to a greater number of immersions with more diluted material inside the monolith channels and the thickness, also
suspensionsTable 2. determine the shape of the deposit. It was observed through
Itis interesting to note that even though a very good ho- mjcroscopy that as the material is being deposited in suc-
mogeneous distribution of the zeolite was obtained, a local cessive immersionS, the geometry of the channel becomes
progressively more circular. This fact is known, and the film

Table 2 shape correlates with the flow lines of a viscous fluid dis-
Standard deviation of washcoat minimum thickness placed by an air bubble moving inside a square-section cap-
Zealite load Slurry con- Number of Minimum illary [21]. The rate of blowing air and the viscosity of the
(Wt.%) centration immersions thicknes8 suspension affects the load, thickness and shape of the films.

(WL.%). S.D. (%) Since we used a relatively low air flow, the suspension—air
12.7 25 3 19.6 interface on the transverse plane of the channels generated
10.7 40 1 47.0

during the suspension excess blowing is asymmetrical. Ac-
# Relative to the average minimum thickness. cumulation at the vertices is due to higher viscous strengths
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in this zone. When this sector is filled with the first mate- Table 3 N
rial deposition, the channel adopts a more circular geometry, Washcoat stability

In subsequent depositions, it can be observed that the ac-Zeolite Without binder (wt.%) With Si@binder (wt.%)
cumulation at the vertices gets smaller and smaller until the zsms 4.6 (3.7 18
transverse symmetry of the channel becomes circkigr 7). Mordenite 13 3
Ferrierite 26.1 11
3.3. Washcoat stability Weight percent of zeolite detached after ultrasound test.

a After cycling 10 times between 50C and room temperature.

This is one of the least studied and most important vari-

ables to be optimized14], given the demands of high trolled humidity and also by visualizing the surface through
flows and temperatures used in environmental applications.miscroscopic observations. It was found that the mechani-
An accelerated ultrasonic test, reported in the patent liter- cal stability is a function of the zeolite type, the order being
ature [15], was performed in order to evaluate the wash- ZSM5>mordenite > ferrieritelable 3andFig. 8A). This or-

coat adherence. The treatment originated different degreegler correlates well with the sizes and stability of aggregates;
of erosion in the various monolithic samples. The degree of higher adhesion is obtained with lower sizes and more stable
erosion was measured by weighing the sample before andaggregates. The former effect is due to the anchorage of the
after the ultrasonic treatment under an atmosphere with con-particles on the cordierite surface. Bigger aggregates cannot

Fig. 8. Washcoat stability. Stereomicroscopic observation of the zeolite film after ultrasound treatment: (A) washcoat without binder; (B)witssitioa
as a binder; (1) ZSMS5; (2) mordenite; (3) ferrierite.
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Fig. 9. Selective N@reduction with methane with oxygen excess: (A) In-ZSM5 washcoated monolith. Reaction conditions: 1000 ppm NO, 100Q ppm CH
10% @ and GHSV (iT1): 7500, 15,000, 22,500, 30,000, and 37,500. (B) Comparison between In-ZSM5 powder and washcoated monolith, GHSY: 7500 h

enter inside the pores; thus, a poor adhesion is obtained. Itthe opposite when the temperature increases. Anyway, the
should be reminded here that the size of the aggregates doedifferences in conversions are rather small, and the behav-
not change after the washcoating procediiele 3shows ior is quite similar. This result also suggests that there are
the results obtained when a ZSM5 washcoated monolith wasno diffusion limitations inside the catalytic layer, which is
subjected to 10 thermal cycles between 530@nd roomtem-  an advantage of the washcoating technique if compared with
perature and, after that, the ultrasonic test was performed.hydrothermal synthesis. With the latter method, a dense layer
This experiment was done to test the possible deleteriousis usually obtained, which could result in a poor accessibility
effect of the different thermal expansion coefficients of the of the reacting molecules to active sites. However, it should
coating and the monolith. The results show that the adhesionbe pointed out that in the case of mordenite this limitation
was not affected by this thermal treatment. has been recently overconfi2?]. In Fig. 9, it can also be
We have previously founflL3] that the addition of col-  seen that for the high spatial velocity used, which is typi-
loidal silica improves the adherence of ferrierite washcoats. cal of stationary sources of power generation, the maximum
With the purpose of studying the effect of silica, mordenite, conversion remains above 60%. These results are under dry
ZSMb5 and ferrierite washcoated monoliths were prepared us-conditions. When water is added in the feed a strong decrease
ing a 3wt.% ratio (with respect to zeolite) of colloidal SiO  of conversion is observed (not shown) which is a typical and
cabosil. The adhesion tests demonstrated that the stability isnvell-known effect. The addition of small amounts of a no-
greatly improved for the three zeolites employed in this study ble metal helps to overcome the negative effect of W&}
(Table 3andFig. 8B). The binder has two important effects: and will be explored in further studies with monolithic cata-
(i) the small size particles fill out the space between aggre- lysts.
gates thus increasing the contact between particles and (ii)
silica cabosil has a high concentration of hydroxyl groups on
its surface, allowing the formation of bondings with zeolite 4. Conclusions
crystals after calcination.
In order to obtain zeolite washcoats with optimum loading,
thickness, and homogeneous distribution, the accurate con-
3.4. Selective catalytic reduction of N@ith CHs on an trol of certain preparation variables is mandatory. The results
In-ZSM5 washcoated monolith obtained with ZSM5 demonstrate that the solids concentra-
tion of the slurry is strongly connected with the viscosity,
In order to test a washcoated monolith under reaction con-and together with the number of immersions and blow-
ditions, the NQ reduction with methane was performed un- ing conditions, it defines the characteristics of the film de-
der dry and wet conditions. Ilrig. 9, the conversion of NQ posited. By combining those variables, different loadings,
to Ny is depicted as a function of the temperature for dif- coating thickness, films distribution and geometries can be
ferent GHSV values, calculated as the ratio between zeoliteobtained. With concentrated suspensions, fewer immersions
loading volume and the gaseous flow. The monolithic cat- are needed in order to obtain a desired load but the non-
alyst behaves as well as the powdEig( 9B), indicating a homegeneity in the zeolite distribution increases. In order to
good coating procedure. Note that, at low temperature, theget more homogeneous washcoatings, for the same load it
NOy conversion is somewhat higher for the monolith, being is preferable to use diluted suspensions and perform more
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than one immersion even though this modifies the geom- of the Malvern Mastersizer X and to Elsa Grimaldi for the

etry of the channel. Within the 20-30% range of zeolite editing of the English manuscript.

concentration in the slurry, the latter is sufficiently concen-

trated not to require an excessive number of immersions,

having an adequate viscosity to form a homogeneous layerReferences
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