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Abstract

The main aspects of preparation technologies for the manufacture of environmental monolithic catalysts have been reviewed on the basis
of the patent literature, the authors’ own experience in their laboratories, and the current open literature. The main topics covered in this
review are the preparation of massive monoliths by extrusion, the coating of ceramic monoliths, and metallic monoliths. Extrusion, one of
the most extensively used processes for the production of ceramic monoliths, should fulfill a number of conditions as adequate plasticity of
the pastes to allow their extrusion and their immediate conformation into rigid structures under monolithic shape. This is no trivial matter,
since in developing monoliths with new materials a great effort should be devoted to finding appropriate conditions. With respect to coated
monoliths, the convenient characteristics of a good monolithic catalyst should be met by managing preparation procedures. Thus, preparation
technologies are composed of both materials science and engineering aspects. One emerging technology is the growth of zeolites on monolithic
walls. Zeolites are among the most studied materials for environmental applications. Among metallic monoliths, those based on ferritic steel
containing alumina are the most important, but those made of aluminum coated by alumina produced by anodisation are excellent materials
to prepare metallic monoliths. The melting point of aluminum (86Plimits its use to medium—low temperature processes, but the especial
characteristics of the anodisation alumina offer exciting prospects.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction low-pressure drop associated with the high flow rates that are
common in environmental applications.

The catalytic system most widely used in environmen-  The first success of the monolithic catalyst was in the
tal applications is the monolithic reactor. Monoliths are also automobile exhaust treatment. After that, other applications
called honeycombs because the first monoliths had a crosshecame available, the environmental ones being by far those
section like a honeycomb structure. They offer great advan- most demanded. The following environmental applications
tages over pellet catalysts, the most important one being thehave been reviewed by Heck et Hl]: three-way catalysts;

diesel catalysts for the abatement of liquid particulate (sol-

- uble organic fraction) and gaseous CO and hydrocarbons;
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fax: +54 342 4536861. _ destruction on automobile radiators; CO and hydrocarbon

E-mail addressespavila@icp.csic.es (P. Avila), gppmoram@sc.enu.es - yiqation in small engines; selective reduction of §O
(M. Montes), emiro@fiqus.unl.edu.ar (E.E. Eijr . . .

1 A member of the EU-funded Coordination Action of Nanostructured destruction of volatile organic compounds (VOC) from
Catalytic Oxide Research and Development in Europe (CONCORDE).  chemical plants, domestic sources and restaurants; catalytic

1385-8947/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2005.02.025



12 P. Avila et al. / Chemical Engineering Journal 109 (2005) 11-36

combustion. As emerging applications: hydrogen generationa binder over a flexible support. Subsequently, alternating
for the fuel cell; steam reforming of hydrocarbons; water undulated and flat plates were used to produce a corrugated
gas shift catalysts; preferential oxidation of CO at low monolithic structureKig. 1). After the green body of the de-
temperatures (COPROX). sired shape was obtained, the ceramic monolith was achieved

The present review focuses on preparation techniques forby firing to sinter the ceramic particles and thus produced a
three main aspects: (I) ceramic monoliths, (1) washcoating of unitary structure.
low-surface area ceramic monoliths and (Ill) metallic mono- Although originally molding techniques were employed
liths. Apart from being fundamental engineering issues, each[17,18]for the production of ceramic monoliths, extrusion is
of them is enriched with the experience generated at the au-undoubtedly the most widely used procedure for the prepa-
thors’ own laboratories. ration of this type of structure.

For extrusion methods, the development of specially de-
signed dies to produce these structures in a continuous man-
2. Ceramic monoliths from extrusion ner has been one of the keys to their successful manufacture at
anindustrial scale. The progressive perfection of 1i8s22]

The historical development of this type of system has been has permitted the preparation of monoliths with cell densi-
described in several reviews in recent years. Although they ties of up to 1600 cpgiL5]. In parallel, increased knowledge
have generally been based on the development of catalyst@bout the influence of different variables affecting the extru-
for automobileq2,3], other possible applications have also sion procesf23,24]has allowed the optimization of the fluid
been reviewed such as catalysts or filters in other processeslynamic properties of the monoliths not only from the point
of environmental protection in fixed sources, or catalysts for of view of the pressure drop but also from the design with
production processes. Among these, we should highlight thedifferent shapes that lead to an improved behavior of the cat-
contribution by Irandoust and Andersspt] on the analy- alysts with respect to phenomena such as the [2as26]or
sis of different catalytic processes where the use of mono- heat transfef27].
lithic catalysts leads to appreciable advantages with respect Considering both the component distribution and the
to the conventional fixed bed catalysts (pellets), or the work preparation method, there are two basic types of monolithic
of Voecks[5] on unconventional applications of this type of catalysts: coated and incorporated.

catalyst. Recently, Lucas and Clg&§ proposed the novel “Coated-type” catalysts are based on an inert ceramic sub-
application of ceramic monoliths using their cells as microre- strate of low-surface area, which is coated with a thin film
actors in systems of combinatorial catalysis. of porous material that permits the dispersion of the corre-

A detailed description of the characteristics and physi- sponding active phases or with a ready-made catalyst. By
cal properties of these systems was carried out by Luca andthese means, the catalytically active elements are solely on
Campbell[7], and more recently by Cibulsky and Moulijn  the external walls of the monolith that is mainly constituted
[8], presenting an excellent comparison between the proper-by an inert and non-porous material.
ties of the monoliths related with pressure drop, mass and The “incorporated” catalysts are characterized by having
heat transfer phenomena, and those of conventional particletheir active phases distributed not only on the exterior walls of
catalysts. the monolith but also within them. Two types of catalysts may

Concerning the preparation of this type of structures, the be distinguished depending on the method for active phase in-
first descriptions of manufacturing ceramic monoliths ap- corporation: (a) catalysts where the active phase is deposited
peared almost at the same time as those for metallic onespy impregnation of a high surface area ceramic monolith that
originally for such applications as heat exchand®is or acts as a support of the precursor salt and (b) “integral” or
for conducting and distributing a stream of hot galy. “extruded” catalysts, in which the active phases or their pre-
However, the development of these systems was undoubt-cursors are mixed with the other components that constitute
edly accelerated by the commercial implementation of the the catalyst before its extrusion in monolithic shape.

TWC in the USA and Japan during the 1970s. Fig. 2 presents a schematic diagram of the preparation

The different preparation methods of ceramic monoliths methods of the various types of catalysts as a function of the
were reviewed by Luca and Campbfgl], who exhaustively  type of monolith and the method for incorporation of the ac-
summarized all the production methods described up to 1977 .tive phases. The selection of one preparation route or another
Afterwards, Lachmann et §lLl1-14]published a series of re-  depends on the type of catalyst desired. Similarly, the most
view papers about the preparation methods of ceramic mono-adequate catalyst depends on the application for which it is
liths, and more recently Nijhuis et §L.5] published areview  destined and on the actual operating conditions to which it
article focused on how to convert a bare monolith body into will be submitted. If the catalystis to be exposed to conditions
a proper catalyst. where erosion can take place (large gas volumes, presence of

Briefly, it may be said that initially ceramic monoliths fly ash or particles in suspension, etc.) “incorporated” cata-
were prepared by corrugati¢h6] in an attempt to follow the  lysts should be used because the active phases are within the
methodology used for metallic monoliths. For their prepa- whole of the monolithic structure, while for systems where
ration, the powdered ceramic materials were deposited with the velocity of the process is negatively effected by diffusion
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Fig. 1. Diagram of manufacture of ceramic monoliths by corrugation [(t&f).
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Fig. 2. Diagram of preparation paths for extruded monolithic catalysts.

limitations and the price of the active phases is highthe wash-  The most widely used material for the manufacture of
coated systems are preferred given that the accessibility to theextruded monolithic substrates or carriers for automotive ex-
active centers of the reaction gas is of major importance.  haust emission control is cordierite, which has a very low
According to these considerations, three types of ceramic TEC[28] and high refractoriness, good mechanical strength
monoliths may be distinguished: (1) low-surface area mono- and an appropriate open porogig].
lithic carriers (Sectior2.1), (2) high surface area monolithic The fabrication of these ceramic monoliths can be carried
supports (Sectio.2) and (3) integral monolithic catalysts out in one of the following two ways.
(Section2.3).
In addition to the description of the extrusion processes for 2.1.1. Preparation of the monolith using cordierite as
the preparation of these three types of ceramic monoliths, inthe starting material
this section attention will also be drawn to both active phase  With regards to the procedures that utilise cordierite
incorporation methods and characteristics of the catalysts ob-as a raw material, the simplest process consists in knead-
tained in relation with the operating variables in the catalyst ing together cordierite powder, water and an agglomerat-
preparation process. In the following section, the preparationing agent, which could be polyethylene oxide, cellulose,

of washcoated catalysts will be described.

2.1. Monoliths as catalytic carriers: low-surface area
monoliths

methylcellulose or their mixtureE80—32] The paste thus
formed is extruded in the desired shape, dried and calcined
at 1300-1400C for 3—-4 h.

Sometimes, in the composition of the dough small quan-
tities of carbonates, saw-dust or starch are added in order

Tobe used as carriers, monoliths should have the following to improve the macroporosity of the final prodyas,34]

characteristics:

(&) Very low thermal expansion coefficient (TEC)
(<5x 10°5K~1) leading to a high thermal shock
resistance and maintain stable washcoats.

(b) High melting point and thermal stability and adequate
mechanical properties to support the operating condi-
tions to which they will be submitted.

(c) An adequate plasticity to permit their extrusion and im-
mediate conformation into rigid structures with mono-
lithic shape.

(d) A certain roughness with porosity suitable for an effec-
tive washcoat application.

Likewise, other additives have been used with higher ther-
mal expansion coefficients, such as spinels, mullite or zir-
conia[35-37]to improve the mechanical properties of the
monolith.

In other procedures, a mixture of cordierite and aluminain
equal proportions are kneaded with small quantities of wax.
After extrusion the monolith is hydrated at 90 and then
calcined at 1200C [38,39]

Other treatments or procedures that appear to be of interest
are the following:

e The dry addition of ammonium molybdate to the cordierite
improves the subsequent extrusion of the pptdg
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e Before calcinations, the monolith can be treated with a monolith[54]. It is also very important to control the particle
surfactant agent to avoid crackifgl]. size of the raw materials to achieve a good contact between

o Nitric acid treatment of the finished monolith increases the solids that take part in the reactions during this process.
its specific surface area and reduces its thermal expansion To reduce the contraction that occurs during calcination

coefficient[42]. the component mixture can be previously mixed with wa-
ter, dried and calcined at 900—140D. Subsequently, this
2.1.2. Preparation of the monolith from mixtures of material is pulverized to >10m and kneaded with agglom-
precursors and their posterior cordierisation erants and water to form the monolith which is then treated at

As the cordierite mineral is not abundant, for industrial 1400°C for 3-5 h[55]. The powder could likewise be mixed
production usually it has to be synthesized. Thus, there arewith 20% cordierite or with 10% aluminum titanate during
many raw materials that may be used for the preparation ofthe preparation of the paste employed for the conformation
cordierite monoliths where the employment of aluminum sil- of the monolith[45,56]
icates, such as kaolin or clays, and the use of talc together It is also worth mentioning the patented procedures to
with alumina is frequent. The simplest composition is a mix- avoid or repair the small fissures that can appear in the mono-
ture of kaolin and talc that can be kneaded with the aid of a lith during the calcination process, which are generally based
dispersant (sodium lignosulfate), an agglomerant (polyvinyl on the incorporation of methylcellulose in the paste compo-
alcohol) and a lubricant (water). The paste is extruded, dried sition[57,58]
and subsequently calcined at 13@for 2 h[43]. Neverthe- Finally, the preparation of cordierite by sol-gel methods
less, in the majority of the procedures described in patentsshould also be mentiond89—-61]
over the preparation of monoliths from mixtures of precur- Taking into account what has previously been stated, the
sors and their posterior cordierisation, three or more compo- materials that can be considered adequate for use as ceramic
nents are utilised in proportions that are adequate to obtain asupports in the fabrication of catalytic cartridges should have
SiOn:Al>,03:MgO ratio equal to 51.4:34.9:13.7, that is close the following characteristics:
to that corresponding to cordierite, the most frequently used
being mixtures of talc + kaolin or clay + aluminum hydroxide
[44].

Talc is present in the composition described in most
patents. The contribution of magnesium in some procedures
is made by the addition of magnesium hydrox[d&,46]

The second component (kaolin or clay) contributes with the
silica and some of the alumina. The same effect may be ob-
tained with the addition of halloysite or sapor{4&,48]. The

third component (aluminum hydroxide) is used to provide the
aluminum necessary to complete the cordierite composition,  Taking into account these premises, Blanco €621} pro-
although the use of mixtures of this hydrOXide with alumina posed the prepara’[ion of mono”thsl using alumina and sepi-
is also frequenf49,50] olites as raw materials which, depending on the proportions

Generally, the multi-component mixtures are prepared in which they are mixed and the treatment temperature, lead

for extrusion with the aid of an agglomerant and water. to solids with a high cordierite conterfig. 3 shows the
Once extruded, the monolith is dried and then calcined at

e The major component of the material should be cordierite
>65%, although the presence of mullite, spinel or similar
appear to improve the thermal shock resistance and the
mechanical properties of the monolith.

e The thermal expansion coefficient of these materials
along the extrusion axis can reach values as low as
(1-2)x 106K,

e The thermal shock resistance of the monolith should be
not lower than 800C.

1200-1450C for 2-3 h. 2000 =
Some aspects that could be of interest will now be men- g !
tloned: 1600 oo Cordierite
e Extremely low values of thermal expansion coefficient can 1400+ _:_i::frl:,:lie
be obtained by preparing the monoliths with excess silica », 1590 { —=- Spinel
and alumina and subsequent extraction of some of these@ |~
oxides by treatment with strong mineral acj&4]. 2 N o
e There is an increase in the porosity of cordierite mono- ~ R \\
liths by impregnation with lithium silicate solutions and 600 1 Mg
subsequent calcination at 1200 for 2 h[52]. 400 4 \\\
e Addition of 2-10% phosphorus pentoxide to the paste in- 200 _— o> S 3
creases the thermal shock resistance of a cordierite mono- P e . TP el
lith [53]. 0 20 40 60 80 100

. e . . Alumina:Sepiolite ratio
Sometimes, the overall composition is designed to obtain P

cordierite plus other materials such as spinel, mullite or sim- rig. 3. XRD analysis of alumina:sepiolite monoliths treated at 1473K
ilar, in order to improve the thermal shock resistance of the (adapted from refi61]).



16 P. Avila et al. / Chemical Engineering Journal 109 (2005) 11-36

< - e extrusion of the paste through special dies to form the

r monolithic honeycomb shape;

- ] TEC (300-1100°C . : '

x 93 { ) ' e drying uniformly at 30—100C;

E :* e firing and removal of temporary binders (400-8@).
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= . .

g 89 & v For these materials high values of surface areas,

2 & JRLER PR T iy 200-400 M g1, are achievable, but the mechanical strength

2 4 is significantly lower than that of low-surface area mono-

§ 3 liths. Generally, it is necessary to adopt a compromise solu-

X 2 —FIREE TR tion in the heat treatment temperature to achieve an elevated

Té 11 mechanical stability without losing specific surface area. In

50 . y ) : order to obtain this, it is usually necessary to include per-

E 0 20 40 60 80 100 manent agglomerants in the composition, such as siliceous
Alumina:Sepiolite ratio (wt) materials for zeolite monolitH$9,70]or titania[71] or tran-

sition aluminagq14] or colloidal alumina solution§9,65]
for y-alumina monoliths.
Among these, probably the ones most widely used in in-

variation of the crystalline species as a function of the weight dustry are those based on titania, which are extensively em-
ratio of both materialsFig. 4 presents the variation in the Ployedinthe SCR processes for N@moval from the 1970s

Fig. 4. TECs of Alumina:sepiolite monoliths treated at (—)1200and
(---) 1300°C. Range: 300-110CC (adapted from ref61]).

TEC of the corresponding mixtures. [72,73] and more recently in photocatalytic processes for
In order to adjust the mixture composition to values close Volatile organic compound mineralizatign4,75}
to the SiG:Al,03:MgO ratio corresponding to cordierite, the In the case of titania monoliths for these applications, in

magnesium silicate raw material was subjected to a magne-the first step, the titania raw material is mixed with inorganic
sium extraction process with nitric acid. Thus, the resulting 2dditives such as: glass fibres, natural silic4#€s77] and
material fulfilled the proposed objectives using starting ma- ©rganic additives such as polyvinyl alcohol, polyethylene ox-
terials of low cos{63]. ide [78] or methylhydroxyethyl cellulosi9]. The inorganic
binders give the needed mechanical strength to the monolith
and the organic plasticizers the rheological properties to the
paste in order to achieve good extrusion characteristics. In
this step, it is important not only to take into account the na-
ture and proportion of the materials used but also to control
the particle size of each given that this will have important
ponsequences during subsequent st§gf#s

In the second stage, water is added and the mixture

2.2. Monoliths as catalytic supports: high surface area
monoliths

The excellent properties of monolithic catalysts demon-
strated in systems for the decontamination of automobile
exhaust gases has led to attempts to apply this type of catalys

to other processes such as hydrotreatment, methanationl,< ded in order t hi h douah with d
fuel cells and biochemical reactiofy, those for stationary neadedn order to achieve a homogenous dougn with goo
source emission contrf#4] being the ones most extensively plasticity. In this stage, 'the control 0 fparameters SL.JCh as wa-
developed. In this type of process, thermal shock resistanceterComer_‘t ar_1d rhe_ologlcal properties su_ch _as_plastlc strength,
or thermal stability is less important but high surface area Pm, plas_t|c_ viscositym and the dynamic limit of catalyst_
and high amounts of support material per unit volume of paste fluidityPyo [78] are necessary, because these extrusion
parameters have a significant influence on both the extrusion

monolith are necessary. . o
The increasing number of applications in which these process and the physical and textural characteristics of the
resulting so0lid80,81]

structured systems can contribute significant advantages cal . : . . .
During the kneading process, it is essential to also take into

for monoliths in which the major components are those ma- . . .
terials that have historically been used in the fabrication of account the electrical characteristics of the particle surfaces
that are being compacted, that is the isoelectric point (IEP)

catalyst supports: alumina, silica, titania, zirconia, zeolites £ th terial d th int ch ZPC of th
[8,13,65]and more recently activated carbjf@®,67] In this o the raw materials an € zero point charge - orihe
resulting material and to control the pH of the medium in

way, depending on the particular needs, monoliths with tailor- which the dough is homogenized. The viscosity of the paste
made composition and porous structure canbe prod6egd has a direct dependence on the pH during kneading, since the

These monolithic catalysts are manufactured following X . -
the same steps outlined for cordierite extrusion, but using repulsion forces qf the particles are minimal at_pH around the
the corresponding raw materials. The basic steps are: ZPC of Fhe_materlaﬂ82,83]. Thus., control of this paranjeter_
and theionic strength of the medium can regulate the viscosity
e dry mixing of the solid raw materials (oxides or salts and of the paste in order to achieve the necessary properties for
binders); its successful extrusioifrig. 5depicts a map of the stability
e wet mixing and kneading (water and additives organic for a concentrated suspension of alumina as a function of the
and/or inorganic); pH and the ionic strength of the medium.



P. Avila et al. / Chemical Engineering Journal 109 (2005) 11-36 17

5 o1
o i 1200 °C
§, @ . \\‘,.\v 1‘ 1 | |
] et Al J A
% 0,01 & ‘z; \N\MM aaiaa VY 1| VWV N O TR N SR
£ P [ 1000 °C
& Liquid E i A
£ 0,001 [
' >
5 El b i
[H]
0,0001 1

3 5 7 9 11 500 °C
pH “IJf@
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Taking into account that the IEP of alumina is between 8 . -
and 9, this map reflects how close to the IEP, where the repu|_F|g. 6'. XRD patterns for monqhths of T@eplollte 50:50 wt.%, treated '
sions between particles are minimal. the aggregation effeC'[Sat various temperatures, showing the principal peaks for anatase (A), rutile
’ R), sepiolite (S) and enstatite (E) (adapted from [f&3]).
that lead to compaction of the solid appear. On the contrary,( ). sep ® ®) (adap )
an increase or decrease in the pH, significantly reduces the . ,
viscosity, due to the corresponding repulsive forces generated There is no doubt that the final treatment temperature to

setueen e posieof negee chages respecvel. [11C) 1€ TN s xposed o decisheparameter gven
It can also be appreciated Fig. 5 how an increase or 9 Y '

reduction in the viscosity also depends on the ionic strength propgrﬂes ofthg cat_alyst: l.n the case of 7/ the prewously

of the medium. Thus, to achieve a satisfactory extrusion the mentioned applications, itis necessary to maintain the a”"’?‘ase

need for controlling both parameters should not be neglected.Str.UCture' Th_us, a mo_de_rate heat tr_eatm_ent temperatl_Jre IS Te-
The pH during kneading can also affect the relative dis- quired t(_) avoid the rutilation of the T¥DThis transformation,

tribution of the various components in the mixture. Knapp et ?heaﬁe;rimgrec;gr::]e .?hatttﬁ]r.i sn%ear::nu?;k? olt:f; ;?;22?“;‘;?

al. [84] have shown that in samples prepared mixing titania tures clos?e to 60&/:\”[87] (I)r b;( Iavoided even%t tem eratuees

and sepiolite, higher titania coverage could be obtained when b

mixtures of both components were kneaded in a concentrate igher than 800C as can be seenin t_rFe_g. 6 \{vhere the
acid medium. RD patterns for monoliths of Ti@sepiolite 50:50 (w/w),

One of the most important steps in the preparation processtreated .at various temperatures_ are Shoi. . .
In this type of catalyst, a principal handicap is the low

of this type of monolith is the drying where the liquid phase . .
is eliminated and the extruded material shrinks, and cracks ofmechamcal strength. Gen(_arally, hegt treatmgnt a.t high tem-
peratures leads to a considerable increase in this property,

more or less importance can be easily formed that may lead . . o
P y y although this is normally accompanied by a significant re-

to the breakage of the monolith. Thus, in this stage acarefuld ction in the porosity. This effect mav be aporeciated in
control of the temperature and humidity is necesgaB}, uction 1 porosity. This y pprec '

so that the drying process of the green body is as slow and

uniform as possible in order to achieve a high compaction of '

. L g 1000 0,8
the particles avoiding the appearance of cracks and breakages & =
in the monolith[79,80] 2 o000 o

In the final stage, the monoliths are calcined at tempera- '§, 106 §
tures between 500 and 700 depending on, amongst other  § 600 e £
things, the additives used in the preparation of the monolith @ to4 3
and the application for which it is destined. In this stage, two & 400 f,
objectives are pursued: on the one hand, the calcination of the E L E
precursors of the used raw materials, in this case,Tg@n- 5 2004 8
erally with an anatase structure, and on the other, the burnout = i 2
of the organic materials introduced, that leave as @ed a ° 0

. L. . . . 200 400 600 800 1000 1200
H>0, producing an additional porosity in the final monolith

that favors the processes of mass transfer in the interior of
the Cat_alys[86]. Thus, the mCIL_]S'On of the_s_e additives can Fig. 7. Axial crushing strengths (full lines) and total pore volumes (dotted
be motivated b_y purely rh90|09|cal nece;smes or by the needjines) as a function of treatment temperature. Monoliths of;B6piolite

to control the final porosity of the monoli{B8]. 50:50 wt.% (adapted from refi73]).

Temperature, °C
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the results shown ifig. 7, where the values of mechanical the SCR proced44]. In this system, many different catalysts
strength and total pore volume in monoliths prepared with have been developed, that operate in different conditions, de-
TiO, and sepiolitd77] treated at temperatures between 110 pending on the possible configuration (high-dust, low-dust
and 1000 C are presented. The variation of these parametersor tail-gas). In power plant effluent gas purification, the most
together with the progressive reduction in the surface area oncommon system is high-dust, which uses monolithic catalysts
raising the heat treatment temperature requires the adoptiorbased on vanadium and titanium oxides, also including oxides
of a compromise between both properties. Thus, a detailedof tungsten and molybdenum in their compositj@ga,90].
analysis of the effect produced by the calcination conditions  Forzatti el al.[91] have described the preparation of
in each system should be carried out in order to adequatelya catalyst based on tungsta/titania (90%, w/w), bentonite
define the temperature and duration of the treatment. (6.5%, w/w) and glass fibres (3.5%, w/w) and water
The monolith thus obtained can in some cases be used di-with small amounts of methyl-hydroxy-ethyl cellulose and
rectly, especially if used as an adsorl@&af or if the material polyethyleneglycol, analysing the influence on the extrusion
used is the active phase of the catalyst, as in the case of TiO process of variables, such as water content, organic and inor-
in photocatalytic oxidation procesq&9]. If, on the contrary, ganic additives and particle size distribution, placing special
it is used as a porous support, for the preparation of the fi- emphasis on the importance of the drying steps and calcina-
nal catalyst the addition of the active phase is hecessary. Thetion on the resulting final product.
active phase can be incorporated by the conventional meth- Among the principal advantages that this type of monolith
ods employed for catalysts, whose application in the case of present for these applications are their resistance to deactiva-

monoliths is described in Secti@. tion by erosion or abrasion, especially important when in the
gases to be treated there exist solids in suspension that pass
2.3. Extruded monolithic catalysts: integral monoliths through the catalyst at high speed, as in the high-dust systems

of coal fired power plants. Under these circumstances, Blanco

An alternative method to introduce the active phase in a et al.[92] have shown the behavior of a catalyst of Ti, V and
monolith is to include the corresponding compound or pre- W oxides prepared using sepiolite as a permanent agglom-
cursor in the composition of the dough to be extruded. In this erating agent, which presented excellent catalytic properties
way, the active phase is distributed throughout the monolith and a high mechanical strength over the whole operation time
and also significantly reduces the number of steps necessaryn an industrial planf93]. In this catalyst, the vanadium ox-
for the preparation. However, this also leads to special com-ide, which is the active phase, is deposited selectively on the
plications, not only during extrusion, given that the presence titanium dioxide particles, which themselves are dispersed
of additional salts could significantly alter the rheological among the fibers of the silicate binder distributed uniformly
properties of the paste, but also in the necessary control ofthroughout the monolith wall. In this type of catalyst, it is
the thermal treatments, drying and firing, since during these of utmost importance to optimize the porous structure in or-
steps the following processes must be carried out: der to avoid, as much as possible, limitations in the speed
of the process due to diffusion phenom¢®4y]. Likewise, it
is also important to optimize the preparation procedures in
order to obtain an active phase distribution that maximizes
the accessibility of the reaction gases to the reactive centers.
This can be achieved by controlling the manner in which the
various components of the catalyst are incorporated and their

(a) Elimination of the solvent (generally water), with the
precautions indicated in Secti@nil.2

(b) Decomposition of the organic additives included as plas-
tifiers, which could cause local temperature rises and sig-
nificant transformations in the porous structure of the
solid. S .

(c) Possible transformations in the material used as support,posSlble Interactions.
especially related to changes in the crystalline phases and2 4
porous structure. o

(d) Transformation of the precursors into the catalytic active
phases, which normally involve decomposition of their
salts with the subsequent formation of gases {N§L,

Incorporation of active phase into the monoliths

The incorporation of the active phase in a monolithic sup-
port, if it is an extruded catalyst, a high surface support or
COy, etc.) whose effect could be very different if carried a onv-surface area monolith coatgd with the su_pport, can b.e

) . carried out using the same techniques used with catalysts in
out over an established support, as in the case of the : S )
) . : . __pelleted form. However, the unique distribution of material
impregnated catalysts or carried out while the support is : . : .
2 in the monolith demands that special precautions must be
forming its structure. . ; . .
taken to avoid problems of heterogeneity, especially impor-

In summary, it may be said that although the preparation tant when dealing with monoliths of high cell density where
of this type of catalyst involves fewer steps it needs a greaterthe surface tension of the impregnating solution can cause
control of the process variables in order to avoid undesired difficulties in the distribution of the materials within the chan-
transformations of the active elements and the support. nels of the monolith.

In spite of the previously mentioned difficulties, this type Xu and Moulijn [95] in their review of different ac-
of monolith is employed for important applications, such as tive phase incorporation procedures for monolithic catalysts
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Active phase y noble metal adsorption over metal oxide supports such as
‘"S"“::“m alumina[100] or silica[101].
mo:;"hewa" A ‘ The consideration of these principles is an excellent tool to

explain the influence of different preparation variables such
as the pH of the medium, concentration of the impregnating
salt and of other possible ions present in the medium and

ﬂ‘ ] l l even the relationship between the volume of impregnating
1 v

Schematic
impregnation
profiles

liquid and the amount of catalyst and the different impregna-
Type 1 il tion methods over the distribution of different phases in the
UNIFORM  EGG-SHELL EGG-WHITE EGG-YOLK monolith wall. On the contrary, as Perego and Villa indicated
“much of the irreproducibility which is frequently reported in
Fig. 8. Models of profiles for the incorporation of active phases to the wall the literature for supported catalysts must also be ascribed to
of a monolith (adapted from reffd5] and[96]). the fact that these principles are not taken in consideration”.
The importance of the drying protocol on the distribution
of Ni and Rh active phases within alumina monoliths has
described more than nine methods: (A) impregnation, (B) been shown by Vergunst et f102] and Hepburn et aJ103].
adsorption and ion exchange, (C) precipitation or coprecipi- According to these authors, during drying of the monolithic
tation, (D) deposition precipitation, (E) sol-gel method, (F) structure after impregnation, a macroscopic redistribution of
slurry-dip coating, (G) in situ crystallization, (H) addition of the active phase precursor can occur due to the capillary suc-
catalytic species to the mixture of extrusion and (I) others tion that causes an accumulation of the active phase in the
such as chemical vapor deposition, spray-coating, etc. outer shell of the monolithic structure.

The selection of a method is a function of both the nature ~ Hepburn, studying the effects of drying on the prepara-
and concentration of the active phase that is to be incorpo-tion of HF Co-impregnated rhodium/#0D3 catalysts, showed
rated, the type of active phase precursor used, and of the prothat in order to preserve the egg-white catalyst character,
cessinwhichitis to be used, namely the operating conditions which exists immediately after impregnation, the total dry-
to which the catalyst will be submitted and the possibilities of ing time must be less than the time required for diffusion
deactivation by chemical or physical agents to which it will to the center of the support. Thus, controlling the regime
be exposed. Depending on the method used and the incorpoin which drying takes place uniform rhodium distribution,
ration conditions (time, temperature, pH, concentration of re- inner bands (egg-whites) of Rh or inner cores (egg-yolks)
actives, etc.) the active phase incorporation can be directed to-of Rh in the wall of the monolith could be achieved. In or-
wards more “exposed” zones or more “protected” within the der to prepare monolithic catalysts of NiA&3; with a uni-
wall, leading to four active phase distribution models within form active phase distribution Vergunst et al. recommended
the monolith wall. These models, designated by Lee and Aris the methods such as freeze-drying, microwave drying and
[96] astype |, “uniform”; I, “egg-shell”; 111, “egg-white” and deposition—precipitation.

IV, “egg-yolk”, are presented ifrig. 8 In this way, a large A special case to take into account when carrying out se-
number of possibilities in the design of the catalyst became lective impregnation within a zone of the monolith is that

possible, especially for multi-component systems. Thus, itis when the porous support is a composite in which the ac-
not difficult to understand that for many years catalysis had tive phase should selectively impregnate on only one of the
been thought of as an art. components. This is a characteristic of monoliths for whose

Both these authors and Komiyama, in 1993%], estab- extrusion permanent additives have been employed which
lished the basis for the standardization of impregnation pro- present a significant adsorption capacity even after calcina-
cesses so that the active phase deposition within porous solidgion, as in the case of several materials that employ clays as
lead to that considered as the most adequate for the desiredinders[77]. These materials normally have little activity in
process. the studied reaction, so that there is a necessity of directing

These bases were established from the landmark postulathe impregnation selectively to the desired component. To do
tion of Brunelle that the adsorption of noble metal complexes so, itis necessary to know the IEP of the various components
onto common oxides supports was essentially coulombic in in the support. It is convenient to determine these values for
nature[98]. This postulation was related by Komiyarj®¥] each of the raw materials used. Even though excellent reviews
with the distribution profiles obtained on varying the pH of report this parameter for most of the oxides used as catalyst
impregnation. More recently, Perego and Villa, in their revi- supportd104], there are marked discrepancies in the values
sion of catalyst preparation metho®®], have taken these reported by different authof$05]. These differences are due
principles and shown how during the impregnation process to either the method used for the determination or to structural
the IEP of the support along with the pH of the solution and changes.
the nature and concentration of the ionic species of the pre-  Once the IEP values of the components are known the im-
cursor play an important role. Thus, Spieker and Regalbuto pregnation should be carried out considering that a particle
developed the bases for a model to simulate the behavior ofat a pH value below its IEP is charged positively and thus has
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Intensity, Counts 3. Deposition of a catalytic layer onto low-surface
Mg s000f 1 area ceramic monoliths

2000

1000

This section of the review focuses on the preparation of
N I ST | ceramic monoliths coated with environmental catalysts. It is

mm 00 03 10 well known that the most widely used catalyst for environ-
Intensity, Counts mental applications is the three-way catalyst, which consists
Si gof T OTL A T T T AT T of a complex mixture of oxides and noble metals deposited
4001 onto an alumina carrier which is washcoated on a honeycomb
200 monolith. Since there are so many good papers and reviews
I NSRRI N 4 BRI on this subjecf107-110] here we will mainly refer to less
mm 00 05 10 conventional systems which are applied as a slurry coating
Intensity, Counts or by in situ synthesis. Examples of continuously developing
Ti 15000 T b 1 materials are zeolites, which are among the most promising
10000~ 1 materials for the abatement of atmospheric pollutants, e.g.
5000 the oxidation of volatile organic compounds and the selec-
L LAV WV B tive reduction of NQ.
mm 0.0 0.5 1.0 . .
Different procedures can be performed from coating the
Intensity, Counts monolith walls with a support material such as alumina or sil-
Pt sop B I ' ' ' ica, followed by the impregnation of the active phase, to the
60 coating of a ready-made catalyst. In Nijhuis et al.’s excellent
2 review[15], a thorough description of the methods obtained
mm 05— L 0‘_5 L TR— ﬁo L in their laboratory is presented since not much open litera-

ture was available at the date of that publication. Whereas at
Fig. 9. EPMA-WDS line profiles of Pt, Ti, Mg and Si across a wall section present, the number of publications has increased consider-
of a Pt(0.1)/TiQ:sepiolite 50:50% (w/w) catalyst. ably.
Ceramic catalytic monoliths can be obtained under the
form of extrudates (see Secti@hin which the catalytically
a tendency to adsorb anionic species over its surface, whileactive material is used to manufacture the monolith. Another
a particle at pH higher than its ZPC tends to adsorb cationic possibility consists in the deposition of the powder as a coat-
species. Thus, by determining the ZPC of the resulting ma- ing onto a ceramic honeycomb substrate. It is well known
terial and the nature of the ionic species of the precursor saltthat the most widely used material for monolithic structures
in the media in the conditions in which the impregnation will  is cordierite (a ceramic material consisting of magnesia, silica
be carried out the selective impregnation of the active com- and alumina in the ratio of 2:3:2) because of its high mechan-
ponents may be achieved. ical strength and its low thermal expansion coefficient. The
Avila et al. [106] have described Pt incorporation over a macropores of the cordierite structure allow the anchoring of
monolithic support formed by a mixture of Ti&epiolite a powder layer.
50:50% (w/w) employing an impregnation method from an In the case of zeolites, the coating layer can be made in
aqueous chloroplatinic acid solution to obtain a catalyst in two different ways: by hydrothermal synthesis (direct syn-
which the Pt was deposited preferentially on the J@rti- thesis, seeded growth or vapor phase synth¢sis),112]
cles, as may be appreciatedrig. 9, where the concentration — and by the deposition from a slurry of zeolite particles fol-
profiles through a monolith wall are shown. lowed by a stabilizing thermal treatment. Both methods will
In this figure, the relatively uniform distribution of T§O be discussed in this section. The first method has the advan-
and magnesium silicate (sepiolite) particles may be seen.tage of a stronger adhesion of the coating to the support. The
Thus, the Si and Mg profiles are parallel and their shape is main disadvantages of this method, however, are that it is
opposite to that of Ti. The Pt, only present in a very small considerably more complex than slurry-coating and that a
fraction (0.1 wt.%), presents a profile that can be considereddense layer can be formed with small intercrystalline pores
as parallel to that of Ti, which reflexes the selective impreg- in which diffusion limitations can occur.
nation of this species over the Ti@nd not over the sepiolite. The coating from a slurry, commonly called “washcoat-
Taking as a reference the model of Regalbuto dtléll] ing”, is usually carried out with a slurry of particles of a
it can be considered that the P#¢#,0)~ species present comparable size to that of the macropores of the sufppsit
in the solution at a pH 5 have a tendency to unite with the The main advantages of this method are a shorter diffusion
TiO» surface whose IEP =6.3 and is thus positively charged distance to the active catalyst species for the reactants flow-
[84]. Sepiolite has an IEP =2.2; consequently, it would be ing through the channels and the fact that ready-made cat-
negatively charged at this pH and thus its ability to adsorb alysts can be directly deposited from the slurry. The prepa-
the anionic Pt species would be very low. ration of the finished catalysts always involves dipping the
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monolith into the slurry, blowing air to remove the excess 18
liquid, drying and calcination. The last step is very impor-
tant since the calcination binds the washcoat to the monolith
walls, and is usually done at temperatures of 850r higher 141
[113]. Besides, a binder can be used in order to improve the
binding strength. However, for the washcoating of a pow-
der with small particle size, which is the case of zeolite, it
has been reported that the use of a binder is not essential
[114].

commercial catalyst

Weight loss (wt%)

3.1. Washcoating of a ceramic monolith by dipping it in 4
a slurry: key preparation procedures

In pioneering articles, Kolb et a[115-117]described o : : : :
the fundamental principles of the coating of monolithic o2 4 6 8 M0 121416
structures. The monoliths used in their work were made Exposure time (hours)
of extruded cordierite with a square-channeled shape of _ _ _ _

400 channels im2. The rheological behavior of the slurries /9 10- Weightloss of-alumina washcoats as a function of time and par-

. . ticle size of the deposited powder during treatment in a stream of hot air
was governed by the solids content, pH, zeta-potential and(BOOOC) and high GHSV (80,0001) simulating severe car exhaust condi-
shear rate, the two first being the most important variables tions. Adapted from ref114].
for viscosity contro[116].

A fundamental process during the filling of the monolith
channels is the absorption of part of the water contained in requirement. However, very few studies have addressed the
the slurry by the porous monolith walls. A cake develops, problem of adhesion quality between the washcoat film and
whose thickness is dependent on the substrate porosity andhe monolithic supporfl14].
dimensions, slurry properties, and rate at which the channels Agrafiotis et al[114,118-121ktudied the effect of pow-
are filled[117]. After blowing the excess slurry out with air, der characteristics and processing parameters on the prop-
a remaining coating load results, which strongly depends onerties of alumina, zirconia and titania washcoats deposited
the air velocity. on ceramic honeycombs. They studied the adhesion of the

As it can be seen, the characteristics of the final coated washcoat layers upon the monolith walls by exposing the
monoliths are a complex function of monolith characteristics, loaded monoliths in a stream of hot air in a small laboratory
slurry properties and preparation conditions. We will focus on reactor simulating the car exhaust system (free volume ve-
the effect of the slurry properties and preparation conditions locity: 10° h—1 at 800°C) and measuring their weight loss as
since standard cordierite monoliths are the most widely useda function of time[114].
as ceramic substrates thus fixing the monolith characteristics.  Fig. 10shows the weight loss gfalumina washcoats as a

function of time and particle size of the deposited powder. It
3.2. Effect of the slurry properties on washcoat quality is concluded irf114] that adhesion of the washcoat layer on
the support takes place primarily by a mechanical mechanism

The properties of a slurry can be governed by selecting such as “anchoraging” and interlocking of the washcoat par-
three main variables: ticles with the surface irregularities of the support, and to a
much lesser extent via chemical or affinity mechanisms. They
also suggest that this dependence on particle size is general,
irrespective of the kind of powder employ¢ti18]. Apart
from the effect of particle size on the washcoat properties,

Other variables like pH, viscosity, zeta-potential, are con- it is known that it can affect catalytic behavior, giving place
sidered to derive fromthose variables. Thisis just a simplified to changes either on activity and/or selectivity. In the case of

(a) properties of the solid particles;
(b) properties of the solvent;
(c) solids wt.% in the slurry.

picture used for the sake of clarity during the analysis. zeolites, this issue has been the object of recent publications
[122—-125] The wet treatment of powders in a ball mill is one
3.2.1. Properties of the solid particles of the more widely used ways to get a uniform slurry sus-

Both chemical and textural properties are relevant in this pension. Thus, this treatment can reduce the size of crystals.
analysis. It has been shown from results of different laborato- Xie and Kaliaguind122] reported that a vigorous dry ball
ries that the adhesion of the coating depends primarily on themilling of KNazeolites results in the collapse of the zeolite
particle size of the deposited powders. The severe conditionscrystal structure, but positively affects the selectivity for base
of operation in environmental applications (i.e. car exhaust catalyzed reactions. Kosanovic et |I25] and Kharitonov
system) can lead to the detachment of the washcoat layeret al.[124] also studied the amorphization of zeolites during
Therefore, the adhesion of the substrate is a very importantdry milling. On the other hand, Ackay et §1.23] indicated
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that wet ball milling can decrease the particle size of zeolite
HY with minimal loss of crystallinity.

Zamaro et al[126] reported results on zeolites ZSM5,
mordenite and ferrierite washcoated on a cordierite honey-
comb monolith. The zeolites were selected in view of their
activity for the SCR of N@ when exchanged with cations
like Co, Cu and In. In this work, an accelerated ultrasonic
test reported in the patent literatupg27] was performed
in order to evaluate the washcoat adherence. The degree
of erosion was measured by weighing the sample before
and after the ultrasonic treatment under an atmosphere
with controlled humidity. It was found that the mechanical
stability is a function of the zeolite type, the order being
ZSM5 > mordenite > ferrierite.

As it can be seen iRig. 11, the zeolite crystals are aggre-
gated in particles of different size and geometry, depending on
the zeolite type. The stability order correlates well with the
size of aggregates; higher adhesion is obtained with lower
sizes. Bigger aggregates cannot enter inside the cordierite
pores; thus a poor adhesion is obtained. This resultis in line
with that reported iff114]. Ferrierite aggregates have foth
of average size, while mordenite and ZSM5 have aggregates
of 3 wm. Cordierite pores havelim of average size, thus both
ZSM5 and mordenite can yield an effective anchorage with
the monolithic substrate, which is not the case of the ferrierite
powder. Beers et a]128,129]obtained cordierite monoliths
washcoated with BEA zeolite under the form of clusters of
4-20p.m, which seems to be somehow bigger than cordierite
macropores. However, they reported good adhesion results,
probably because they used a binder and optional extra com-
ponents such as surfactafit29].

The basic principle of the effect of a binder during slurry
coating is described ifiL5]. Relatively large particles to be
coated are present in the slurry together with binder particles,
typically two orders of magnitude smaller in size. As the
liquid evaporates during the drying step, the small particles
are drawn by capillary forces at the location where they are
most effective, the points where the larger particles touch
each other. The preferential accumulation of binder particles
in these points increase the surface of contact, thus favoring
the anchorage process.

Obuchi et al[130] also used a binder material (15 wt.%
of alumina-sol, Sumitomo Chemicals, A-11) to increase the © L
stability of a washcoat of Na-ZSM5. They used this system, -
exchanged with In for the selective reduction of N@ith Fig. 11. SEM pictures of zeolites (as received). (A) NESMS; (B) NHs-
organic substances in diesel engines. mordenite; (C) K-ferrierite. Adapted from rgfL26].

However, it should be pointed out here that in some cases
the use of a binder can modify the behavior of the catalytic
system, moreover in selective reactions. For example, thea precursor AI(N@)3 to washcoats of Co-ZSM5, inhibits
selective reduction of NQwith hydrocarbons consistsintwo  the activity for the NQ selective reduction with CHunder
parallel main reactions: the oxidation of the hydrocarbon with the presence of oxygen excess, due to the formation of a
NOy and the oxidation of the same hydrocarbon with ©® non-stoichiometric spinel which expulses active Coions from
the second reaction is preferred, the system is not effectiveexchange positions.
for NOy abatement because the reductant is consumed by Onthe other hand, the use of silica as a binder was reported
the oxygen, which is usually in excess. In this vein, Boix to have a beneficial effect in the same reaction, increasing
et al.[131] reported that alumina, added under the form of the selectivity towards NQreduction when Co-ferrierite is
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persed in water, ethanol and kerosene, and conducted their
work using sedimentation analysis. It was found that the dis-
persion behavior of fine particles complies with the princi-
ple of polarity compatibility. The dispersion effect can be
improved when the surface polarity of particles approaches
that of liquid media. The better the wettability of particles

in liquid media, the bigger the dispersion extent. They found
that the dispersion extent of calcium carbonate and talcum
particles ranks in the order ethanol>water >kerosene and
ethanol > kerosene > water, respectively. Dispersion behav-
iors of other mineral particles in water or organic dyes in polar
or non-polar media have been also reported in the literature
[133-135] Unfortunately, these materials are not relevant for
catalytic use, but these results can help in improving slurry
quality by changing the solvent. Not only can the particles
dispersion and the viscosity be altered, but also the character-
istics of the blowing process can be modified by the volatility
of the solven{127].

A fundamental property of aqueous solvents is the pH.
The acidity of the slurry directly affects the viscosity and sta-
bility of the particles dispersion. Valentini et §1.36] stud-
ied the effect of HN@ concentration on alumina slurries.
They found that the load of deposited coatingyil 203
Fig. 12. Stability of a NH-mordenite washcoated on a ceramic monolith.  tubes versus the acid concentration goes through a maximum
Stereomicroscopic opsewatipn of the zeolite film aft_er u_It_rasound _treat- at 4.33mmol g—1 of HNOg/aIumina powder. The deposited
ment: (A) washcoat without binder and (B) washcoat with silica as a binder. lavers with an acid/alumina ratio areater than or equal to
Adapted from ref[126]. y greatel q

3.6 mmol g ! were poorly adhered. A similar trend was ob-
served for a variety of supports. They interpreted these results

washcoated onto a ceramic monofit13]. ltwas found that i, yhe jight of rheologic measurements. They observed that
the contact between the small fumed-silica particles inter- for HNOs/alumina ratios less or equal to 2.16 mmofghe

acts with zeolite crystals avoiding the Pt segregation and theslurries exhibited a pseudo-Newtonian behavior, the viscos-

cobalt oxide forrTatlon dur'llng tge calcmaﬂqu alln(:fredulctlon ity remaining constant with increasing shear rate. For greater
treatments. In this case, silica has a beneficial effect also ony44iqg the slurries became non-Newtonian, their viscosities

the mechanical stability, as seerfiig. 12, in which pictures 4o reaging with increasing shear rate. A plot of the viscos-
of the monolith walls before and after ultrasonic treatment ity at constant shear rate exhibited the same trend shown by
are shown. the coating load, concluding that the slurry flow behavior de-
termines the coating thickness, and that the slurry viscosity
3.2.2. Properties of the solvent is controlled by a gelation process. The acid concentration
The most widely used solvent for the preparation of the has a complex influence on the gelation process, which was
slurry is water. Fundamental properties of the slurry, like vis- unclear at the moment of reporting these interesting results.
cosity and the dispersion of the particles, can be modified by  Agrafiotis and Tsetsekojl21] studied the effect of pro-
using different solvents. Solvent viscosity and surface ten- cessing parameters on the propertieg-afumina washcoats
sion affect the flow originated when the suspension excess isdeposited on ceramic honeycombs. In this work, they re-
eliminated from the channels during the blowing stage. How- ported results on the slurry stability studied with the aid
ever, as far as we know, there is no systematic study on theof zeta-potential measurements. Since the natural pit of
effect of the use of different solvents in the open literature. alumina slurries lay in the pH 0-9.2 range, and at this pH
The only explored way to change the solvent properties is the slurries were unstable and settled fast, they combined the
the addition of a surfactant agent. For example, Beers et al.effect of a deffloculant and the pH to increase slurry stability.
reported the use of 1.8% of Tepol to disperse BEA zeolite They measured the deflocculantand HCI concentrations upon
crystals in watef128]. stability and zeta-potential. They found that in the absence of
Although specific works on the influence of liquid me- deflocculant high zeta-potentials and therefore good disper-
dia upon washcoat properties are rarely found, interesting sion were achieved at pH values lower than 5 or greater than
results on dispersion of particles in different liquid media 9, the isoelectric point being around 7.7. With the addition of
were published by Ren et 41.32] who studied the charac- 1% of deflocculant (N-PMA) the whole zeta-potential-pH
teristics of dispersion behavior of fine particles in different curve is shifted towards a lower pH region, and the isoelectric
liquid media. They used calcium carbonate and talcum dis- point of the slurry to 5.5. They concluded that, since a strongly
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through equatiofl37]:

() _ 1
" (1-y)?°

wherey is the volume fraction of solids angd is the viscosity

of pure water. The volume fraction of solids can be easily cal-
culated from the density of particles and the concentration of
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 iRig. 13 which indicates that
the characteristics of washcoats are strongly related to this
property.

The combination of high solids contents and fine particles
can lead to slurries with very high viscosity. Agrafiotis and
Tsetsekoy121] obtained optimum loading conditions fer

Slurry concentration (wt.%) alumina washcoats on ceramic honeycombs when the slurry
_ _ _ o viscosity lay between 50 and 150 mPas. Therefore, for high
Fig. 13. Effe_ct of sIu_rry concentratlon_ upon zeo_llte Ioad_lng in the washcoat. solid contents and low particle size they adjusted the viscosity
(A) Cumulative loadings and (B) zeolite loaded in each immersli)Gne . . .
immersion; @) two immersions; &) three immersions. Adapted from ref. with the use of either HCL or p0|ymetacrylate’ an organic
[126]. polyelectrolite.

During the preparation of a slurry, the adhesion and ag-
gregation of fine particles can occur, depending on adhesive
forces between particl¢$38]. In the same vein, Starov et al.

Cummulative zeolite load (wt.%)

0 10 20 30 40

acidic environment required for good dispersion (the case of

HCI) can cause corrosion problems, the use of deflocculant is . k
advised in order to have much milder conditions. Moreover, [137] reported. th?t chI0|daI and hydrodynamm forces cause
- cluster formation in disperse particles even at low concentra-
the same authors report that the addition of deflocculant has_; . : .
e . . . : tion. Thus, it should be taken into account that small particles
a beneficial effect in reducing the slurry viscosity. . X
can be under the form of aggregates in liquid media thus de-
creasing the viscosity of the slurry.
3.2.3. Solids wt.% in the slurry Another important property of washcoat layers is the ge-
Regulating the load of the material deposited on monoliths ometry. It is interesting to note that even though a very good
is one of the most important preparation aspects. The mainhomogeneous distribution of coatings can be obtained, a lo-
characteristic dimensions of the coating are two: the mini- cal non-homogeneity in each channel would continue to exist
mum thickness and the maximum thickness at the corners.in the monolith. This effect is inevitable when the immersion
The amount of material loaded during the washcoating pro- method is used and is a negative factor since for its use under
cedure and the characteristic dimensions strongly depend orreaction conditions, the limitations in mass transfer will be
the powder concentration in the slurry and the number of im- critical at the channel corners. This effect was investigated
mersions. By varying these conditions, the desired washcoatfor different zeolite washcoats j126]. The authors observed
loading and thickness can be adjusted. through microscopy that as the material is being deposited in
Zamaro et al[126] studied the influence of the above successive immersions, the geometry of the channel becomes
mentioned washcoating conditions upon the washcoat char-progressively more circular. This fact is known, and the film
acteristics. Monoliths with different ZSM5 zeolite content, shape correlates with the flow lines of a viscous fluid dis-
between 4 and 27 wt.%, were prepared by combining differ- placed by an air bubble moving inside a square-section cap-
ent suspension concentrations and a number of immersionsillary [116]. The rate of blowing air and the viscosity of the
Within this range, a non-linear increase of the load with the suspension affects the load, thickness and shape of the films.
suspension concentration was observed.(13. A similar Since a relatively low air-flow was used, the suspension-air
trend was observed for the loads achieved at each immersiorinterface on the transverse plane of the channels generated
stage for different concentrations, which explains the differ- during the suspension excess blowing is asymmetrical. Ac-
ent slopes of the curves Fig. 13 This load was calculated cumulation at the vertices is due to higher viscous strengths
as the increase in weight after each immersion. It is worth in this zone. When this sector is filled with the first material
noticing that the increase in weight is not a function of the deposition, the channel adopts a more circular geometry. In
number of previous immersion stages, suggesting that oncesubsequent depositions, it can be observed that the accumu-
the first layer of zeolite crystals is formed, the surface rugos- lation at the vertices gets smaller and smaller until the trans-
ity remains invariant and very similar to the bare monolith verse symmetry of the channel becomes circular. In this vein,
rugosity. Hayes et al[139] carried out a numerical investigation of the
A fundamental property of a powder slurry is its viscosity diffusion and reaction in the washcoat of a catalytic monolith
(n), which can be simply related to the solids concentration reactor. They found that three factors significantly affect the
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rate and the role of mass transfer: the washcoat thickness, theation of zeolite films and membranes and the orientation of
channel radius including its non-uniformity around the chan- the crystals seems to depend not only on the characteristics
nel, and the angular diffusion caused by variable thickness. Inof the support but also on the conditions of crystal growth
an experimental study, Sassi effa#0] studied the geometry  (seeding, temperature and gel compositidrip].

and thickness on NQrap desulfation, concluding that the de- A thorough and critical review was published by Tavolaro
crease of washcoat thickness leads to an increase of the NOand Drioli [143] in which zeolite membrane structures ob-
trapping capacity. However, the increase of uniformity in the tained by different preparation methods and their applica-
washcoat geometry obtained with the use of hexagonal cellstions were addressed. They concluded that new strategies are
has no effect on NQstorage, but they showed a better global necessary for the synthesis of zeolite phases in membrane
resistance to sulfur poisoning. Matsum¢td1] in a recent configurations, different from the traditional hydrothermal
article describes the recent advances developed by Toyotanethods, and that a common problem in zeolite membrane
in automobile exhaust catalyst. For use in low emission ve- synthesis is that, despite the use of a pre-defined methodol-

hicles, a Ce@-ZrO, support was designed for high perfor-
mance three-way catalysts. A novel N&torage-reduction

catalyst (NSR) was developed for automotive lean-burn en-

gines, which can store NOn an oxidizing atmosphere and
then reduce stored NGt stoichiometric or reducing condi-

ogy, it is difficult to obtain membranes with consistent and
predictable properties.

A variety of supports have been used for the direct
synthesis of zeolites, among them ceramic foams, metal-
lic monoliths and gauzes, but only a few articles using ce-

tions. To enhance the removal of sulfate, which poisons the ramic monoliths have been reported in the open literature.
catalytic trap, a hexagonal cell monolithic substrate was used,Among the first papers published in this area, Aiello et
which results in a uniform catalytic washcoat thickness. al. [144] reports a technique for the in situ crystallization
However, this uniformity is not the best choice for all of of a MFI-type zeolite over a commercial cordierite honey-
the applications. Kruse et dlLl42] demonstrated that for au- comb to be used for withholding hydrocarbons from the
tomotive catalytic converters rectangular channels offer the automotive engine exhaust until catalyst light-off occurs.
best relationship between the heat/mass and pressure drofhe reported technique consists in imbibing the substrate
factors. The authors compared channel shapes, regular polywith a 100SiQ-xAl sOs—16 TPAOH— 6 TPABI- 150010 fol-
gons, isosceles triangles and sine ducts. lowed by hydrothermal treatment at 170. They found that
with low Al content the crystallization is completed within
a few hours but by increasing the Al contert(1.4) crys-
tallization takes place after 48 h, and wittr 1.5 no crys-
Instead of dipping from a slurry, catalysts or catalytic sup- tallization is observed after 7 days. They concluded that the
ports can be directly synthesized onto the monolith by im- addition of aluminum to the solution accelerates gel layer for-
pregnation with a solution of the precursor. This procedure is mation but retards the nucleation and zeolitization processes
not too different if compared with the conventional impreg- within it, which is in agreement with what was reported be-
nation of pellets, and it has been addressed in Seetioh fore for powderd145,146] The authors also indicated that
this review. However, there is a field that is rapidly growing they were able to obtain about 90 g of MFI crystals per liter
in importance, that is the direct synthesis of zeolites in dif- of honeycomb, forming a continuous monocrystal film on the
ferent types of supports. As said above, this method has theceramic surface. In the same vein, the preparation of a ZSM-
advantage of a stronger adhesion of the coating to the sup-5 thin films on cordierite honeycomb by solid state in situ
port, but it is considerably more complex than slurry-coating crystallization was reported by Madhusoodana €tldl7].
and a dense layer can be formed with small intercrystalline  Basaldella et a[148,149]prepared continuous, multilay-
pores in which diffusion limitations can occur. ered ZSM-5 zeolite films by direct synthesis on cordierite
However, not only intercrystallyne diffusion is impor- modules. The influence of the,B/SiO; ratio used in the
tant in catalytic environmental applications. The accessibil- synthesis mixture on the film properties was studied by in-
ity of the active sites within the zeolite framework could also specting the film formed in the external module surface at
strongly pose a limit in reaction velocity. Direct synthesis several water contents. They showed that dilution prevents
methods can help in obtaining preferential orientations, in the film from becoming dense, modifies zeolite crystal mor-
order to favor the diffusion of reactants inside zeolite pores phology and markedly reduces the crystallization of zeolite
[112]. For example, MFI zeolite crystals have straight, nearly into a non-adhered powder form. They also tested the perfor-
circular (0.53 nmx 0.56 nm) channels running along the mance of a Cu/ZSM-5-coated monolithic catalyst in the lean
direction, and zig-zag elliptic (0.51 nm0 .55 nm) channels  NOy reduction reaction, which proved to be an active, stable
along thea-axis, while there are no channels along the  catalytic system.
direction. Therefore, zeolite films consisting of intergrown Ulla et al.[112] synthesized Zeolite ZSM-5 layers (up
crystals with eithea- or b-axes perpendicular to the support, to ca. 30% by weight) on cordierite substrates, following ei-
or films with a random orientation of the constituent crystals ther a direct hydrothermal synthesis procedure or a secondary
would have a greater accessibility, compareda-ariented growth method, in this case after seeding of the support with
films. Preferential orientation is often found during the prepa- a colloidal suspension of silicalite. The Si/Al ratio in the syn-

3.3. In situ synthesis onto a ceramic monolith
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thesis gel ranged from 14 to 100, but layers with a high Al other forms were proposed as alternatives to the most popular
content (i.e. a low Si/Al ratio) could not be prepared directly rolling or piling up alternate corrugated and flat thin sheets.
on the cordierite support. However, MFI layers with a low In this case, the flat sheet was used to prevent the nesting or
Si/Al ratio were readily grown after depositing an interme- intermeshing of the corrugated ones producing small parallel
diate Si-rich layer. They also reported that the Si/Al ratio of channels with laminar flow.
the synthesis gel has a direct effect on the morphology, crys- The performance of these classic monoliths with sinu-
tallinity and orientation of the MFI layer formed. Ohrman soidal straight channels has been improved by introducing
et al.[150] also used the seed film method, controlling the localturbulence withinthe channels. Different strategies were
film thickness with an ultrasound treatment. Their catalysts proposed and will be discussed later, but all of them are pos-
were useful fop-xylene isomerization, the films being less sible due to the metallic nature of the substrate (maleable and
deactivated than the conventional ones prepared on alumingasy to perforate and cut).
beads. Many different metals and alloys have been proposed for
As said before, a problem of the in situ synthesis of zeolites the manufacture of monolithsin search for mechanical, chem-
is the lack in the accessibility of molecules during the cat- ical and thermal stability, availability in thin foils and good
alytic reactions. However, this aspect was recently overcomesurface adherence of the catalytic coating. In addition to some
by Ulla et al.[151] in the case of a mordenite structure by Ni and Cr alloys, steel is the most widely used alloy, in par-
preserving the individuality of the synthesized crystals. The ticular ferritic alloys containing Al that can produce alumina
better accessibility of the mordenite material on the monolith protecting coatings with excellent properties for anchoring
was proven in kinetic diffusion experiments where water ad- the catalytic coating. Another interesting material to prepare
sorption was continuously monitored. They compared mor- metallic monoliths when the working temperature is not so
denite crystals, a mordenite membrane and the system undehigh as in automotive exhausts is aluminum. It has excellent
study. The higher accessibility corresponded to the mordenitemechanical and thermal properties, and can be anodised pro-
crystals on the monolith, followed by the mordenite mem- ducing very adherent alumina layers with adequate textural
brane, and finally by the powder (3n in size, 86 mg of properties to be used as catalytic suppbds—167]
mordenite powder supported as a bed on a non-porous plate), The new stricter emission limits for car exhausts all around
which showed the highest diffusion resistance. the world demand more effective catalytic solutions. Metal
catalyst substrates offer a variety of solutions for all combus-
tion engine applicationd.68]:
4. Metallic monoliths . . o
e Significant reductions of all emissions (HC, CO, N&nd
One of the first references in the literature about catalysts PM)_ can be achieved for both spark ignition and diesel
on metallic substrate specifically deals with environmental engines. i
use[152]. In 1950, Suter and Ruff reported the use of a kind ® New developments like cone-shaped qatglysts r_:md open
of filter made of stainless steel wires, Chromel or Nichrome, parnculgte traps he'P to meet fu}ure emission legislation.
coated with a noble metal and electrically heated, to elim- * New, high cell dens_lty, ultra-thin foil substrates further
inate obnoxious odours from ovens used for the drying of ~"Crease catalyst efficiency.
enamels and other coatings. Some years later, another of the
pioneering works about catalysts on metallic substrate was#-1. Metallic substrates
also proposed for environmental use: the elimination of ni-
trogen oxides from exhaust gas stred@s]. In 1975, UOP The choice of a metal alloy to be used as catalytic substrate
proposed an all metal, high temperature resistant, catalyst el-depends on three main groups of characteristics:

ement of Pt and/or Pd on a base alloy comprising primarily (1) The properties related to the use of the catalyst: mechani-

Fe, Crand Al’ actlv_e in the catalytic mcmerqtlon of noxious cal, thermal and chemical resistance under operation con-
fumes from industrial over{d54]. But at that time, the 1970 ditions

US Clean Air Act was the kick-off for a huge research effort (2) The properties related to the catalytic coating adhesion.

on the purification of automotive exhaust gases. Beside the(3) The properties related to the fabrication process: capa-
initial pellet beds and cordierite monoliths, metallic mono- bility of rolling to thin foils, weldability, etc

liths were soon proposqd55-161]due to their higher me-

chanical resistance and thermal conductivity, the possibility ~ Usually, the first group of characteristics is the most im-
of thinner walls allowing higher cell density and lower pres- portant one, especially for automotive use, which presents the
sure drop. But additional advantages of the metallic substratemost stringent conditions of temperature, atmosphere, dura-
were soon discovered, in particular, the easy way to producebility and mechanical stress. Therefore, steel and other iron
different and complicated forms adapted to a wide variety alloys are the ones most frequently used.

of problems and uses. Perforated Lessing rijige], beds Downs in a patent from 1927 was the first to propose iron
packed with perforated metal ribbon strands having differ- as a metallic substrate for catalysts in his “calorizing” pro-
ent crimped configuratior{463], heat exchangef464] and cess[169]. Iron particles of the desired size were dipped in
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melted aluminum producing a coating of iron aluminum alloy temperature oxidation resistant alloys were developed in the
presenting a rough surface to which the catalyst can be ad-1960s, based on Fe, Cr, Al and¥79,180] But it was in the
hered. In this pioneering work, the two main roles played by 1970s, thanks to the work of the United Kingdom Atomic
aluminum were implicit: protection of the base metal against Energy Authority, when these ferritic steels became avail-
high temperature oxidation and promotion of the adhesion able and could be made into thin foils, corrugated and then
between the base metal and the catalyst coating. Later on, theiled up to form honeycomb structurg$5,181-183]
same idea was again proposed for different alloys (stainless The main components of these alloys are Fe, Cr, Aland Y.
steel, nichrome, nickel and other alloys resistant to oxida- The formation of a self-healing protective “skin” of alumina
tion), forming the alumina coating by applying finely divided allows the ultra-thin steel to withstand the high temperatures
aluminum powder dispersed in an organic vehicle, treating and corrosive conditions in auto exhaust and other environ-
the coated substrate with steam at elevated temperature anchental uses. These materials also have high thermal shock
pressure, and calcining the resulting alunihZ0-172] Re- resistance and high melting and softening points and facilitate
tallick and Dumbar proposed a composition for a catalyst the development of high cell densities with very low-pressure
support, consisting in a hot-dip coating process for coating losseq184].
aluminum on ferritic steel strip, which is subsequently rolled In addition to the main components of these ferritic steels,
to foil [173]. An improvement of this technique by Kilbane chromium (17-22%) and aluminum (5-8%), other reactive
et al.[174] proposed a hydrogen pre-treatment at high tem- elements (RE) are presentin small quantities because they are
perature that enhanced the wetting of the ferritic chromium fundamental to improve the oxidation resistance of the alloy
steel to substantially eliminate uncoated or pin hole defects and to aid oxide adhesiomable 1lists a number of commer-
in the aluminum coating layer. Inaba et al. proposed a simi- cial alloys all of them having from 5 to 6% Al. Increasing this
lar method but included a chemical attack of the formed Al content above 6% would be an advantage because this would
alloy before the final calcination to partially dissolve the alu- increase the available aluminum reservoir and hence the com-
minum, thus increasing the surface poroflfy5,176] In this ponent life[185]. It is important to note that during the high
particular case, the coating was directly used as support fortemperature use of the alloy, the alumina protective layer con-
the active phase, platinum. Davifk/7] reported a differ- tinues growing until the aluminum is consumed. Breakdown
ent method to produce the alumina coating of carbon steelof this thermally grown alumina would lead to breakaway ox-
foils by immersion of the foil into a hot lead bath containing idation conditions and rapid component failure. This is espe-
alloying ingredients (Cr and Al), which displaced the iron cially important for the new ultra-thin foils (20m) available
atoms in the said foil to allow the diffusion of these alloying for the high cell density monoliths (1600 cpsi). Reducing the
ingredients throughout the entire thickness of the said foil. thickness from 70 to 2@m means that the component life
Lead was used in the bath because it is incompatible with thewill be reduced by a factor 1pPL85]. However, it is quite
iron matrix but dissolves Cr and Al. The alloyed matrix was difficult and usually uneconomical to increase the Al con-
then calcined to produce the alumina coating. The advantagecentration to a value more than 5mass%, because such an
claimed by this method is the possibility to use the easy-to- alloy is brittle, hence inducing difficulty during production
produce thin foils of carbon steel avoiding the difficultrolling  or lowering productivity. It is generally easier to produce the
of ferritic steels. An alternative to hot-dip methods is the alu- thin foil or even the monolith from an alloy having low Al
minum coating by a vapor deposition technique, proposed by content and hence good mechanical and manufacturing prop-
Cornelison and Retallicld 78]. It produces thin and uniform  erties, and subsequently to treat it to increase the Al content
coatings on any base material even on those difficult to wet by one of the strategies previously discussed.
by molten aluminum. Fukuda et al[186] studied the growing mechanism of
Taking into account the important role, played by alu- the alumina scale in Fe—Cr—Al alloys with reactive elements
minum in the use of steel as a catalytic substrate, the inter-(La, Zr and Hf). When a clean untreated foil is heated in
est of using alloys containing this element is evident. High air, oxygen is in contact with the metal surface and a first

Table 1

Materials for metal foil catalytic monoliths (refL85])

Alloy Fe Cr Al Ti La Zr Y Ce Hf
Aluchrom Bal. 20.6 5.4 0.010 0.170 0.006

Aluchrom YHf Bal. 20.3 5.6 0.010 0.054 0.046 0.31
FeCrAlloy Bal. 20.3 5.4 0.084 0.080 0.045

FeCrAlloy JA13 Bal. 16.3 5.0 0.010 0.050 0.320

Kanthal AF Bal. 21.1 5.2 0.094 0.058 0.034

Kanthal APM Bal. 211 5.9 0.026 0.110

Nisshin steel Bal. 19.9 5.0 0.120

Ugine Saoie 12178 Bal. 19.9 5.0 0.009 0.019

Ugine Saoie 12179 Bal. 20.0 5.0 0.014 0.030
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layer of alumina £0.5um) is formed, containing some
Fe and Cr. Equiaxed grains form this layer and the grain
boundary allows some oxygen diffusion to the metal sur-
face, where the oxidation continues. Nevertheless, the oxy-
gen partial pressure at the metal-oxide interface is much
lower and the oxidation slows down and no more Fe and
Cr is oxidized under these conditions. Alumina grows ac-
cording to sub-parabolic time dependence kindfi83]with
columnar grain morphology as long as aluminum remains
in the alloy. When the starting alloy contains reactive el-
ements, the oxidation process is slower and the alumina
scale more adherent. Fukuda et al. showed that reactive el- ¢
ements are concentrated in the grain boundary of the alu- Flat foil /
mina, proposing that they act as glue between grains, reduc-

. i . . ... Fig. 14. Monolith construction by rolling around a spindle alternate flat and
ing the oxygen permeability and increasing the layer stability crimped foils (adapted from ref190]).
[186].

But the role played by the minor elements in Fe-Cr—Alal-  pylsate flow and vibrations produce the deformation of
loys is more complex. In this way, Quadakkers et al. showed the center of the cylindrical rolled monoliths that are pushed
thatin yttria-containing alloys titanium addition appearstobe out during use (telescopinf)91]. This phenomenon can be
of vital importance for maintaining optimum scale adhesion prevented by forcing pins through the layers perpendicular
during cyclic oxidation[187]. At the same time, the impu-  to the channels, or using various forms of weldjh§2] and
rlty elements, such as carbon and nitrogen, should be kept abrazing between |ayers or across one or both end ta%
minimum levels in order to prevent enhanced oxidation due An interesting alternative to the classical brazing methods
to the incorporation of matrix carbo-nitride precipitates into s proposed by EMITE§194], which propounds the use of
the alumina scalf187]. sandwich metal foils having the external layer of aluminum

The stability of the metallic monoliths made on Fe—Cr—Al  and the internal one of Fe—Cr alloy. Monoliths prepared from
alloys submitted to cyclic heating and cooling treatments this material are heated and the aluminum melts, one part
depends on a complex balance between different phenom-migrating to the inner layer and another part flowing by cap-
ena. A “perfect” adhesion between scales and foils increasesjlarity to contact points between the flat and corrugated foils
the oxidation resistance but induces thermal stress betweenyhere a kind of welding is produced.
them. The aluminum consumption in the base alloy produces  An elegant solution to prevent telescoping, but at the same

a density increase (from 7.15gchfor Fe-20Cr-6Al to  time keeping a high amount of elasticity to avoid creep fa-
7.5gcnt 3 for Fe—20Cr) that is in opposition to the thermal

expansion mismatch between the scale and the alloy substrate
thatinduces athermal stress on the alloy during cooling which
is in the tensile statel88]. A growth stress is also presented
due to the combined effects of the oxide growth as well as the
structure change that might take place in either the scale or
alloy itself. Schutze and Przybilla suggested that there can be
a “relaxation” mechanism, which relieves the foil from the

Spindle to roll around the
flat and crimped foils

Sinusoidaly crimped foil

compressive or tensile stress cited bef@88]. Therefore, rA AT rd vl ¢
this material has to strike a balance between the perfectly ||+ 12| 2211 &
adherent scales for the maximum protection and somewhat ||| 2212212 21212
. . . . | v | ) 2 2 | ] B 2 A 2 v

reduced oxidation resistance needed for the relaxation of ad- SI5515515{5(515(5 SISISIS
i ol ol Ul Pl (o il U P el ol il o e [
hesion[189]. N A :-} HHno> :‘, Safo lr’
21212181212121212121212121218

4.2. Monolith design and manufacturing aspects 21212121212121212121212 M
2121212121212121212]¢1e| 21218

The most frequent design in metallic monoliths is based || #|¢ | &2 & 121

i : o . H 2 M 22 2121212 212 2 21 21 2

on rolling (Fig. 14 or piling up (Fig. 15 alternate corru- SISISISIGISISISISISIGISISISIS
gated and flat strips. Multiple parallel channels are generated |-, ‘,‘; S 5 CIC)IE :3 SISISIGIGIG,
in-petween the cqrruggted gtrip. Cri.mping a metal foil on a ;} :;‘ > t;‘ ,;. :—:, :2 12 ;4 ; : ' 2
pair of rollers having sinusoidal or triangular teeth produces | »| 21 » » 2 2121212121212121212
corrugation. Variation in the number of cells per unitareais |2 7 12| 2 212127 21222

achieved by varying the pitch and width of the profile on the
crimping rolls[190]. Fig. 15. Monolith construction by piling up alternates flat and crimped foils.
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Fig. 16. History of metallic substrates by EMITEC (adapted from[deF2]).
tigue defects was proposed by EMITEC in 1986: the “S-type”  Adifferentapproachtointerconnect channels and increase
design Fig. 16). Two stacks of alternating corrugated and flat turbulence is to eliminate the flat foil. It can be done by
foils are wound around two mandrels in opposite directions rolling a pair of foils having corrugations which are disposed
before the assembly isinserted into a tubular mantle. The endsobliquely relative to each other, thus preventing them from
of the foils are brazed to the mantle. The layers are at an anglenesting202]. Whittenberger proposed metal foils corrugated
to the mantle and curve toward the center, carrying expansionin a chevron pattern and folded in a coinciding fashion or
forces in that direction and causing the structure to undergozig-zag manner to form a stack useful as catalytic converter

torsional deformatiofil95]. The “SM-type” designFkig. 16
introduced some years latgr96], uses three mandrels al-

[203]. On the other hand, Cornelison, for parallelepipedic
monoliths, proposed to substitute the flat foil with a thin wire

lowing the adaptation to markedly irregular cross-sectional mesh or frame allowing inter-channel connectj24].

shapes.

Related to the eventual flow maldistribution at the mono-

All the design modifications previously cited are related to lith entry due to the sudden diameter increase, EMITEC has
mechanical and thermal resistance but there is another fam-developed conical honeycombs with channels of increasing
ily of modifications oriented to the improvement of flow pat- size producing at the entry of the subsequent main monolith
terns. Indeed, the flow pattern through monoliths of multiple the same flat profile of the previous pij285]. The efficiency
parallel channels has two main characteristics: of the monolith is thus increased in addition to the hot spots

prevention. These improvements have been fundamental for

e The flow inside the channels is basically laminar. There- the development of the new close-coupled converter design

fore, the transfer coefficients from the bulk fluid phase to Necessary to meetfuture car emission legislatjp@e]. Also

the catalyst in the wall surface are low. related to these new stringent emission limits for automobiles
e Channels are independent from one another and therefords the problem ofthe cold start. This point s especially impor-

there is no radial flow in the whole monolith and the even- tantin Europe where very short displacements are frequent.

tual maldistribution at the monolith entry cannot be com-

pensated along its path.

Crimped foil Microstructures

Maus and Wieres proposed some cuttings and depletions
in the crimped foils to interconnect chann@l®97]. In this

way, not only the radial flow is improved but also the initial

flow maldistribution can be partially compensated. The turbu- o
lence is also increased and hence the transference to the wal Flat foil with

. . . . micrgstructures
is also improved198-200] Another improvement aimed to ?

increase the turbulence inside the channels is to produce mi- - :\)
crostructures both in the flat and in the crimped foil perpen- N\
dicular to the macrostructures forming the channiig.(17) i
[199-201] Both microstructures and channel interconnec- 1 \
tions not only increase the pressure drop but also increase AN —

Microstructures

the monolith efficiency. This higher efficiency allows length  Channel
reductions that compensate the increased pressure drop per
unitlength. The final balance is that more compact and lighter ig. 17. Monolith presenting microstructures transversal to flow direction

converters can be used. (adapted from ref201]).

L-Flow direction
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One of the proposed solutions to overcome the problem is
to heat up the converter electrically throughout the ohmic
resistance of the base matefitd0,207,208]

1000

4.3. Surface treatments and catalytic coating SINTERED SURFACE OXIDE LAYER

950 -4

SMALL WISHKERS

Some of the preliminary references in the literature sug-
gested the direct deposition of the active phase (usually noble
metals) onto the base mefadb2—-154] Nevertheless, it was
soon discovered that an intermediate layer of a true catalytic

LONG RANDOMLY

900 — ORIENTED WHISKERS

SMOOTH

XIDATION TEMPERATURE (°c)

support would help to obtain a higher and more stable dis- OXIDE
: ; : LAYER
persion of the active phase. The first approach was tousethe © .
alumina scale generated to protect the base metal as catalytic 4 B 12 16 20 24 28 a3 36 40
support. Downs already suggested this idea in his pioneering OXIDATION TIME (HOURS)

work[169]. In general, aluminum was added to the base alloy
and then it was oxidized in air at high temperature. But some Fig. 18. Oxidation regions as a function of time and temperature for a
singularities were proposed to improve the textural proper- Fe-Cr—Al-Y alloy in air (adapted from re211]).
ties of the alumina layer. Thus, Keith used a treatment with
steam at elevated temperature and pressure and subsequent
calcining in air[170]. Another technique consists in attack-  F&g .
ing the aluminum coating with an alkali or an acid to dissolve e
it partially, creating a porous surface layer. Subsequently, the o
oxidation in air produced alumirfd76,209]
The excellent properties of the Fe—Cr—Al alloys previ-
ously discussed make this material the standard for prepar-
ing metallic monoliths. The alumina scale protects the base
alloy against oxidation but does not present adequate prop-
erties as catalytic support. Consequently, an additional layer
of alumina or other oxide must be deposited on the surface. §E
Usually, this is done by dipping the metal in a slurry contain-
ing the support or the final catalyst (washcoating) and there-
fore also the roughness of the surface is important. Indeed, a
rough surface retains a thicker slurry film and facilitates the SE= SEERI A Wb ¢ & ¢ o ° & 5
interaction that ensures the new coating anchoring. D2S2346 13 kM xG.0OK S.~73rm
Several studies can be found in the patent literature aboutF_ 19, SEMm s of alumina whisk duced by heating in
the pre-treatment conditions to prepare a protective alu- algbpn’; oot ?éfﬁ@% ?0‘: ZZI:Irr;IPSOVg(;S(t:;SVr;/(\)I).uce y heating In air
mina scale with adequate roughness for slurry washcoating
[210-214] 1t is generally accepted that the best morphol-
ogy corresponds to long randomly oriented whiskers. The
pre-treatment conditions to obtain such morphology depend
on the exact alloy composition, and in particular on the re-
active elementf211]. Nevertheless, a good general view is
presented irFig. 18 adapted from ref[209]. At low tem-
peratures and short treatment times the oxide scale formed
is flat and therefore not convenient for washcoating. At very
high temperatures, the amount of oxide produced is high but
a significant sintering of the alumina produces a soft relief.
The central region corresponds to the formation of long and
randomly oriented whiskers that allow good slurry retention
during washcoating and an excellent interaction after calci-
nation that ensures a good adherence. Examples of this mor-
phology can be seen irigs. 19 and 20The central region
is surrounded by a region with smaller whiskg241] not
optimal as washcoating substrate.

Fina”y!. it must _be pointed c_’Ut that in cqntrast with th? Fig. 20. SEM micrographs of alumina whiskers produced by heating in air
abundantinformation available in the patent literature, studies a 50..m foil of Fecralloy® for 22 h at 900C (lateral view).
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about this subject in articles and books are scarce. Only some4.5. Alumina on aluminum monoliths prepared by

recent works give details about the metal foil pre-treatment anodisation

[136,216,217] One of them[136] agrees with the general

view proposed irFig. 18 but the other two suggest new pre- Aluminum coated by alumina produced by anodisation is
treatments. Zhao et gR215] indicate that by oxidizing the  an excellent material to prepare metallic monoliths. The melt-
foil at 1050°C for only 30 min, it could reach almost the ing point of aluminum (660C) limits its use to medium—low
same coating adhesion level as at 900for 10 h. Unfor- temperature processes, but the special characteristics of the
tunately, the origin of the alloy and the content of minor anodisation alumina offer exciting perspectives:

components are not indicated. Cerri et[2lL6] concluded
that the best pre-treatment condition was 5min in oxygen
(with 0.5% nitrogen) at 1200C [216]. In this case the ma-
terial source is indicated but not the content of the minor
components.

e Alumina produced by anodisation is an excellent catalytic
support.

e Texture of the alumina can be adapted by tuning up the
anodisation parameters.

e Alumina coating is extremely adherent and stable, resistant
to thermal mechanical shocks.

e Anodisation is a well-known process easy and inexpensive

4.4. Coating adherence on metallic substrates for industrial use

Differences between coating metals or ceramics with a Extensive work has been done to study anodisation as a pro-
catalyst arise both from chemical composition and surface tective treatment of aluminum for buildings, decoration or
roughness. It is generally accepted that it is more difficult household materials. The final properties of the alumina layer
to adhere inorganic coatings to a metal than to a ceramicobtained by the electrochemical method will depend on dif-
material. It is therefore very important to test the coating ferent variables of the anodisation process. The choice of
adherence when metal substrates are used. the electrolyte will influence the formation of more or less

Liu et al. [217] studied the influence of different coat- porous aluming219-227] The use or not of agitation during
ing variables on the adhesion measured with a normalizedthe anodisation process can also affect the final properties of
method proposed by ASTM (D 3359-02). This test method the Al,O3 [228—240] The anodisation timg27-238] the
covers procedures for assessing the adhesion of coating filmslectrolyte concentratiof228—242] temperaturg229-244]
to metallic substrates by applying and removing pressure-and the electrolytic current densif®19,227-245will also
sensitive tape over cuts made in the film. Adhesion is eval- affect the final structural properties of the formed alumina
uated by comparison with descriptions and illustrations pre- such as the surface pore density, the pore diameter and shape,
sented in the ASTM document. Details of the method are the alumina amount and surface area, etc.
well described but the limiting aspects are the availability =~ The alumina layer formed on the metallic aluminum sub-
and variability of the pressure-sensitive tape proposed: Per-strate possesses unbranched and regular pores with a length
macel 99, manufactured by Permacel, New Brunswick, NJ controlled by the alumina layer thickness, which has re-
08903. Yasaki et al[218] proposed to assess adhesion by sulted very advantageous for some catalytic reactions. Thus,
calculating the amount of coating lost after dipping samples Honicke and co-workerR246—249]use aluminum anodisa-
in a bath of a supersonic cleaner for 30 min. Additional de- tion as a base material to construct microreactors, which is a
tails of the same method were given by Valentini e{H36] research area of increasing interf280,251] On the other
who used petroleum ether in a sealed beaker placed in arhand, the metallic nature of the substrate has led to use this
ultrasonic bath. Zhao et gR15] used the same method to- kind of anodised catalyst with high thermal conductivity in
gether with a thermal shock test. This one was carried out very exothermic reactions, producing lower temperature gra-
by heating the coated foils to 95C for 20 min, and then  dients and hot spot®52,253] Furthermore, noble metals
quenching them in water at 2&. This thermal shock pro-  deposited on anodised aluminum catalysts have also been
cess was repeated 10 times for each sample, after which thaised in complete oxidation reactions for pollution control
weight loss was measured. Both methods showed the samg§252—-255]
trends as a function of the preparation variables, but surpris- Burgos et al[167] have recently published a wide study
ingly, the ultrasonic adhesion test showed in general higherabout the anodisation of aluminum to prepare metallic mono-
weight losses than the thermal shock test. Especially inter-liths. They studied the influence of anodisation time, current
esting in this paper is the comparison of the adhesion testsdensity, electrolyte nature, its temperature and concentration,
results with the measurement of the interface shear strengthand the effect of agitation, on the final alumina textural prop-
An excellent reverse relationship between weight loss and erties. The conclusion is that two main processes control the
interface shear strength was obtained. But unfortunately, noformation of the alumina layer: the generation of alumina and
details about this measurement were provided. These authordts redissolution inside the pores. Higher anodisation times
only indicated that the interface shear strength was measuredand current densities will generate more alumina, and higher
using a tensile testing machine, model 1-5-1, with constant electrolyte concentration, temperature and the same alumina
speed of 10 mm mint [215]. layer growth will favor the alumina redissolution. Consider-
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Table 2 their extrusion and immediate conformation in rigid struc-
Selected conditions for the monolith anodisation (from [&8]) tures in monolithic shape. This is no trivial matter, since in
Variable Selected condition  developing monoliths with new materials a great effort should
Electrolyte HSOy be devoted in finding the adequate conditions for extrusion.
Electrolyte concentration (M) B Once an environmental powder catalyst has been devel-
Current density (Adm?) 2 oped at laboratory level, i.e. it has the adequate activity and
ﬁ:epfnrq"’i‘:;re © 3;% selectivity for the abatement of a contaminant, the following
Agitation Bubbling air step is the coating of a ceramic monolith with it. The objec-
tive is to obtain a monolithic system with at least the same
Table 3 performance of the powder. Usually this is not an easy task,
Geometric properties of the anodised monoliths prepared ifilf&7] since there are several problems to be solved. The coated cat-
Cylinders (length« diameter) (cm) 1.6 alyst should be thermally and mechanically stable, and this
Geometric volume (cf) 6 property can be met with the help of a binder. But, the binder
Total surface exposed fn 40 can chemically interact with the active phase decreasing the
Cell number (cellsin©) 355 i .
Specific surface per cell (fwell-1) 0.36 a_lctlwty and/or the selectlwty._ Another aspect that can nega-
Cell area (A cell-1) 1.9x 10-4 tively affect the performance is the geometry of the washcoat.
Surface/volume ratio (mt) 1900 This should be adequate for convenient mass and heat trans-
Empty fraction (%) 8l fer phenomena. Those convenient characteristics of a good
Wall thickness (mm) 0.1

monolithic catalyst should be met by managing preparation
procedures. Thus, preparation technologies are composed of

ing the study carried out, a certain value for each process vari-_bOth materials science and engineering aspects. One emerg-

able has been proposed to obtain reproducible monoliths with'N9 t(_echnology is the growth of _zeolltes on monollt_hlc walls.
adequate specific surface and pore diameter to be used as ca17'-_eOlltes are among t.he most widely studied materials for en-
alysts (fable 3. The monoliths prepared in this way present vironmental applications. . .
the geometric and textural parameters presentddlife 3 . The devglopment of new metglllc monoliths strongly en-
A remarkable work difficult to classify has been recently rl_ched the field _of monqllth|c environmental catalysts_. _Thelr
published by Balomenou et §56]. These authors proposed h'gh?r_r_“ec“a”_'ca' resistance a_nd thermal conduct_lwty, the
a mixed monolithic reactor made of ceramic plates in a possibility of thinner walls allowing higher cell den5|t.y and
metallic housing to implement the non-Faradaic electro- lower pressure drop, are strong advantages of metallic mono-

chemical modification of catalytic activity (NEMCA effect), liths. An additional adyantage of metal!ic substrates is the
deeply studied by Vayenas and co-workers (see literature €2SY Way to produce different and complicated forms adapted

cited in Ref.[256]). They reported the development of a © & W'de variety of problems_and uses. Among r_netalllc
novel Y,03—ZrO, monolithic, electrochemically-promoted monoliths, tho_se made of aluminum coaf[ed by alumina pro-
catalyst, which was tested for hydrocarbon oxidation and ‘?'“C‘?d by_anod|sat|on are exgellentmatgnalsto prepare metal-
NO reduction by GHj in the presence of £ and were lic monoliths. The melting point of aluminum (66C) limits
successful in the electropromotion of thin Rh and Pt its use to medium—low temperature processes, but the espe-
elements with metal dispersions of at least 10%. With this cial characteristics of the anodisation alumina offer exciting

novel technology they claimed economic advantages for the perspectives.
practical utilisation of electrochemical promotion.
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Especially for the use in environmental catalysts, the use
of monoliths is usually mandatory and ceramic monoliths
are the mostwidelyemploye_d. The e?(trusion process, the one [1] RM. Heck, S. Gulati, R.J. Farrauto, Chem. Eng. J. 82 (2001) 149.
most used for making ceramic monoliths, should meetseveral 2] s 1. Gulati, in: A. Cybuslki, J.A. Moulijn (Eds.), Structured Cata-
conditions as an adequate plasticity of the pastes to permit lysts and Reactors, Marcel Dekker Inc., New York, 1998, p. 15.
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