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1 | ntroduction

1.1  Background

Open cell ceramic and metallic sponges are higldyoys monolithic reticulated
materials having fascinating properties. They exhabcontinuous open cell structure
formed by interconnected struts. Struts and cellklldwo continuous (solid and void)
phases which penetrate each other. The mostly ges@ahetric characteristic for foams
and sponges is the number of pores per linear(ipBhvalue). In the literature, the term
“foam” is more often used to describe open cellgohges as well. However, foams are
by definition materials formed by trapping gas bebkbin a liquid or solid, having
usually a closed cell structure. The term “sponge”unambiguous and describes
appropriately the structures analyzed in this wa&losed cell foams have only one
continuous phase, namely the solid. The void foactf closed cell foams is dispersed
among the solid structure leading to considerafifgrént properties in comparison to
the sponges. Cell size, morphology and intercomigctare the main factors
influencing the potential application of porousaraics. Closed cell foams are used for
thermal insulation, while open cell sponges araiireqg for processes involving fluid
transport like filters or catalysts. The variousutes for processing macroporous
ceramics can be classified into three methods [1]:

» Sacrificial template method (Figure 1.1 —A)
» Direct foaming (Figure 1.1 -B)
* Replication technique (Figure1.1-Cand D)

The process route has a decisive influence onribygepties of the porous material. The
selection of one of the routes depends on the@dpn aimed at.

The sacrificial template technique consists ofgheparation of a two phase composite
from a continuous ceramic precursor and a dispersadificial phase that is
homogeneously distributed in the precursor matng & then extracted to create a
porous material being the negative replica of thericial template. Even though this
method is very flexible, yielding porosities andrgp®izes raging from 20 % to 90 %
and 1 — 700 um, respectively, the main drawbadkisfmethod is the difficult removal
of the sacrificial phase by pyrolysis, evaporatorsublimation at slow rates in order to
avoid the collapse of the cellular structure.

In direct foaming methods, air or a gas formedrbgitu reaction is incorporated into a
ceramic suspension, which is subsequently setderdo keep the structure of the air
bubbles and achieving by this a porous materiak pbrosity is proportional to the
amount of gas incorporated into the liquid mediubue to their high gas-liquid
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interfacial area, liquid foams are thermodynamicalhstable, increasing often the size
of the incorporated bubbles, leading to undesinkinogeneities in the structure. The
most critical issue upon using this method is tiabization of the air bubbles in the
suspension. Foams prepared by this method exhibiage pore sizes between 10 um
and 1.2 mm. A detailed description of this methad been given by Studart et al. [1].

Figure 1.1: Porous structure of foams and spongeswufactured via different methods; sacrificial
template (A), direct foaming (B) and replication);(6ollow strut of a replica sponge (D).

The simplest and most flexible method for the potidun of macroporous ceramics is
the replication method. It was invented in 1961 paténted in 1963 by Schwarzwalder
and Somers [2]. The principal steps in the procéske invention are the immersion of
an open cell sponge in a ceramic slurry, the remolvaxcess slurry from the sponge,
the evaporation of the volatile slurry contents atdast the sintering of the ceramic
coating at temperatures from 1100°C to 1700°C, wiéipg on the material. The organic
sponge template can be natural or synthetic. Thécation technique is the most

popular method for the manufacturing of macropor@eramics and is extensively used
in industry for the production of ceramic filtersrfmolten metals in foundry casting
processes [3,4,5]. The polymeric sponge typicadlgduis highly porous polyurethane.
This precursor can be soaked into ceramic suspensidh a great variety in chemical

composition [1,6], as long as the ceramic can lspeaitsed into a suspension. A
disadvantage of this method is the hollow structfréhe struts from the pyrolysis of
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the polymeric sponge, leading to a lower mecharst@ngth. Nevertheless, the high
interconnectivity of the pores achieved by this moet enhances the permeability of
fluids through the structure making sponges from taplication method especially

suitable for high throughput processes. Spongearadat with the replication technique

can reach total porosities between 40 and 95 %aanidle range of pore sizes between
200 pm and 3 mm.

These open cell structures have gained great sttémethe last decade due to their
potential applications in various processes. Theperties such as low pressure drop,
high surface area enhancing mass transport, asas/éfie radial mixing in the tortuous
structure, improving heat transfer in highly endwthic and exothermic reactions,
make them attractive in many research fields. Theye already been tested in various
applications such as waste and exhaust gas ptioficf/,8,9], methane and propane
combustion [10,11], carbon dioxide reforming [124rtial oxidation of hydrocarbons at
short contact times [13,14], preferential oxidatiohcarbon monoxide in hydrogen
(PROX) [15,16,17] and Fischer-Tropsch-synthesis].[IMost of these applications
involve high flow rates and/or high reaction ratigpically controlled by external mass
and heat transfer. The large amount of reportdherapplication of ceramic sponges in
important reactions can be divided in two importeategories: reports using sponges
due to their high permeability at high flow rateiowing short contact times during
consecutive reactions, yielding higher selectigittewards desired intermediates, and
reports that deal with heat transfer limitationstypical and important example dealing
with both problems is the steam reforming of ndtgas and light hydrocarbons to
synthesis gas. This diffusion limited reaction @piexg at temperatures up to 1000°C is
strongly endothermic. The necessary heat transferthe reaction zone is achieved by
a bundle of pipes having small diameters, which fdied with catalyst pellets. To
overcome the high pressure drop, the pellet simgcreased, lowering the effectiveness
of the reactor. Twigg and Richardson [19] reportbeneficial effects of foam catalysts
having comparable size and surface area to comwalticatalyst supports showing
increased heat transfer (10 %) and lower pressue (@5 %). The authors conclude:
“It is clear that ceramic foam supports are supeoo reactions with high activity and
low effectiveness factors”. The production of C@efrhydrogen for fuel cell gas has
gained great importance in recent years, sincecreguhe dependence on fossil fuels
and reducing pollution and greenhouse gas emiss$ians necessarily become major
challenges for future energy supply worldwide. itu ggeneration of hydrogen from
liquid sources at ambient conditions is preferrdnhobile fuel cell systems. Methanol
and ethanol have been suggested for the on-botatyteaproduction of hydrogen [20].
A structure comparison for the production of hyamodor fuel cells from Ru based
catalysts has been reported by Liguras et al. [PlEein, a series of Ru catalysts
supported on cordierite monoliths (automotive getiy) ceramic sponges (Zy@l,03)
and y-Al,0Os-pellets were prepared and tested for the productib H, by steam
reforming of ethanol. Having similar geometricalffases and at comparable space
velocities, the sponges displayed the best perfocedghighest activity, high H and
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CO.-selectivity with the lowest yield of undesired bggucts such as methane,
acetaldehyde and CO), making them the preferredidates for this process.

Even though ceramic sponges show advantageousrfpespinat could be exploited in
industrial applications, there is still no full $gause of these structures. In the
automotive industry, ceramic sponge catalysts hawé yet replaced traditional
catalysts. The main factors hindering the introsuncof sponge-based auto catalysts are
[22]:

a. Cordierite honeycomb monolith technology is a vesilablished technique since
the mid 1970’s, whereas the first attempts forodticing sponge based auto
catalysts having high activities did not come uthtéd early 1980’s.

b. The manufacturing process of sponges is still urdrelopment, since the
strength and durability as well as the provisioranfouter solid skin enabling
canning procedure need improvement.

c. Sponges with comparable dimensions as a honeyctnndtise have a higher
pressure drop.

Furthermore, in order to introduce ceramic sporagesa mass produced catalyst in the
process chemical industry, where they show advaoizg) performance as described
above, the cost of manufacturing sponge pieces bmish the range of conventional
catalyst pellets. Until now, the costs are highestly due to the not fully developed
automation of the manufacturing process. The laaditio the reactor also is still
problematic, since avoiding fluid bypassing withdirtdering heat transfer to the wall
is difficult to achieve. As described previouslysalid outer skin could partially solve
the problem and some manufacturers are alreadyupiragl sponge pieces with a
continuous protective ceramic outer skin [23].

Before reticulated porous ceramics can replace swawbtional catalysts and other

large-scale used structures in the industry, deweémt of knowledge is needed. Mass
(and heat) transfer as well as the permeabilityopén cell sponges are extremely
important features which have to be studied comsilt in order to correlate the

morphological characteristics of different spong@gsheir momentum, heat and mass
transfer properties, allowing for industrial implentation and reactor modelling.

The pressure drop in sponges with different gedamenoperties has been studied by
various authors [24 - 30]. Even though the pernigigsi reported follow in all cases, as

expected, the Forchheimer equation for flow thropghous materials, the variation in

the values for the pressure drop vary widely depegndn the author. This even holds
for sponges with apparently similar PPI values. Bué¢he reticulated nature of these
materials, considerable variations in the spongecttre can arise depending on the
manufacturer, the polymeric precursor used anad¢n@mic or metallic slip applied. For

these reasons, no general mathematical relatiavebatthe momentum transfer and the
hydrodynamic properties of sponges has been gyetn,
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Convective and radiative heat transfer coefficiesftsponges with a great variety of
pore densities and materials have been reportecditigus authors mostly on the basis
of dimensionless (Nusselt, Reynolds and Prandibars [26,27,31 - 33]. Most of the
authors found a strong dependence of experimentas®t numbers on sponge
geometry at constant hydrodynamic conditions, Withincreasing with the diameter of
the pores. Since different sponge geometries resuttifferent Nu-Re-relations, no

general correlation between heat transfer- and duyaramic properties of these
geometric similar structures has yet been achieved.

1.2  Scopeand Outline of thisWork

Mass transfer studies until now are rather scanceircomplete. Richardson et al. [34]
reported the mass and heat transfer propertiea@teramic sponge with a cell density
of 30-PPI. Since no variation in the geometric @rtips of the structure was done by
the authors, no general statement about the irfuerf the sponge geometry on the
mass or heat transfer coefficients can be giveandoni and co-workers [35] studied
mass transfer properties of four sponges (threalhtetand one ceramic) as well,

proposing a first correlation for the prediction mfss transfer coefficients in open
celled sponges. Nevertheless, the pore density Reyholds range varied merely
between 8 - 15 PPl and 15 - 200 respectively, aakimg a general conclusion from the
measurement of 4 sponges from different matersatather adventurous. It is therefore
an important objective to develop a suitable metimoaneasuring and correlating mass
transfer and pressure drop properties of theseupogeometric structures to their
hydrodynamic behaviour.

The first and most important goal of this thesisw@analyze mass transfer phenomena
from the gas phase to the outer surface of porewandc sponges having different
porosities and pore densities in a wide hydrodycarange. To achieve this aim, the
oxidation of carbon monoxide was chosen as a wauttion in the temperature regime,
where external mass transfer is the rate limitingchanism. The first step was to
develop a highly active catalytic system suitaloleviashcoating on the sponge carrier,
without significant changes in the support’'s gearodeatures. Previous investigations
in this institute (Chemical Process Engineering, TE¥howed that dispersed platinum
on tin dioxide has a considerable activity for themction as a result of the synergy
between Pt and SnQreaching mass transfer control at moderate tesyres [36].
Two different preparation methods for the depositsd Pt on Sn@coated sponges, one
from an aqueous solution and one from a superafisiclution in CQ are evaluated and
discussed in Chapter 2, with respect to the acHielispersion of the noble metal on the
metal oxide, the resulting activity towards CO @tidn and the optimum preparation
method.

Before mass transfer and pressure drop of sponge® \analyzed, a detailed
morphological characterization of all structuregedihad to be performed. Chapter 3
deals with three adequate methods for measuringmhi@ structural parameters of
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sponges: strut and total porosity, mean pore and diameters and geometric surface
area. This chapter emphasizes the stringent impeetaf the knowledge of these

geometric features and their deviations for thetf fluid flow through sponges. The

morphological characterization is also performed lamown structured catalysts,

honeycomb monoliths and bead packings in orderal@ate the experimental mass
transfer analysis method and for performance coisgaof all structures.

Finally, the results of a careful study of masmséfer and pressure drop in various
ceramic (and one metallic) sponges are presentedhapter 4. Sponges with three
different porosities and four pore densities aral@ted in a plug flow system with
external recycle, allowing for the variation ofiflwelocity in the reactor tube in a wide
hydrodynamic range, at constant gas hourly spadecitye (GHSV). For method
validation and structure comparison, mass tranafet permeability of well studied
structures, a honeycomb monolith and beads witferéifit diameters, are analyzed
using the same experimental method. Taking intoowtc the morphology, a
dimensionless analysis is performed, yielding aeganrelation between the mass
transfer and the hydrodynamic properties of spong#s different geometric features.
By using the Colburn analogy between mass andttreeatfer [37]:

Sh _ Nu 11
REESCUS REUD'US’ ( " )

the dimensionless mass transfer coefficients frois work are compared to the mass
and heat transfer data from the literature quobexv@. Furthermore, the applicability of

the Lévéque analogy [38,39] (eq. 1.2) between njasd heat) transfer and pressure
drop is verified and a correlation is given for firediction of mass transfer coefficients
of sponges from experimentally more accessiblespresdrop measurements.

Nu Sh 1
o = ggn = o.404[ﬁ2xf [Hg 5%) (1.2)
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2 Prepar ation of sponge-supported Pt/SnO,
catalysts and their performance in the oxidation of CO

2.1 I ntroduction

The oxidation of carbon monoxide on platinum melels been a favoured test reaction
in fundamental surface science and kinetic stuaieshas been widely investigated for
more than a century. Starting with Langmuir in 192JLa multitude of studies under
vacuum conditions has revealed mechanistic detadsfundamental knowledge [2].

A second group of investigations at total pressatesut one bar, mainly on supported
catalysts, aimed at the quantitative descriptiornhef reacting system as a function of
temperature, concentration and catalyst structure.

In both domains, roughly the same reaction patiereshown [3-5]. In an oxidative
atmosphere, the reaction is first order with resp@carbon monoxide and attains zero
or negative order (depending on the temperaturepas as CO is in excess.

On the other hand, the catalytic oxidation of carbuonoxide also represents an
important step downstream to, e. g. reforming ammdhwstion processes. In the context
of fuel cell technology, in particular, CO remowgained increasing importance since
the catalysts of the low-temperature fuel cells exremely sensitive to poisoning by
CO. In this application, the concentration of carlmmonoxide needs to be reduced from
about 1% to below 10 ppm in the presence of extgssogen. The preferential
oxidation of CO (PROX) to COwith a minimum H consumption is a good option for
this purpose. However, it must be carried out at o moderate temperatures to avoid
the occurrence of the reverse water-gas-shifti@adtom CQ and H to CO and HO
which is favoured at higher temperatures [6]. Hygidtive catalysts are needed to reach
this goal.

2.1.1 Conventional preparation

For increased activity towards the oxidation ofbcer monoxide, catalysts with two
components, a noble metal and a metal oxide, hawers a better overall performance
than catalysts with one component, only. The chaitemetal oxide support is of
extreme importance for catalyst optimization. Tlee wf an oxide featuring various
oxidation states as a second component togethér avihoble metal has shown to
improve the catalytic activity for CO oxidation,sglaying zero order kinetics with
respect to CO at low temperatures and/or higher ¢@@centrations [7,8,9]. An
increased activity for CO oxidation at room tempera and below has been observed
for palladium on zirconia, silicon oxide and titam dioxide [10,11], as well as for
gold supported on iron oxide, cobalt oxide anddioxide among others [9,12,13].



12 2 Preparation of sponge-supported Pt/SnO2 gataland their performance in the oxidation of CO

Nevertheless, the activity of oxide supported metdhlysts depends significantly on
the size, morphology and dispersion of the nobleame

One promising combination of noble metal and mexadie that has been studied since
the 1980's is Pt on Sn(Q7,14-17]. Even if the metal content, the SrsDucture and the
Brunauer-Emmett-Teller (BET) surface area vary tyedepending on the author, all
catalysts have one thing in common: they are a@iveonditions where neither Pt nor
SnQ, alone catalyze the CO oxidation. The high activityascribed to a synergistic
mechanism in which Pt provides the adsorption ditesCO, while oxygen adsorbs
dissociatively on SngJ7,18]. The reaction between the adsorbed speciesrs at the
Pt/SnQ phase boundary line (Figure 2.1). If this bifuooil mechanism holds, it
should be of great importance for a high catalgtitivity to realize a large boundary
line, i. e. to achieve highly dispersed platinumayzarticles on the tin dioxide phase.

SnoO,

carrier s

Figure 2.1: CO oxidation mechanism on Pt/SnO

Previous studies at the Institute for Chemical BsscEngineering of the University of
Karlsruhe, based on a patent by Wright and Samp$dh for the preparation of
Pt/SnQ catalysts for CO oxidation at room temperaturegwstnigh activity in CO
oxidation at moderate temperatures. At higher Creontrations up to 2 %, zero order
kinetics with respect to CO are observed in an atiwé atmosphere due to the
bifunctional mechanism of the catalyst, in conttasthe negative kinetics observed on
Pt- or Pt-alumina catalysts. The reaction rateeiases with the number of platinum
elements adjacent to tin dioxide elements, thttasextension of the Pt/Sa®@orderline

or Pt dispersion, consistent with the proposed msm shown in Figure 2.1. The
experimental method consists of the preparatioa 8hQ-sol from metallic tin with a
considerable BET-area of 20C/y washcoating of the alumina support, and
subsequently impregnating the Sptated precursor with an aqueous platinum-
tetramine-nitrate solution. This procedure was ugedoat plane leaflets, allowing a
homogeneous distribution of Pt on Snduring drying and calcining. The applicability
of this method is less obvious in case of complesngetric structures like tortuous pore
networks, where impregnation with liquids tendsyteld maldistributions under the
effects of gravity, surface tension and capillarscés. This led to the initiative of trying
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an alternative method for the deposition of theleaghetal on Sn@coated sponges,
with which these disadvantageous effects couldvoedad.

2.1.2 Thesupercritical route: thermodynamics of supercritical mixtures

A new promising method for the deposition of vasametal nanoparticles onto the
surface of porous solid supports is the superdtfitiltiid incorporation. This process
involves the dissolution of an organometallic preou in a supercritical fluid (SCF)
and the exposure of a substrate to the solutioterAfdsorption on the substrate, the
organometallic precursor can be converted into nitetallic form thermally or
chemically by reduction with hydrogen or with araiol [19]. Using a SCF as the
solution medium for synthesising supported metaloparticles has many advantages
related to the unique properties of SCFs. Theirntiophysical properties are between
those of gases and liquids: they offer low visgoéft), high diffusion ratesag) and
the absence of surface tension (Table 2.1). Furtbie, these properties are tuneable by
adjusting pressure and temperature, since dengjitar(d viscosity change drastically
near the critical point. Densities can reach omeseceed those of liquids, making some
SCFs extremely good solvents for a wide range gamometallic compounds. One of
the most promising supercritical fluids for manyge®ering purposes is carbon
dioxide. It exhibits low critical temperature ancegsure valuesl{ = 31 °C;p. = 7.38
MPa), low toxicity and is chemically inert. Thesmperties have led to the use of sc-
CO; in various extractive processes such as the dmoafion of coffee, in chemical
reactions, chromatography, drying and synthesmaabstructured materials [20-23].

Table 2.1:  Thermo-physical properties of gasesestntical fluids and liquids [24].

Gas: 0.1 MPa, Liquid :
SCF
12 - 27 °C 12 - 27 °C
o [kg/m?] 60-200 200-500 600-1600
Dag [cP/s] 0.1-0.4 0.7-18 (0.2-2)-1C
n[Pas] (1-3)-18 (1-3)-10° (0.2-3)-10°

Supercritical incorporation not only enables thpatgtion of Pt nanoparticles in narrow
size distributions, it also allows for the homogaune distribution of the metal on a
complex geometry without the influence of surfaeasion or gravity. In this work,
supercritical deposition was applied to produceelised platinum particles on SRO
coateda-Al,O3 sponges. The deposition method is based on atgagewatkins [25]
and involves the chemical reduction of organomietalbmpounds in SCFs withH
This technology was first termed Chemical Fluid Bspon, but will be referred to
herein as Supercritical Fluid Reactive Depositi@FRD). The organic platinum
complex chosen was dimethyl-(1,5-cyclooctadienjiplem (Pt(COD)Meg), due to its
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facilitated decomposition with fithe high Pt-content (58.5 %) and the low toxi@fty
its organic ligands [20]. In order to carry outealinical process with supercritical fluids
like SFRD, the knowledge of the thermodynamic béhavof the substances involved
is of great importance. The knowledge of solid4kiggas (s-l-g) and solid-fluid (s-f)
phase behaviour is necessary to have informatiautathe state of the low volatile
organometallic substance at a given temperaturgaassure, since the properties of the
particles from SFRD such as their size and morgho#re often strongly influenced by
the melting behaviour of the mixtures involved. Rbe practical applicability of
supercritical deposition, the equilibrium solulyilaf the organometallic in C{should
be analyzed over a wide pressure range in ordadijtest the conditions for an effective
deposition from a solution which contains suffidigmecursor for loading the desired
amount of the metal.

2.1.2.1 Melting point depression

The s-l-g curve and solubility of the system AR COD)Me were analyzed in earlier
works at the Institute for Technical Thermodynamacsl Refrigeration (ITTK) in the
University of Karlsruhe (TH). The measurement teghas and experimental procedure
can be found elsewhere [26]. In Figure 2.2 the unestemperature data for the s-I-g-
line of the binary system G{FPt(COD)Me are depicted.

CO,/Pt(COD)Me;

5 | solid-fluid liquid-fluid

80 100 120
T[T]

Figure 2.2: s-l-g data for C@Pt(COD)Me [26,27].

This binary system shows the typical behaviour ohighly asymmetric mixture,
consisting of compounds being different in sizeJeoolar structure and intermolecular
interaction [28]. The high solubility of GOn the liquid Pt(COD)Mg causes a melting
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point depression and a negatdf@dT slope of the s-I-g-line in the investigated pressu
range. The melting temperature decreases from @Gt atmospheric pressure to 87 °C
at 25.6 MPa. Hence, solid-fluid equilibrium exists temperatures between 32 °C and
87 °C in the whole pressure range.

2.1.2.2 Solubility

The second important influencing parameter is thlakslity of the organometallic in
CO,. High solubilities are advantageous, since highetal loadings are achievable
during deposition. Just above the critical tempeeabf the solvent, the density and
consequently the solubility, increase strongly witle system pressure. At pressures
above two- to threefold of the critical pressufes tnfluence of pressure on solubility
(and density) decreases. Slightly above the crificassure of C@is the so-called
crossover pressure region, where solubility dee®asth increasing temperature for a
certain pressure range. The influence of the denrgalensity in the crossover region is
stronger than the increasing vapour pressure of |oke volatile substance with
increasing temperature. Since high solubilities @esired for SFRD, the crossover
pressure region has to be known. For the evaliatsem, this region can be avoided at
pressures above 15 MPa [27].

Figure 2.3 displays the influence of temperaturd @®, density on the equilibrium
solubility of the system C&Pt(COD)Me. The isothermal dependence of solubility on
solvent density can be clearly seen. At a congtansity, solubility increases due to the
associated increase in vapour pressure. The lieystdd in the figure are the result of
the empirical correlation between the logarithmtted solubility and the logarithm of
the relative fluid density [29]:

In(w,)= A+ B[[n(’;&j (2.1)
With:

Wo : equilibrium weight fraction of Pt(COD)Men CO; [gpt-komplefOmixture]
A B : constants for a specific mixture at constantterature [-]
Peo, CO, density [g/ch
O critical density [g/crih

As can be seen from the figure, the data are aat@ily correlated with the empirical
correlation. The values for the constaAtandB of the mixture analyzed in this work
and their accuracy are given in Table 2.2.
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CO,/P{(COD)Me;

80T

40T

04 0.7 1.0
p [g/cm”]

Figure 2.3: Solubility data versus G@ensity of the system @Bt(COD)Me [27]. The lines represent
the empirical correlation in eq. (2.1). The densifyCGO, is taken from NIST Chemistry
WebBook [24].

Table 2.2: Values for constants A and B in eq.)(fadthe system CZPt(COD)Me.

T[°C] A B AARD[%)]
40 -6.800 3.341 5.77
80 -5.016 2.793 6.34

Wex _Wcalc

1 100 [Wexp
AARD[%] =

[%] N Z‘ ..

On the basis of the previously analyzed thermodynadoehaviour of the present

system, the experimental approach for the evalmatd suitable conditions for
supercritical deposition of Pt will be discussedimchapter 2.2.4.

2.2  Experimental

The supports used for the developing of the prejaranethod for Pt/Sng structured
catalysts were 45-PRi-Al,Oz; ceramic sponges (Vesuvius Inc.), with a porosity o
80 %. Prior to washcoating, cylindrical bodies (@#n in diameter and 50 mm in
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length) were cut to thin cylinders of 3 — 6 mm Kkmess. After cutting, every sponge
piece was washed with distilled water and acetagecalcined at 350 °C.

221 Preparation of tin dioxide sol

A tin dioxide sol was prepared for the washcoatofgthe alumina supports with
colloidal tin dioxide as described in the spectii@as below [30]:

1. Dissolution of metallic tin 200 ml distiled water are added to 400 ml
concentrated nitric acid (65 %). Then, 200 g ofngtated tin are added to the
solution while mixing, so slowly so that the mix@unever reaches a temperature
higher than 20°C (exothermic reaction). To avoithgerature increase, the
solution is cooled in an ice-bath. After adding thleole amount of tin, the
mixture remains agitated until the colour of thuson is white-grey. The white
colour of the solution is caused by the preciptatof thea-stannic acid, more
precisely denoted as tin (IV) oxide-hydrate. Undérring another litre of
distilled water is added.

2. Washing the stannic acithe precipitate of stannic acid has to be wasioed
obtain a stable sol. Firstly, one litre of 1-molmmonia solution in water is
added, and then the solution is agitated duringnirfutes. The solution is then
left for 9 h to let the acid precipitate. Subsedlyerthe solution is centrifuged
(15 min. at 1500 rpm) to separate the solid from témaining liquid. The
washing with ammonia solution has to be repeatéiti the pH of the remaining
liquid is approximately 9. Once the pH of 9 is ieed, the same procedure is
repeated with distilled water instead of ammonidutemn. Washing with
distilled water has to be repeated until the cotiditg of the solution after
washing is smaller as 1000 mS/cm. The precipitagethen a white colour and
the consistence of a gel.

3. Bringing the precipitate into a dispersion collqsbl):  the precipitate is
stabilized and dispersed by adding dropwise undgtatoon 200 ml of
cyclohexylamine. The sol is then diluted with disd water to reach a
concentration of 250 g/L tin dioxide.

The fabricated sol showed good stability (> 10 rhepthaving a conductivity of 2700
mS/cm and a pH of 10. After drying and calcining gol for 6 hours at 80 °C and
350 °C respectively, the tin dioxide powder hagacsic surface area (BET) of 110 -
120 nf/g.
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2.2.2  SnO, washcoating of the Al,O3 carrier

Sponge pieces were weighed and subsequently subtherghe Sn@sol under careful
agitation to make sure that the sol reached thdemburface of the sponge and no air
was left in the pores. After five minutes, the séapwere removed and placed in a
ceramic plate. The excess sol was removed cardbyllg gentle flow of nitrogen to
avoid the accumulation of Saln the pores between the cells of the structuree T
samples were then allowed to dry over a polymegrange and rotated every 15 minutes
for the first two hours and every 30 minutes dutihg remaining 6 hours, to ensure a
homogeneous distribution of the tin dioxide laylemg the loaded pieces. After drying
for one night at room temperature, the samples deeel and calcined in air according
to the following temperature program:

350°C

Figure 2.4: Temperature program for the drying aracining of the Sn@coated catalysts.

Subsequently, every precursor piece was weighezhltulate the mass percentage of
SnQ. To ensure a complete coverage of the geometriacgiof the sponges, a second
loading was carried out following exactly the sgonecedure as described above.

2.2.3 Impregnation with an aqueous platinum solution

Following the conventional procedure describednapter 2.1.1, 45-PPI sponges coated
with tin dioxide were submerged in a 15 g/L PtyNO; aqueous solution [14],
agitated gently and left for three hours. The masi® of platinum in the solution to
SnQ, on the support amounted to 2 — 3. They were tleemved from the solution,
dried at 80 °C and calcined at 350 °C in air follogvthe procedure displayed in Figure
2.4. Prior to use, the Pt was reduced in a flolw % H,/ N, at 80 °C for 2 hours.

2.2.4  Supercritical Fluid Reactive Deposition (SFRD) of platinum

With the thermodynamic fundamentals analyzed befcnapter 2.1.2), three deposition
conditions were chosen in order to find out tharmpin conditions for the supercritical
fluid reactive deposition of platinum on tin diogidoated ceramic sponges (Table 2.3).
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Table 2.3: Experimental conditions chosen for Saptcal Fluid Reactive Deposition of Pt.

SFRD Pressure (MPa) Temperature (° C)
1 155 80
2 25.0 80
3 155 100

SFRD 1 With the conditions set for this experiment, aguigbrium weight
fraction of (> = Myrecursof Mmixture =) 5.9310° can be obtained, allowing for a high
degree of deposition over the crossover pressgierrenithout the appearance of a
liquid phase (below the melting temperature).

SFRD 2 This deposition is performed in order to obsethe influence of
solubility of the organometallic in GQon the properties of the catalyst. Raising the
pressure from 15.5 MPa (SFRD 1) to 25 MPa resultan increase in solubility or
weight fraction from 5.930° to 1.94107 (g/g). As a consequence, the supercritical
solution exhibits a considerable lower saturati@pcursofMco2 = constant) and, hence,
the driving force for adsorption on the Snaghase is reduced.

SFRD 3 To evaluate the possible influence of surfacsitan experiment SFRD 3

is carried out above the melting temperature ofC@M)Me,, where a liquid-fluid
equilibrium exists. At these conditions, liquid glets and, as a consequence, large
particles can be formed due to coalescence prigedaction, influencing the properties
of the catalyst [31].

The setup used for supercritical deposition conegria deposition vessel connected by
pipes and needles valves on both sides to two spresses for controlled filling of
carbon dioxide and hydrogen under pressure (Figie The stainless steel deposition
vessel (49 cr)) was equipped with carbon/PTFE O-rings, thermot®mupressure
transducer, rupture disk, and a ventilation linghwilters to prevent loss of solid
organic metal complex. Prior to each experimeniC®D)Me, and 3 - 5 Sn@coated
sponge pieces were placed into the vessel in tywarate open recipients. A magnetic
agitator was placed between the recipients fomdmaeced mixing of the sc-solution. In
all experiments, the ratio between Pt(COD)}\ad the support was kept constant at
0.024 g/g. After assembling the vessel and vacueigassing, 5 MPa CQvere fed into
the system. The deposition temperature was therosavoid condensation of GO
Subsequently, the G(pressure was slowly increased (screw press 1) thetidesired
sc-conditions for deposition were reached. Theirmplat complex started to dissolve in
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the carbon dioxide and to adsorb on the tin dioxmsh coat. The duration of
dissolution and adsorption chosen was 20 h, whiclsufficient time to reach the
equilibrium state. After adsorption of the compléxl7 vol-% hydrogen was added to
the mixture at constant temperature and pressarewresses 1 and 2) and kept for 2
h. During this process, the complex is reducedi@snorganic ligands are transformed to
cyclooctane and methane. The system was then depesd slowly to atmospheric
conditions and cooled down to ambient temperatlitee Pt/Sn@loaded sponge
catalysts were removed and the average mass pagesndf deposited platinum were
measured gravimetrically (Mettler-Toledo) with aitaracy of £ 0.2 mg.

Figure 2.5: Experimental setup for the Supercritieluid Reactive Deposition

225 Catalyst characterization

All 45-PPI1 sponge catalysts, both from aqueous smgercritical deposition, were
characterized with the methods described below.

Deter mination of the platinum content via x-ray fluor escence (XRF)

The precise platinum contents of the pieces usedcébalytic activity tests were
determined by means of x-ray fluorescence anal{Spectrace 5000, 50 kV, Rh-
Target). To determine the precise platinum contdnéach catalytic piece via x-ray
fluorescence, a calibration curve was first detaedi with four Pt/Sn@standards

containing a known amount of platinum. The fineljled samples were placed in the
apparatus to be measured via x-ray fluorescenceleTa4 presents the calibration
results that compare the platinum percentage oh eadibration standard and the
platinum percentage analyzed via x-ray fluorescence
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Table 2.4:  Calibration values of the Spectrace 58ffaratus for the measurement with XRF.

Standard  Pt-calibration [%] Pt-XRF [%]
1 0.476 0.489
2 0.992 1.029
3 1.977 1.957
4 0.218 0.188

Scanning electron microscopy (SEM)

The layer thickness of Sn(the surface morphology and the distribution ehetnts on
the carrier were investigated with SEM (LEO 153@nbined with energy dispersive x-
ray (EDX) analysis. Prior to the examination of thger thickness, the sponge samples
are embedded in resin to avoid chipping of the Slager. For the observation of the
surface morphology, no additional preparation isdeel.

Transmission electron microscopy (TEM)

The platinum distribution on SpQ(microstructure) was analyzed using a Philips-
CM200-FEG TEM. The microscope is equipped with itn-€£DX spectrometer for
elemental analysis. Samples for TEM are preparenhitiing the catalyst followed by
dispersion in acetone and deposition on a holelgocafiim on a copper mesh. The
platinum particle size distribution was determirfeain over 100 images at different
locations.

2.2.6  Description of thereaction unit for CO oxidation

To investigate the CO oxidation kinetics of thepamed catalysts at different residence
times, temperatures and hydrodynamic conditions,eqperimental apparatus with
external recycle was designed and constructedow fiheet of the setup is depicted in
Figure 2.6. The principal component of the unihis tubular glass reactor with a length
of 250 mm. The glass reactor is surrounded by mtettheating elements (Horst; 400
W), glass wool and insulation (10 mm). The recyistem consists mainly of stainless
steel tubes (Swagelok) with an inner diameter ofrit. The rather large diameter of
the recycle pipes is necessary due to the high flates required for the kinetic
experiments. Recycle flow is imposed by a membraumap (KNF) with chemically
inert PTFE membranes. By varying the frequency hed pump motor (frecuency
regulator ABB), the recycle flow rate and the fla# the gas mixture through the
reactor can be varied in the range of 5 — 200 IA8ifiP) at a constant residence time.
The recycle flow rate is measured by a lapflow meter (M&W Instruments). Since
the temperature of the effluent gas mixture from thactor can be up to 300 °C, a
cooling system prior to the pump has to be impleetno protect the membranes of
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the pump. This is realized by a coiled tubing (3ang) connected to the recycle
system, which is immerged in a mixture of water atdylene glycol (30 vol.-%)
cooled by a cryostat (HAAKE K20). This setup endbb®oling of the gas mixture in
the coil down to 10 °C before entering the pummtBgtic air and a mixture of 25 %
CO in N (Messer-Griesheim) are fed to the unit by Brookassnflow controllers.
Before entering the reaction unit, the C@Mixture has to pass the so called carbonyl-
reactor, filled with quartz pellets and heated @0 3C, to purify it from the ferrous
carbonyls FgCO), stemming from the steel bottle. After mixing witiinthetic air, the
reactant gas stream can be fed into the recycteraysr bypassed to analyze the feed
gas composition (inlet CO concentration). Part leé product gas stream is passed
through a non dispersive infrared analyzer (NDIRBABRAS-14) to measure CO and
CO, concentrations (100 — 500 ppm and 500 — 5000 pph®.amount of gas passing
through the analyzer is adjusted by a needle valdech also controls the pressure
changes in the reaction unit. In a catalytic aftemer (total oxidizer), the product
stream is totally oxidized at 320 °C. The aftertauris an electrically heated tubular-
flow reactor made of glass with a length and a éi@mof 400 mm and 20 mm
respectively, equipped with Cu/Mn oxide catalystiigis in a fixed bed. Pressures and
temperatures at various locations of the experiadamtit are controlled directly at the
apparatus. All temperatures are measured by me&nsli/€r-Ni-thermocouples
(Thermocoax). A safety precaution for pressuredase is realized by a manometer
with electrical contact (Bourdon-Haenni), shuttioff the pump and the inlet gas flow
of CO at system pressures over 1.5 bar.

air
. % } recycle/bypass offgas

X
e

S W . O "

gy P
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carbonyl * '@' pump
reactor
reactor
NDIR afterburner
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Figure 2.6: Flow sheet of the reaction unit for &iic measurements.
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2.2.7 Reactor packing and system balance

Great attention must be paid to reactor packing rBactor, a glass tube of 16 (or 25)
mm inner diameter and 250 mm length, is conneci#d two glass joints and stainless
steel (Swagelok) fittings to the recycle tubes.urég2.7 shows exemplarily a correct
packing of a reactor tube with a sponge catalylsé thin catalyst cylinder (3 — 6 mm
length) is carefully packed between the two blap&nge pieces (25 — 35 mm) of the
original sponge cartridge to prevent discontinaityd open slits between the pieces. In
particular, the blank sponge piece up-flow ensues full development of the
characteristic flow of the gas mixture before intaxts the catalytically coated piece.
This part of the packing is wrapped with thin gléssric to avoid gas-bypassing during
measurements. The complete, wrapped segment isepresto the reactor. Further
sponges and glass beads are placed above andthelpacked segment of the tube for
a better distribution and preheating of the ga®rfeeentering the catalytic segment.
Thermocouples are laterally inserted into the kaat the entrance and the outlet of the
catalyst bed.

Figure 2.7: Packed reactor for kinetic measurements

The inlet CO concentrations were kept low betwe@d0land 2500 ppm. To calculate

the first order rate coefficients, a mass balanas galculated around the whole recycle
system (Figure 2.8). In stationary conditions, riieess balance of the system comprising
merely the PFR reactor (black dashed square inr&@8) reads (no axial dispersion):

0=-dn, +r, LV, = _vin [dCo, —K, o, Vg, (2.2)
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which after integration leads to:

C V
|n CO,out - _ G_B
CCO,in k‘/ \/in (23)
with
Neo, - absolute molar flux of CO at positian  [mol/s],
rv : bulk volume based reaction rate [mofi@i,
Vs : bulk volume of the catalytic carrier fm
. reactor inlet flow rate [T¥s],
Ccoin : reactor inlet CO concentration [mofm
Ccooout: outlet CO concentration [molfin
Ky : volumetric rate coefficient [1/s].
N = ,
Vo Vin I : VO
— 71 P
CCO,O CCO,inI [ CCO,out
- - ! Xco
V, =R,

Figure 2.8: Molar balance of a plug flow system @Rwith external recycle.

However, the reactor inlet concentration and -fi@ie are not measured directly. Eq.
(2.3) can be expressed as a function of measumgbies by mass balancing the CO-
fluxes in the mixing point of the recycle:

Ceoo Vo * Ceoou Vr = Ceoin Vi, (2.4)
with

Ccop : system inlet CO concentration [mofjm

V, system inlet flow rate [frs],

Vo, recycled flow rate = RV, [m*s],

R : recycle ratio [-].
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Eq. (2.4) gives, with/, = (L+ R) [V, the reactor inlet concentration as a functiothef
known system inlet concentrati@zo ¢

C —_ CCO,O + R[CCO,Out
cO,in — 1+R

(2.5)
The outlet concentration of carbon monoxide carekpressed as a function of the
system conversioKco, when the carbon monoxide concentrations are dinectly as:
Ceoout = Cooo L~ Xco) (2.6)
Combining egs. (2.5), (2.6) and (2.3), and solforgk, gives:

(= 0*R) [ﬂn( 1+ RO~ Xgo) j

r 1+ R)1- Xco) 2.7)

wherer represents the system residence tinseV, /V, .

The validity of the assumption of ideal plug flovendlitions was confirmed after
evaluation of the axial dispersion (Appendix A).

Depending on the kinetic regime being analyzed. @gmical reaction control), it can
be convenient to relate the rate coefficient torttess of the active component Pt. Eq.
(2.7) has in this case the same form, with the diffgrence that the residence times
substituted by the modified residence time defiagdr,_, = m,, /V, yielding kp; instead

of ky.

It is of great importance to balance the systemhwat. (2.7) when performing
measurements with varying recycle ratios, so asdiculate the accurate, system
independent rate coefficients, which are a propeftyhe catalytic structure. When
analyzing the kinetics of the CO oxidation on thepared Pt/SnOsponges at different
temperatures, the recycle rafwas kept constant and high enough (30) to approach
the performance of a continuous stirred tank reagtstem (CSTR) in most cases. The
reaction rate related to the catalyst bulk volumnand the 1st order rate coefficient of
the chemical reactiokp; can be calculated in this case by mass balanb@dCSTR-
system in the steady state giving the simple ahati

C

ry =%D(co (2.8)
1 X
Kpe =—B—>— (2.9)

1-Xeo

mod

The gas hourly space velocity (GHSV, eq. (2.10))tlid CSTR-system was kept
constant at 300,000'tor all catalysts.
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V,
GHSV= 2% (2.10)
VB
At constant hydrodynamic conditions and CO inletaantrations, the gas temperature
was increased from 80 °C until external mass terighitation was reached.

2.3 Results and discussion

23.1 Loadingsof the catalysts

The tin dioxide and platinum loadings of the 45-Rfalysts (both, impregnation and
supercritical deposition) are summarized in Tablg. Z’he experimental pressure,
temperature and resulting @Qdensity chosen for each supercritical deposition
experiment are also included in the table for gfaffhe Pt loading of sample SFRD 2
(0.31 wt.-%) is low as compared to samples SFRD.71(wt.-%) and 3 (0.91 wt.-%).
This can be explained by taking a closer look a #quilibrium solubility of
Pt(COD)Me in CO, and the saturation of the binary mixture. Therebg, saturation is
defined as the ratio of the equilibrium solubilél the prevailing process conditions to
the actual dissolved amount of Pt(CODMMe CO,. The degree of Pt deposition, as
defined below, is reduced (Table 2.5):

E _ mPt,cataIyst

=~ 2.11
mPt(COD)MeZ,used EGM Pt/M Pt(COD)Me, ) ( )

wherem and I\ﬁi are the masses and molecular weights of Pt orGR{®e,. The

noticeable lower saturation of the supercriticaktonie at higher pressure (14 % for
SFRD 2 instead of 64 % at 15.5 MPa and 80 °C) tesula decreased adsorption of the
organometallic precursor due to the lower driviogcé at these conditions. Since only
38 % of the platinum applied is deposited on thalgat in experiment SFRD 2, a lower
pressure (15.5 MPa) seems favorable when focusimgthe vyield of the used
organometallic.

Although the pressure during experiments SFRD 13ames kept constant, the higher
temperature during SFRD 3 results in a lower dgn@itble 2.5). This results in a
decrease of the equilibrium solubility and, thetéwiin a higher saturation of the
supercritical mixture. This is most probably thegen for the higher degree of Pt
deposition on catalyst SFRD 3 as compared to SFRD 1
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Table 2.5:  Pt- and Snirontents of the prepared catalysts and experinh@otaditions for super-
critical deposition. The density of the supercati€O, (o) was taken from NIST data base

[24].
T D Sno; Pt® =
Catalyst 5

[MPa] [°C]  [g/cm?] [wt.-%] [wt.-%] [-]

Wet dep. ® - - 6.3 0.43 -
SFRD1 =m 15.5 80 0.449 7.3 0.71 0.65
SFRD2 e 25.0 80 0.687 6.2 0.31 0.38
SFRD3 a 15.5 100 0.348 6.8 0.91 0.82

& Platinum content determined via x-ray fluorescence
® degree of Pt deposition according to eq. (2.11)

2.3.2  Surface morphology
SnO; layer thickness

The layer of Sn@on the AbO3 surface of the sponges is homogeneous alongrilts.st
As can be seen in Figure 2.9, the layer (appeas@ thin white line between the
Al,Os-carrier and the resin) is 5 — 10 um thick along $honge structure and up to 20
K1m in regions with a higher concavity.

IKM/ZL 20pn 1 Probe=
38-Nov-2006 Detector= SE1 EHT=20 .00
Mag=__ 500

Figure 2.9: SEM images of the Spldyer thickness of a sectioned sponge catalyseeadd in resin.

All sponge geometries were loaded with S the same method. When comparing
the average mass percentages of SmOdifferent pore densities (e.g. 20-, 30- and 45-
PPI, = 80%), it becomes clear that the layer thickri#é<3nG is constant. The average
SnQ, contents of the 20- 30- and 45- PPI sponges wel®, 4£.25 and 6.65 w.-%
respectively, increasing with the geometrical stefarea. Based only on the mass of
the carrier, the mean loadings in terms of masss &tsnofMaizo3) are:
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20-PPI: 0,0433
30-PPI: 0,0554
45-PPI: 0,0712

The relation between the layer thicknesthe geometrical surface per bed volufae,
and the weight loading can be described as follows:

Moo, _ P, Vsno _ Psro el _ Pono 1Sbeo

M0, Paso, VAI203 Phi0, VAI203 Phi,0, 1-¢, (2.12)
The ratio of Sn@ to a-Al,Os-density amounts to 1.1 (from mercury intrusion
porosimetry (MIP), chapter 3). The mean outer pbyos, of the alumina sponges,
measured with MIP is approximately 0.75. The geoimsurface areas of the sponges
were analyzed by means of magnetic resonance ig&lIRI). A detailed description
on the morphological characterization of the stiteet from this work is presented in
chapter 3. The values @&, for the 20-, 30- and 45-PPI samples with 80% pyros
are:

20-PPI:Syeo = 1187.0 rim®
30-PPI:Syeo = 1437.8 rim®
45-PPI:Sye0 = 1884.3 im®

The layer thickness should be constant over alé mEnsities. From eq. (2.12) then
follows:

s=022plono 1 o (2.13)
:L101 rnAI203 SGeo

leading to the following exemplary values for these sponges:
20-PPl:s = 8.29um
30-PPl:s = 8.76um
45-PPl:s = 8.59um

The calculated values for the layer thickness mbf cemain constant within 5.5 %, but
also are in good agreement with the results frorvl $fages taken from 20- and 45-
PPl sponges.

Surface morphology of alumina carrier and catalytic layer

The sintered crystalline-Al ;O3 structure of the blank carrier sponges used mwlurk

is shown in the left SEM image of Figure 2.10. Thaterial is mostly sintered, leaving
only a few pores observable with SEM. The rightged@Figure 2.10-B) shows, on the
other hand, the scaly structure of the Sr@yer of a catalyst from supercritical
deposition SFRD 1. The cracks observable on ther l&pm the second coating step
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arise upon drying, when capillary forces causer@ngtcompression and shrinkage of
the wash coat.

4 N, =\ -y
UNI KARLSRUHE fm EHT =10.00 kV WD= 6mm Signal A =InLens UNI KARLSRUHE Jm EHT=10.00 kV/ WD= 6mm Signal A =InLens
LEO1530  LEM:pp File Name = Al203-Schwamm_02 tif Date :29 Jun 2008 LEO1530  LEM:pp File Name = C1-SFRD-sw_05 tif Date :29 Jun 2006

Figure 2.10: A: a-Al,Os-morphology of a blank sponge carrier. B: Snlyers of a coated sponge
catalyst (SFRD 1).

UNI KARLSRUHE ~ 200Hm EHT=10.00 kv WD= 5mm Signal A=SE2 UNI KARLSRUHE EHT=2000 kv W= 6mm Signal A = SE2
LEO1530  LEM:pp File Name =C3-Traenk_09.tif Date :29 Jun 2006 LEO1530  LEM:pp C3-Traenk_01.if Date :31 May 2006
N % 2 i wr
~

UNI KARLSRUHE /%™ EHT=10.00 kV WD= 6mm Signal A =InLens UNI KARLSRUHE ~ 2H™M EHT =10.00 kV WD= 6mm Signal A =InLens
LEO1S3  LEMpR File Name = C3-Traenk_04.tif Date :29 Jun 2006 LEO1530  LEM:pp File Name =C3-Traenk_05.tif Date :29 Jun 2006

Figure 2.11: SEM images of sponge catalyst prepéedqueous impregnation of Pt. A: overall view of
the catalyst with recognizable spots. B: Strut risgetion with clearly recognizable
platinum accumulations on the Sp@yer (EDX confirmed). C and D: Sa@Wash coat
with Pt-crystals on and between the cracks of duesd layer (different magnifications).
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No platinum particles were visible on the SEM imagaken from any of the SFRD
catalysts, even though the presence of Pt andywte, Sn@was confirmed with EDX
on every analyzed spot of the wash coat, showirgadheristic peaks (Pt) at 2.1 keV
and 9.4 keV. In contrast, the catalyst prepareduidin aqueous impregnation exhibited
large platinum crystals sticking out on variousaibgns of the Sn@surface, especially
in the cracks of the wash coat (Figure 2.11-C &)d Some regions of this catalyst are
also completely covered by platinum, resulting ino homogeneous coloration that is
recognizable with the blank eye. SEM images givebadter insight into these
inhomogeneities. The island-like accumulations dfaRe observable on SEM. The
EDX-analysis’s of these regions show merely Pt-peakth no tin dioxide identifiable.
The analysis of the wash coat itself yields bothaRd SnQ@ signals, similar to the
SFRD samples, but with somewhat larger platinumkpgaonstant x-ray radiation
intensity).

2.3.3 Platinum particlesizedistribution

The catalyst obtained from supercritical deposgi®@+-RD 1 and 2 show a narrow size
distribution of platinum nanoparticles. No sign#id difference between the size
distribution of the Pt particles from SFRD 1 andvds observed. Hence, these two
catalysts were re-evaluated together giving a singfill very narrow platinum particle
size distribution, displayed in Figure 2.12. Thermage diameteD of the Pt particles
deposited in catalysts SFRD 1 and 2 amounts tord.2

0,15
SFRD1&2
DPLmean =3.2nm
— 0,10+
>
2 RMSD = 0.94 nm
g
o standard error SE:
2 0,054 0.087nm
0,00+

DPt-panicIe [n m]

Figure 2.12: Pt-particle size distribution in cayats SFRD 1 & 2 derived from 117 analyzed particles

Neither agglomerates nor Pt crystals with diameexseeding 7 nm were observed.
Platinum could be detected, in some cases only lyegskevery analyzed spot of the
SnQ layer. Figure 2.13 shows a typical TEM image dalyst SFRD 1 together with a
corresponding EDX plot of a platinum- on a tin daenanoparticle.
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Figure 2.13: TEM and EDX analysis of catalyst SFRD

Catalyst SFRD 3 exhibits a particle size distribntshifted to some degree to larger
sizes than the first two, as can be seen in Figuid. Elongated particles were
observed, reaching sizes up to 13 nm. Furthernsorage of the particles show signs of
coalescence (Figure 2.15), indicating the preseneeliquid phase after adsorption of
the platinum complex. The high contrast of the olesg Pt in this sample in
comparison to the other two catalysts from supgcati deposition is a clear sign of
particle growth due to coalescence. EDX-analysiSBRD 3 shows no appreciable
differences.
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Figure 2.14: Comparison of Pt size distributiongviseen the catalyst SFRD 3 (102 analyzed particles)
and the catalysts SFRD 1 & 2.



32 2 Preparation of sponge-supported Pt/SnO2 gataland their performance in the oxidation of CO

Figure 2.15: TEM images of the active phase of lgataSFRD 3, showing particle coalescence of Pt-
nanoparticles.

The size of the platinum particles deposited onsiiienge catalysts by means of SFRD
is obviously too small to be observable with SENl.cbntrast, aqueous impregnation
yields agglomerates of Pt already recognizable 8EM, and a different size and
morphology of the particles can be expected in dtaise. In Figure 2.16, the data of
Figure 2.12 and the Pt-particle size distributioh tbe catalyst from aqueous
impregnation were merged for comparison. Althoulyjiparticles with diameters > 100
nm (in the catalyst made by impregnation) were taben into consideration, the
differences between the two catalyst types areeqahlivious. While 7 nm is the
maximum particle diameter found in sample SFRD R,&his value represents the
minimum size range of Pt particles on the converstiiy loaded sponge; the average
platinum particle diameter of this last sample amsio 27 nm.

0,15
— 0.10- SFRD1&2
> D, =32nm
c
)
>
g
& 0,057 Wet deposition
(particles,crystals)
D, = 27 nm
0,00 A1
0 20 40 60 80 100
DPt—particle [nm]

Figure 2.16: Comparison of Pt size distributiongvibeen the catalyst from wet deposition (175 analyze
particles) and the catalysts SFRD 1 & 2.
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Within the proximity of Sn@particles, nanoparticles with diameters betweemd 20
nm were detected in the sample from conventiorgpgmation (Figure 2.17-A). In these
regions, EDX-analyses indicate slightly higher Balk intensities than in the case of
catalyst SFRD 1. Bigger Pt crystals (Figure 2.17aB)l very large agglomerates with
sizes up to 2 um (Figure 2.17-C) were observedeasawhere no tin dioxide could be
found, showing EDX-spectra as depicted in FiguerD. These large Pt particles are
of the same type as those visible in the SEM imdg®es the same catalyst (Figure
2.11-C and -D), which are grown in the cracks agmtching out of the surface of the
SnQ, wash coat.
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Figure 2.17: TEM- and EDX-analysis of sponge caalyrepared by aqueous deposition of Pt. A: Pt-
nanoparticle. B: Pt-crystals. C: Pt-agglomerates. EDX-spectra of the region of the
active phase with agglomerated Pt-crystals.
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234 CO oxidation activity

Because the reaction of carbon monoxide with oxygeteeds at the boundary line
between Pt and Sn(xposed to the gas phase, it can be anticipatddtiie sponge
loaded with Pt by means of wet impregnation shahlow a lower activity towards CO
oxidation because it contains larger Pt particfemst of which, in addition, have no
contact with Sn@ The volumetric reaction rates of the sponge gstsl(eq. (2.8)) are
plotted versus the gas temperature in Figure Za&lysts from SFRD 1 and 2 showed
high activities at moderate temperatures, reacthegregion of external mass transfer
limitation already at 150 °C. The catalyst stemmirgn wet deposition exhibited a
very low activity below 146 °C. Above 156 °C, atdist increase in the reaction rate is
observed until mass transfer is controlling abod@ ZC.

In the temperature regime, where external massfgams governing, not the intrinsic
activities of the catalysts but rather their suefacea are determining the rate. At equal
bed volumes and volumetric surface areas, all ysttakhould perform at the same rate
in this transport-controlled regime. Here, all tges except for sample SFRD 3
approached the same high-temperature rate. The Iate measured over SFRD 3 is
ascribed to the lower geometric surface per bedmel&eo) of the sponge piece used
as carrier for this catalyst. Although all spongeorts were purchased from the same
manufacturer, they were not exactly uniform, as$ bel discussed in chapter 3.

To reveal differences in the intrinsic catalytidiaty of the samples, it is necessary to
evaluate the data at lower temperatures when ties eae controlled by the chemical
reaction rather than by the transport of reactémthe surface. Hence, only the data
represented by the filled symbols in Figure 2.18ewased to calculate the rate
coefficientskp;. It should be noticed that these coefficientsratated to the platinum
content of the catalytic sponges (eq. (2.9)). Tioeee they reflect the intrinsic catalytic
activity irrespective of the actual platinum loaglimhe corresponding Arrhenius plots
are depicted in Figure 2.19. Obviously, the slopfea| plots, i.e. the activation energies
of the catalysts, are almost the same, which cbeléxpected in view of the similar
chemical nature of the catalysts. The absoluteiactevels, however, differ and follow
the sequence SFRDIISFRD 2 > SFRD 3 > impregnation.

The considerable differences in activity can beribed to the diverging degrees of
platinum dispersions on the catalysts as descppedously, which are highest in case
of the samples SFRD 1 and 2, and lowest in casigeodample which was Pt-loaded by
means of aqueous impregnation.
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Figure 2.18: Volumetric reaction rates of spongeatgsts as a function of the gas temperature;dille
symbols: rate regime governed by chemical kinefidata taken for plotting rate
coefficients in Figure 2.19); open symbols: maassfer controlled regime.
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Figure 2.19: Arrhenius plots of the CO-oxidation fine regime of chemical rate control, s the
activation energy derived from the slopes.

In contrast to samples SFRD 1 and 2, the platimadihg of SFRD 3 was performed at
conditions where the adsorbed Pt(COD)Mmuld melt. A liquid phase might be
formed, if the molecules of Pt(COD)Mare dense enough to form a continuous phase
on SnQ. So, if the available surface areafaf,0,[m?] on the catalyst is smaller than
the required area of the deposited molecules obtganometallic, a liquid phase would
form on the Sn@layer. The available area for adsorption can eutated as follows:
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Asno, = Mzt Weo, By g, = 6.44 M (2.14)
with

Wsno2 (weight-% of SnQ) = 6.8 %

Sset.sno2(BET-surface area) = 118%fg (Seet azos= 0.18 nilg , negligible)

With the modelling software Ceritis(Accelrys), the molecular structure of
Pt(COD)Me could be reconstructed. The energetically mostodaable atomic
arrangement of the organometallic was calculatedbtain the surface and volume of
the molecule and its diameter (spherical-like atoatrangement): 0.8 nm. The value of
the area required for adsorption of one complexecwde, taken as the projection of the
spherical molecule on the Spurface, can be then calculated to:

= 0.503 nrh (2.15)

tCODMeg — molecule

A;nolecular _2 D2
4

With the molecular weight of the organometallic 333 g/mole), the required area per
gram can be calculated to:

molecular EN
Shaoome = Prcoone Na - _ 908 75 meg (2.16)
M PtCODMeg,

giving the total required area:

mass M
Aoicopme = Spicopme HMka; W G% =11,87 m? (2.17)

Pt

Since Abcopue 1S higher thanA, ., a continuous (bulk) phase of Pt(COD)Mis
formed after adsorption, which most probably meltsthe prevailing experimental
conditions. The formation of the liquid phase causmalescence of Pt-complex
molecules on the Snayer, leading to larger Pt particles after redugtas confirmed
with TEM images (Figure 2.15), and thus affectihg tlispersion of the noble metal on
SnQ, and with it the activity of the catalyst.
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235 Longterm stability
Recycle system

The long term stability of a catalyst is as impottéor industrial implementation as the
activity. The deactivation is predominantly caubgdorganic impurities in the reactant
gas mixture or by thermal effects. Regarding thakyit was important to realize a
constant activity high enough to measure the mrassfer properties of a given catalyst
(chapter 4) at different hydrodynamic conditions ft least 6 consecutive hours.
However, catalyst deactivation was observed to sarclextent that the runtime for
reproducible measurements was reduced to 2 hotesuiably, the PTFE membranes
of the pump used for the recycle system releasddobgrbons when warm during use.
The implementation of a guard bed of zeolite pel@SM5/NaX; 50/50 kept at room
temperature) up-flow to the preheating zone ofrdeetor prevented deactivation for at
least 7 hours on stream. The zeolite packing hdzkteegenerated by calcination in air
for 3 h at 550°C. A long term stability run perfardhon a 45-PPI sponge catalyst from
SFRD 1 is displayed in Figure 2.20. At const@&HSV of 350,000 H and a recycle
ratio R=7, the temperature was periodically varied fr8h°C to 205 °C during
approximately 800 min. During this period, no deatton of the catalyst in the mass
transfer regime was observed. The CO concentratisesl were the same as in the
kinetic experiments described in chapter 2.2.7.

1.0
Recycle system

0.8 7

0.6 1
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Figure 2.20: Catalyst stability test, performed ohgr 13 hours on a sponge catalyst from superciitica
deposition in the recycle system mode.

Once-through mode

The beneficial effect of the zeolite guard bedokgcourse, limited by the adsorption
capacity of the zeolites. In an attempt to cheeltisgc long term stability, the apparatus
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was modified to once-through mode, i.e. no extera@ycle and no zeolite guard bed. A
fresh sponge sample (same type as used previomay/packed and tested during 6000
consecutive minutes (100 h). T@HSVwas kept constant at 250,000 - 300,000 h
Temperatures were changed in order to find outhichvkinetic regime the activity was
affected the most. An earlier test confirmed thHa¢ &ctivity remained practically
unchanged for longer periods at temperatures bdla® °C. After 3000 h time on
stream at temperatures up to 175 °C (Figure 2tBg)activity of the sample decreased
between 30 % (95 °C) and 58 % (85 °C). The tempezatvas then increased to 220 °C
and left there for 650 min. The thermal deactivatoffered after this period was very
high. The catalyst lost 34 % of its initial actiit 220 °C, 39 % at 170 °C, 67 % at 95
°C and as much as 84 % at 85 °C, as can be sdba itme axis shortly after 4000 min
in the figure. The catalyst was subsequently lefteaction at 95 °C for another 1200
min, period after which the temperature was againelased to up to 230 °C, resulting
in an activity decrease of 40 % within 150 minhas temperature.
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Figure 2.21: Long term stability test in plug flemode done at different temperatures during 600Q min

It can be seen from this analysis, that even thdugh temperatures affect the catalytic
activity in the regime controlled mainly by masansfer to the catalyst (> 120 °C at
hydrodynamic conditions in this test), the effexctriuch stronger at lower temperatures,
where the reaction is the principal rate limitinigpand the dispersion of Pt in Sni®
therefore of stringent importance. The strong deattbn is most probably caused by
thermal coalescence of the highly dispersed Ptpemicles on the tin dioxide,
lowering the boundary borderline between the nobétal and the metal oxide. From
this evaluation it can be concluded that the catalyrom supercritical deposition of
platinum are temperature sensitive above 120 °C.
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2.3.6 Practical considerationsin the characterization of Pt/SnO,

Since the dispersion plays an important role in dlcgvity of the catalytic system
platinum/tin dioxide, two different methods for tbbaracterization of the noble metal
dispersion of the prepared catalysts were triedrptdo the laborious quantitative
characterization of the Pt-distribution with TEMadysis. The dispersion of platinum
(among other metals) on supported catalysts isllysoeeasured by chemisorption or
temperature-programmed desorption (TPD) of probkoutes such as#0, and CO
[32]. These methods are based on the determinatiothe number of probe gas
molecules adsorbing on the platinum atoms. Eachepgas has, of course, a specific
stoichiometry factor.

In this work, B chemisorption and CO adsorption on the catalystsewused to
characterize as far as possible the dispersiort ohFSnQ. To test the reproducibility
of these methods, a 1% P#@k industrial catalyst (BASF) was also involved. The
results from the K chemisorption analysis done on catalysts prepdredPt-
impregnation and SFRD 1 were very surprising, sithey showed dispersion degrees
higher than one for both analyzed catalysts. Thasldsrmean that the apparent amount
of active platinum was higher than the amount d&ltplatinum. The reason for this
contradictory result can only be the reduction @fOg nearby Pt-sites, the latter
catalyzing this reduction [16]. The reduction ofCanmplies a hydrogen consumption
that can not be predicted. Consequentlychemisorption is not a suitable method for
characterizing the catalytic system Pt/SnO

In a second attempt and following the method ofs&{&0], the CO adsorption capacity
of the same catalyst types was analyzed. A diften@moblem arose from the
experimental results obtained. The catalyst obthifiem aqueous impregnation
exhibited a CO adsorption capacity comparable @i tf the catalyst prepared by
supercritical deposition although SEM and TEM ase$y had shown considerable
differences in particle size and morphology of iplatn. Possibly, measurement of the
CO adsorption is no suitable method because itachenizes the total Pt surface of a
sample (where CO adsorbs) rather than the bonderHt/Sn@ which is characteristic
for the size and dispersion of the metal.

A detailed description of the experimental methosisd, the assumptions made and the
results obtained is given in Appendix B and C.

It is worth noticing that other authors have aksparted that the adsorption of the probe
gas on the support of the noble-metal/metal-oxid&algst significantly affects the

accuracy of the metal dispersion results obtaimedh fmost methods. For instance,
Dawody et al. [32] found quite different values fet-dispersion and -particle size of
one Pt/BaO/AlO; catalyst, depending on the different methods usech as CO-TPD,

H, chemisorption, BD decomposition, SEM- and TEM-analyses. These asitho
conclude that it is always advantageous to comaimeof these sorption methods with
electron microscopy analyses to obtain more acewaatl most of all, reliable results.
Moreover, characterization methods involving adsormpof probe gases most often
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require thermal pre-treatment of the sample thinoimplies high temperatures up to
600 °C [32,33]. As discussed above, the dispersiaratalytic systems can be reduced
at high temperatures.
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24  Summary and concluding remarks

With knowledge of the thermodynamic behaviour oé thystem Pt(COD)MECO,,
allowing the determination of conditions for supéical deposition with high solubility
of the organometallic below its melting point, tarexperimental conditions for
supercritical fluid reactive deposition (SFRD) df #h SnQ-coated 45-PPI sponges
were set: 80 °C/15.5 MPa (SFRD 1), 80 °C/25 MPaR@BR) and 100 °C/15.5 MPa
(SFRD 3), to evaluate the influence of pressure tentperature during deposition on
the catalyst activity.

Catalysts SFRD 1 and 2 showed the highest ratdicdeets kp;) based on the amount
of Pt. Supercritical deposition SFRD 3 was donevalibe melting temperature of the
organometallic. Surface tension affects the disperef the deposited platinum due to
particle coalescence, resulting in decreased &ctior CO oxidation. Sn@coated
sponges were also loaded with Pt via aqueous impteg for comparison. The
resulting catalytic sponge had by far the lowestvag in CO oxidation. Whereas no Pt
was visible on SEM images of the catalysts prepasedupercritical deposition, clear
accumulation of large Pt crystals was observechendracks of the scaly tin dioxide
layer. TEM images allowed for the evaluation of thean particle size of Pt. While
sponges from supercritical deposition experimertsbéted homogeneously distributed
Pt nanoparticles with an average diameter of 3 nf@ am, the sample from Pt-
impregnation showed a wide size distribution of teposited Pt, with particles of
approximately 30 nm and agglomerates up to 2 usize, confirming the substantial
influence of Pt dispersion on catalyst activity.

Long term stability tests done on a catalyst froepakition SFRD 1 showed that at
temperatures below 120 °C, catalytic activity isabé. Above 130°C thermal
deactivation takes place most probably due to scal&e of the dispersed Pt particles.

The results of this investigation clearly show thapercritical fluid reactive deposition
is an appropriate and convenient method for thedgmmeous deposition of metallic
nanoparticles on catalyst supports. The main adgas are its flexibility regarding the
geometry of the carrier and the wash coat, low ggsing temperatures and the absence
of contaminants in the ready-to-use catalyst. Thyh lactivity and stability at low
temperatures of the Pt/Sp@atalysts prepared by supercritical depositiondoonake
them attractive for their use in CO removal proess®.g in the low-temperature fuel
cell technology, such as the preferential oxidatwdrcarbon monoxide (PROX). The
choice of the most suitable noble metal and metaleofor this process needs to be
thoroughly investigated in future works.

The growing range of organometallic compounds ab#el, based on different metals,
make SFRD a most interesting deposition methodttier preparation of dispersed
catalytic systems for many relevant industrial teas, where a great variety of
combinations of noble metals and metal oxides assled.
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3 Morphological characterization of ceramic
sponges

3.1 Introduction

The knowledge of the geometric features of anycsiine is a prerequisite for the
analysis of any further property, be it mechangteéngth, mass transfer, heat transfer,
or pressure drop, since it is necessary to asadreectly transport properties to
geometrical or morphological features of the stitesuch as a characteristic length.

Synthetic ceramic and metallic sponges represiettte cancellous bone or a natural
sponge, an open network of struts that conneceitices and surround faces (or pores),
which, in turn, enclose three-dimensional cells. [The most important structural
parameters of sponges are:

- mean inner pore and strut diameters . dy andd; respectively [m],
- outer (hydrodynamic) and total porosities : & andg respectively  [-],
- geometric surface area © Syeo [nf/m?].

In contrast to known packings like beads and hooeNss, where the geometry is well

defined and studied [1-3], the structural featunéseticulated cellular materials are

difficult to obtain due to their complex and mostea irregular geometric properties.

Hence, the development of morphological modelsaittarizing in a representative way
the macroscopic properties of sponges is not easwgchieve. Various idealising

geometric models have been proposed so far, desgrderamic and metallic sponges
as cubic cells [4-6], hexagonal arrays [7], or asgular packing of tetrakaidecahedra
(TTKD) [1,8]. The most comprehensive evaluation tbé structural properties of

cellular materials has been given by Gibson andbgsfi]. The authors compare

packings of space filling polyhedra, namely: trialag-, rectangular- and hexagonal
prisms, rhombic dodecahedra and tetrakaidecah@&tiey conclude that even though
synthetic foams and sponges are anisotropic aneéasiy geometrically idealized, the

structure is best represented as a regular paokitejrakaidecahedra. The conclusion is
based on the good agreement of the average nurhbdges per face and faces per cell
of the TTKD-model as compared to cellular metalgifFe 3.1) and biological tissues.

The space filling packing of TTKD was firstly progex by Lord Kelvin in 1887 as the
most efficient manor to fill space. The TTKD is coosed of eight regular hexagons
and six squares building the 14 faces of the uglit connected by 36 edges and 24
vortices. By introducing a finite strut thickness every edge, mathematical relations
can be obtained for the geometric surface per wrlitme and the porosity. Recent
studies have shown that the tetrakaidecahedron Intagte also be used to predict
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accurately mechanical properties of metallic sperite effective stiffness and failure
strength [8].

Figure 3.1: Tetrakaidecahedron unit cell (left) ametal sponge (right).

Nevertheless, geometric modelling of sponges igliaate issue, since the strut network
is irregular and the cell shape may be anisotrogiteer than spherical. Furthermore, the
struts and vortices have unequal thicknesses, anot @uantifiable amount of cells
tends to be closed. The irregularities can vargngfly from sponge to sponge, not
allowing for a precise morphological descriptiortluése structures.

The present chapter focuses on the morphologicaiacterization of ceramic sponges
through three different methods:

- microscope image analysis to obtain pore- and stiiatneters and cell
anisotropy,

- magnetic resonance imaging (MRI) to obtain the geoim surface areas and
porosities and a to compare with two geometric nwofte a sponge,

- mercury intrusion porosimetry to obtain the hydnoaiyic relevant (outer) and
the total porosities.

3.1.1 Magnetic Resonance Imaging (MRI)

The geometric surface area per bulk volume of cErasponges is an important
geometric feature and difficult to asses experimgntlt can not be determined via the
nitrogen adsorption isotherm (BET) because of theyhness of the ceramic material
and because the polymeric template leaves voiddertke solid struts after burn-off.
The surface relevant for transport phenomena isexternal surface of the struts as if
they were perfectly smooth. Therefore, a volumegimg method is necessary. One
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technique commonly used and already applied to ggmnis x-ray absorption
tomography [9].

Magnetic resonance imaging (MRI) is another metimodeasingly used in the field of
engineering that allows a three-dimensional imagnfiga structure with acceptable
image resolution [10]. The principles of MRI expeeints can be described by classical-
mechanics equations (see eq. (3.1)), although ltaged on the quantum mechanical
effect of nuclear magnetic resonance (NMR) [11].

Whereas two kinds of magnetic fields are involvedsiandard NMR experiments, a
third type of magnetic field is required for MRLirgtly, a strong, static and
homogeneous magnetic fielBy (in this work Bp = 4.7 T) is required to achieve a
macroscopic magnetizatioM] of the sample. According to Curie’s lai, results from
the Boltzmann distribution of the spin states @& ttuclei of the NMR-active atoms of
the sample (hertH). Per definition, the orientation & is defined as the-axis and in
thermal equilibriumM is oriented along. A second homogeneous magnetic figi¢)
transverse td, has to be applied to generate transverse magnetiza he nuclear
magnetization 1) then experiences a torqi#exB in the (not parallel) magnetic field.
As the magnetization is proportional to the macopsc angular momenturh of the
nuclear spinsM = J4, the classical equation of motion reatl&lt = M xB. Multiplying
both sides by the substance-specific gyromagnatio y; the so called Bloch equation
(here ignoring relaxation) is obtained:

dMi/dt = y [di/dt) =y M x B) (3.1)

Hence, the generation of a magnetization transwerBg induces the so-called Larmor
precession aroungy, with the angular velocity:

CBO =-y [Bo (32)

This precession induces the voltage detected ilNM& or MRI experiment. Usually,
the same coil is used to generate the “excitatialsgi B;(t) and to measure the
response signal.

To achieve spatial resolution in MRI, it is necegsto introduce a third kind of
magnetic fields, the so-called gradie®s which superimpose a linear spatial variation
on By along the three dimensions.

G, =0B,/0j,j=x,)yorz (3.3)
The resulting magnetic field generated by the gnatdin the sample at the locatior
(X,y,2 is the scalar produds - r, whereG = (G, G, G). The gradients produce an

additional precession around tlzeaxis (axis of By). The corresponding location-
dependent angular frequencies are given by:

a() =—y(GT)E,, (3.4)
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in analogy to eq. (3.2). This place-to-frequen@nsformation is the basis of MRI. In
this simplified description, the NMR-frequency \&ion due to the so-called chemical
shift, which is generally small compared to thegfrency shift due to the imaging
gradients, is neglected.

By applying magnetic-field gradients, the magneitrg the resulting precessions and
their frequency are related to the sample positorlocation, allowing the spatial
resolved scan of the density of nuclear spr¥ in the sample. Starting from eq. (3.1)
with initial magnetization along and including the magnetic field due to imaging
gradients, the measured signal (total transverggnetiation) can be shown to equal
the Fourier transform of the spin density:

M . (K) = [[[ cxdydp(F) Cexp(kr) (3.5)

sample

denoted as the wave vector. In this complex notatibex andy components of the
transverse magnetization are defined with the aedl imaginary part of the complex
function, respectively.

Spin density imaging can be done for 1-, 2- or 3ithwo-called pulse sequences by
applying different gradients, exciting local spiimsthe analyzed dimensions of the
sample, and sampling the discrete data over theednspace. To increase sensitivity
(or signal to noise ratio), a given pulse sequaraebe repeated several times. Fourier
transformation of the signal reveals the magnetimatontributions in the sample as a
function of the position along the gradient direns. Nevertheless, the pulse sequences
must be largely extended for 3D, making the measants extremely time consuming.
The third dimension is more often approached by fister alternative of “Slice
selection”. Further details on the wide varietyeaperimental methods of MRI are not
within the scope of this work. A detailed descoption the background and the
different measuring methods in MRI are given bydyan [11].

3.1.2 Mercury intrusion porosimetry

The void fraction of cellular ceramics is usuallgtained from conventional methods
like helium- [12] or water pychometry by measurithg solid densitys and the bulk
densityos of a sponge:

—1_Ps
g =1-~> 3.6
s (3.6)
These techniques yield the total porositysince He and water diffuse into the voids of
struts of the ceramic material. The supports have porosities: the outer-, or
hydrodynamically relevant macroscopic void spaceomposed of the continuous cell
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network between the struts, and the total porasityhich includes the voids inside the
struts as well as the pores inside the solid maltiss, therefore, necessary to analyze
separately both relevant void fractions.

Mercury intrusion porosimetry is a suitable metHod reaching this goal. The outer
porosity is obtained by measuring the intruded n@wf Hg at atmospheric pressure,
where the liquid metal fills merely the cells oktBponge. The volume of the porous
strut networkVgyt is then obtained from the difference between thewk volume of
the receptacle where the sponge sample is plaese@iffometer)pener. and the volume
of mercury filled in the penetrometer at atmospheressuré/ygam The outer density
Po can be calculated with known sample mass as:

- rnsample — r‘nsample

V. V-V (3.7)

strut penetr. Hgatm

Po

Higher pressures must be applied to fill the remngirvoids. The relation between the
capillary pressure and the radius of a pore orlleapiwas given by Washburn [13]

from theoretical investigations on the dynamicscapillary flow. It can be easily

derived from an energy balance on the edge ofiadmntal pore:

pldV = -y, [CoH [MA — plxE*dL = -y, [Cos) 2z [} [dL (3.8)
giving:
p= ‘M (3.9)
with:
p : imposed or capillary pressure [bar],
Vg - surface tension of mercury [N/m],
7] : contact angle between Hg and the solid [],
r capillary or pore radius [m],
v volume [,
A area [,
L length [m].

Because mercury causes a contact angle > 90° wi#mngc material, pressure has to be
imposed to fill a pore. The pressure required iiing a pore increases with decreasing
radius of the pore. The maximum pressure applicabd®00 bar, which corresponds to
a minimum pore diameter of 3 nm (eq. (3.9)).

Mercury is pressed into the sample in controlledspure steps during which the
intruded volume of Hg is monitored. After totalmmsion, the solid density is calculated



50 3 Morphological characterization of ceramic sposge

from the difference between penetrometer volume tatal mercury volume in the
system VHg,tot = VHg,atm"' VHg,intr.) as:

p - rnsample - msample
Vv, __ -V V

penetr. Hgtot solid

(3.10)

The hydrodynamic- and total porosities of a sangale be obtained from the ratio of
bulk density to outer- (or strut-) and solid dewsiequations (3.11) and (3.6),
respectively.

_1-Ps

&y = 3.11
" Pe (3.11)

3.2  Experimental

The carrier structures

Nine ceramic sponges and one metallic sponge wsd in this work. The ceramic
sponges (99.5 wt. %-Al,03) were manufactured by Vesuvius Inc. as cylindrical
pieces. The cell densities and void fractions asrgby the manufacturer were 10-, 20-,
30- and 45- PPl and 0.75, 0.8 and 0.85, respeytivel

Figure 3.2: A: 10-, 20- 30- and 45-PPI sponges wpithiosities between 75 and 85 % and a 40-PPI
metal sponge (from the right to the left). B: 408ST-honeycomb and 1.5 and 3.3 mm
beads compared to 20 and 45- PPI sponges.

The dimensions of the cylindrical pieces varied edejing on the cell density, as
displayed in Figure 3.2-A. In order to achieve presentative amount of pores over the
diameter of a given sample, the 10-PPI sample2baaim in diameter, while the 20-,
30- and 45- PPI sponges had a diameter of 15 mrma.ZDRPPI sponges with 80%
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porosity were analyzed in 15 mm as well as in 25 dimmeter to evaluate the influence
of sample dimension. All samples were 50 mm intleng

A cordierite honeycomb (HC) with 400 channels mprase inch (CPSI) (Corning) and
spherical beads with diameters of 1.5 and 3.3 oHAl(O3, Norton) were also analyzed
for comparison (Figure 3.2-B). The main geometeatfires of the packed structures
used for comparison are summarized in Table 3.1.

Table 3.1:  Properties of honeycomb and beads umeithé comparison with sponges.

_ _ Char. Ienagth _WaII Porosity Geometgic
Carrier Material Dy, Dp thicknesg surface
[mm] [mm] %] (2]
HC 400 CPSI  Cordierite 1.12 0.21 70.9 2534
Beads 3.3 mm AD; 3.33 - 44.0 997
Beads 1.5 mm ADs 1.45 . 41.7 2436

? Particle diameteD,, (beads); hydraulic diamet®x, (honeycomb).
® Porosity of the packed beads in a 16 mm tube.
¢ Geometric surface per bed volug,

3.2.1 Characterization of the characteristic lengths byinage analysis

Two-dimensional characterization of inner pores andstruts

From each sponge type, thin cylinders of 4 — 6 rhiokhess were cut and analyzed
with a LEICA-DM-4000-M microscope. Images were takieom the slices using a
LEICA DFC 280 digital camera with an optical magration of 25. Only clearly
focused pores and struts were analyzed from thesgds by using the Application
Suite software from LEICA Microsystems Cambridgel.LTwo orthogonal lengths
were taken from each pore. The strut diameter wgsriohined at the middle of the strut
which usually is the thinnest part between theigest More than 100 pores and struts
were analyzed and statistically evaluated for espgbnge type in order to ensure
representative values.

Three-dimensional characterization of inner pores

Due to the observed anisotropy of pores and déksjnner pores of the sponges were
analyzed in the third dimension, the depth in dicgcof flow. 50 mm cylindrical pieces
of each sponge were cut along their length, andotres were analyzed as described
above. Nevertheless, merely 30 — 50 pores per sptymg could be analyzed in the
plane parallel to flow direction.
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3.2.2 Characterization of the geometric surface area anthe porosity with MRI

MRI measurements and data processing were perfoamtéak University of Karlsruhe
(TH) in collaboration with E. H. Hardy, J. GroRReda. Dietrich within the scope of the
research group FOR 583 of the German Research Btand (DFG). The
measurements were performed on every sponge typg asBruker Avance 200 SWB
tomograph (magnetic flux density 4.7 T, micro 2radient system generating up to 1
T/m). Since the ceramic sponges produce practicallgignal in MRI experiments, the
pore space was imaged by filling it with a liquictige for ‘H-MRI measurements. A
bubble-free filling with degassed water under vawuwas performed on every
cylindrical sponge sample, and copper sulphate/[} @as added to speed-up the
relaxation. The resolution obtained in MRI depeadgshe size of the sample and on the
number of volume elements (voxels) chosen. Dividimginvestigated field of view by
the total number of voxels determines the sizensf woxel. Here, the data matrix size
was set to 25&56x256 voxels (3-dim) to achieve a reasonable acduristtime. This
led to resolutions and fields of view of 50 — 86 jp&r voxel and 13— 22 mm
respectively, depending on the pore density of dlmmple. The signal to noise ratio
strongly depends on the number of averages takeamfanage. Previous investigations
on the necessary number of averages have showrtwbatverages give sufficient
signal quality for data processing [10].

A threshold for the signal had to be chosen tardjsish regions of high signal (water
in voids) from regions of low signal (ceramic). Osiagle threshold was chosen from
the histogram of a complete dataset at the minirhatween the two peaks. Since only
the outer geometric surface is relevant for trartsppenomena, an additional step was
needed prior to the calculation of the geometriéase. The hollow strut structure had
to be filled. For this purpose, an algorithm waseleped by E. Hardy, using the fact
that the voids in the struts were narrow and coacawhe number of solid voxels (no
MRI-signal) in the cubic neighbourhood (26 neightsofor each voxel) of each void-
voxel was counted. If there were more than 14 sokighbours, the voxel was
identified as void inside the struts and set tadsdh addition, with the filling method
the outer porosity can be determined by countiegitiimber of solid voxels in the filled
data matrix. The total porosity is obtained by dmmthe solid voxels of the raw data.

The specific surface area of the filled spongecstme matrix was determined using a
Crofton formula, counting and averaging void-sotiterfaces along various directions.
A detailed description of the theoretical backgmbuthe algorithms used, and the
principle of this method can be found elsewherg.[14

In order to validate the experimental techniqueasoeements were also performed on
the 400-CPSI honeycomb structure. The only diffeeewas that the algorithm for the

filing of the pores was not necessary, since tbeoys structure inside the solid

cordierite channel walls of the honeycomb is sedeafter extrusion, leaving nearly no

pores inside. The specific surface was calculatiéd tve Crofton formula as well.
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3.2.3 Density and porosity characterization of sponges

The densities of the analyzed sponges as wellas® thf the honeycomb and the beads
were measured with a Micromeritics Autopore Il 94fbrosimeter. The pressure range
used was 0.007 — 1000 bar. Before mercury intruaimadysis, the cylindrical samples
were weighted and their bulk volume was measureldliyig the bulk density:

— msample — 4 |]T.Eample
A/ D2 [

sample

Py (3.12)

sample

After vacuum-degassing of the penetrometer whezesimple was placed, the system
was filled with mercury. Since no pressure was iagplmercury only filled the open
cells of the sponge. The mercury-filled sample W removed from the apparatus
and weighted. With known density of mercury and gteymeter volume, the outer
density of the solid sponge structure including ib#ow void fraction within the struts
was calculated with eq. (3.7). The penetrometer tas placed in the high pressure
system of the Autopore-porosimeter to fill all remiag voids in the sample. A typical
intrusion plot is depicted in Figure 3.3-A.
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Figure 3.3: A: Hg intrusion as a function of therpaliameter of a 20PP1_0.8 sample (denotation: see
Table 3.2). B: SEM image of the hollow triangul&us structure. C: SEM image of a pore
between crystals of theAl,O; ceramic.

The decreasing diameters along the abscissa comégp the increasing pressure (eq.
(3.9)) during the filling process of the slightlynous solid structure of the sponge.
There are two pressure (or diameter) ranges wgteep increase in Hg-intrusion. The
first is related to the filling of pores with diatees between 50 and 200 um. These
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pores represent the hollow strut network of theawge material in accordance with
microscope and SEM images from various samplesuf€i@.3-B). At pressures
between 30 and 1000 bar, the pores of the not aglplsintered ceramic material (12
— 600 nm) are filled (Figure 3.3-C). After intrusidhe density of the solid material and
the outer and total porosities were calculated \eigoations (3.10), (3.11) and (3.6),
respectively.

3.3 Results and discussion

3.3.1 Pore and strut size evaluation
Pores and struts orthogonal to direction of flow

Two typical microscope images from the optical eosgrization are displayed in
Figure 3.4. The strut diametes are represented by the black arrows. The two
orthogonal lengths taken to calculate the mearripoee diameter are denotedaaghe
larger length) and (the shorter length), represented in the figurewlbyte and grey
arrows, respectively. The right image in Figure shéws one pore (the larger one) from
which the inner pore diameter can not be correotyasured, since the upper strut is not
focused. From the lengtlasandc, the inner pore diameter can be calculated, as(a +

c)/2. The pore diameter was calculated from cylindrpdahes of the sponges, as shown
in the upper cylinder of Figure 3.5.

Figure 3.4: Inner pore and strut diameters from geaanalysis. Both orthogonal pore lengths were
considered in the statistical evaluation.

Pore depth in direction of flow: the third dimensimn

Due to the observed anisotropy in the radial plame depth of the pores of all samples
was also measured in a second characterizationbgteptting the cylindrical samples
in the axial direction (lower cylinder in Figures3. In the axial plane, only the depth of
the poreb could be measured, since depending on the andleeafut, the visible width
of the pore can be altered. In such a case, atlgligifferent a* or c* would be
measured. This was confirmed by compa@ng a* andc to c* of some of the sponge
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samples in both planes. Only the 10-PPI spongesshatli an oriented and easily
observable anisotropy, so that the axial cut cbeladarried out in the precise directions
of the characterized lengthsandc from the radial cut. In this case, there wasaitt,fa
good agreement of the pore lengths in both cuts.

Figure 3.5: Radial- (top) and axial- (bottom) plamef a sponge cylinder with the respective lengths
a pore.

Pore and strut size distribution

Since the most extensive characterization was donglanes perpendicular to the
direction of flow, where over 100 pores were anatyper sponge type, the lengtns
andc, the resulting inner pore diametek, € (a + c)/2) and the strut diametef were
taken for statistical evaluation. Figure 3.6 shakes broad size distribution @f andc
resulting from the image analysis of the 10PPI_&B8nge (for denotation see Table
3.2). There is a marked anisotropy when evaludioty size distributions, even though
there is a considerable overlapping. The anisotrdpgreases to some extent with
increasing pore density.

The pores of all analyzed sponges have a very bsiza distribution as shown
exemplarily for the 30PPI_0.8 (denotation see T&® sponge in Figure 3.7. The
density of probability from a Gaussian normal dmttion having the experimentally
determined values for the mean inner pore dianstdrthe absolute standard deviation
is also plotted in the figure for comparison. Theear pore and strut size distribution
plots of the remaining ceramic sponges with 80 fal toorosity are exemplarily given
in Appendix D. While the struts have a rather nargize distribution, the size of the
pores can vary up to one order of magnitude,inghe case of this sponge 0.2 — 2 mm.
This tendency was observed among all analyzed ssmpl

The values for the 30PPI_0.8 sponge were calculatel = 0.871 mm, with a root
mean square deviatiam= 0.327 mm (37,6 %) amd = 0.319 mm, witho = 0.075 mm
(23.7 %).
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The relative deviations of the pore size distribng of the sponges varied between
36 % and 47 %.

The mean pore diameter is here defined as the dumean inner pore and strut
diameter. It thus represents the average distaretveBn two opposite struts
surrounding a pore (Figure 3.4):

O pore length: a
M pore width: ¢

9% - Cylindrical cut

frequency [-]

227 1104 1981 2859 3736 4613
Pore lengths a and ¢ [um]

Figure 3.6: Size distribution of pore length anditkiradial to the flow direction for the 10-PPI spe
with 85 % porosity.
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Figure 3.7: Inner pore (left) and strut (right) siaistributions (radial to the flow direction) ofie
30PPI_0.8 sponge (denotation: see Table 3.2).

The mean pore diameter was chosen as the chaséictéength for these structures,
since it takes into account the solid and the wbithe sponge and should not vary with
varying void fraction at constant cell densitiesorgbver, the ratios between all
measured lengths, inner pore-, strut-, and consgiyumean pore diametersiy(ck,
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Dy/d) remain nearly constant at all pore densities,the lengths vary proportionally
with the pore density. For this reason, the choicany of the measured features as the
characteristic lengthg,r is analogue. The main geometric features of tloagps used

in this work are listed in Table 3.2.

Anisotropy

Most sponges are anisotropic, i.e. the strut ndtvimrdeformed and the cells exhibit
ellipsoid shapes oriented in space. Anisotropyaissed already upon fabrication of the
polymeric templates and may be enhanced duringetiiecation process which includes
squeezing of the greenbodies in one direction. &ropy can strongly influence the
mechanical strength [1] and the transport properiesponges and should therefore be
quantified, if possible. According to Gibson andhBg [1], the so-called shape
anisotropy ratidR can be determined through the ratio of the largetdimension to
the smallest. TypicallyR lies between 1.3 and 1.5, but it can reach valpet 10. In
this work, the anisotropy is more conveniently difeed by ratios of the measured
lengths of the inner pores in different directiotishas been discussed and shown in
Figure 3.5 what the pore lengthsb, andc are representing. Figure 3.8 shows three
types of pore-anisotropy ratios as a function ef ttrean pore diameter for the 10-, 20-
and 30-PPI sponges with 85 % void. The anisotrdpi@45-PPI sponges could not by
evaluated experimentally in a quantitative mannes tb the great amount of closed
pores, and the accordingly small amount of poreslabde for measurements in the
plane parallel to direction of flow (axial-planéhe ratioa/b would represent the pore
anisotropy in the axial directiora/c the anisotropy in radial direction, arad/(b©)
would be an approach to the pore anisotropy indagrathy on the direction evaluated.

35
a’/(b*c)
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Figure 3.8: Anisotropy ratios defined in this work. the mean pore diameters of 10-, 20- and 30-PPI
sponges with a porosity of 85 %.
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It can be seen that the lengihin the radial plane is the longest, since allostare
bigger than one. Moreover, the ragiflo has lower values thaadc for all sponges, so the
length ofb is betweera andc. A very important fact recognized during the ewdilon

of the results concerns the fact that the longedtshortest pore lengtlasandc are in
the perpendicular plane for the 20-, 30-, and 4b-§{jonges, whereas in case of
sponges with the lowest pore density (10-PPI, potiosities), the shortest lengtlis in
the direction of flow. This anomaly can only berésed to the manufacturing process.
The 10-PPI sponge cylindrical polymeric precurseese most probably cut out in a
different direction than the other sponge geomeiwéh respect to the cell orientation
of the large pieces of polymeric sponges.

The most convenient quantity for the descriptiortha anisotropy of the pores is the
ratio a’/(b/£) since it is independent on the orientation of poees in the structures

used. The values of the anisotropy ratios of athwec sponges are summarized in
Table 3.2. Because optical analysis of the 45-PBhges has not been performed in
3D, the values of the anisotropy rad®(b/¢) have been estimated by extrapolation
from the experimental anisotropy ratios of the ogpmonges.



Table 3.2: Geometric features and porosities osgi@ges used in this work.

Sponge typd  Material dpb d;° Dy © & d &°[-1 &°[] é’t,MRIf fh,MRIf Sgeo,l\_/IlRIf Sgeo,T_IKDg

[mMm] [mm] [mm] (] (total)  (outer) [-] [] [m™] [m™]
10PPI_0.8 AO; 1933 0835 2.768 255 0818 0772 0806 0.766 6754 8315
20PPI_0.8 - 1.192 04181610 211 0.804 0.751 0.775 0.751  1187.0 1493.9
30PPI_0.8 - 0.871 0.3191.190 1.54 0.816 0.766 0.784  0.740  1437.8 1959.3
45PP1_0.8 - 0.666 0.2010.867 (1.3 0.813 0.761 0.769  0.753  1884.3 2717.9
10PPI_0.85 - 2.252 0.8803.132 3.04 0852 0812 0831 0810 6293 667.3
20PPI_0.85 - 1.131 04511582 1.87 0.858 0.814 0.836  0.811  1109.1 1314.0
30PP|_0.85 - 0.861 0.3301.191 158 0.852 0.807 0.833  0.814  1422.4 1777.9
45PP|_0.85 - 0.687 0.2060.893 (1.30 0.848 0.801 0.794  0.770  1816.3 2407.8
20PPI_0.75 - 1.069 0.4601.529 1.52 0.777 0719 0.722 0710  1290.3 1671.1
M-40PPI_0.95 Stiig'(jss 0.628 0.174 0802 -  0.946 0917 - - - 17315

Pore count (PPI) and total porosity as reportethbymanufacturer; “M” = metal sponge.
® From microscopy image analysis: > 100 pores &stior each sponge type.

¢ Chosen as the characteristic length for dimensimmalysis.

4 Anisotropy ratio from 3D image analysis; in ca$d®-PP| sponges: estimated values.
® From Hg-Porosimetry.

" From MRI-evaluation.

9 Calculated with tetrakaidecahedron model uSig@nds,.

ISSNISIP puUe SYNSay &'

6S
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3.3.2 Sy, & and &: MRI-data and model comparison

Figure 3.9 shows a two-dimensional section of tired-dimensional MRI-scan of the
20PP1_0.75 sponge, as well as the same sectiandatti@ processing with the algorithm
used for the filling of the hollow struts.

Unfilled 20 PPI-0.75

80 100 120 140 160 180 200 220

Filled 20 PPI-0.75

20 40 B0 80 100 120 140 160 180 200 20

Figure 3.9: Example of data processing of the hallstrut structure from MRI-analysis of the
20PPI1_0.75 sponge.

The geometric surfaces per bulk volurBgovr and the porositiegh uri and & mri
obtained from MRI-data of the AD; sponges analyzed in this work are listed in Table
3.2. As compared to the total porosities provided tihhe manufacturer and those
measured by means of mercury intrusion porosiméiyP), the total porosities
obtained from the processing of the MRI-data acelta in all cases. The deviation
increases with increasing pore density and can ygaieed by the insufficient
resolution of the MRI technique. With a resolutmib0 um (best case), the strut size of
the 30- and 45-PPI sponges correspond to 4 — &élsixacSome of the inner cavities in
these struts have diameters smaller than appromid@ns and can not be detected in
these measurements. In the case of the outer portss effect expectedly has only
little influence on the results. Here, the agreemmsgtween MIP and MRI data is
satisfactory.

For comparison and validation of the experimentathad, the 400-CPSI honeycomb
was analyzed with MRI as well. As explained preegigu the filling process of the
MRI-data was not necessary, as can be seen iwthditnensional section of the raw
data displayed in Figure 3.10.
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Figure 3.10: Two-dimensional cut of the raw MRI-alatatrix of the 400-CPSI honeycomb structure.

As shown in Table 3.3, the porosity obtained frdme MRI data processing is in
excellent agreement with the porosity determinedhfMIP. Likewise, the deviations in
Syeo €ither determined from MRI or from the morpholadicevaluation of the
honeycomb structure, using experimental valueshfemporosity and the wall thickness
dw is negligible (1 %).

Table 3.3:  Comparison between features from MIP mdphological analysis and features from
MRI-experiments of the 400-CPSI honeycomb.

£ [%] Syeo [MP/M7]
MIP/geometrical calculation 70.9% 2534°
MRI-data 70.2 2558

# Porosity obtained from Hg-porosimetry

b Calculated from the geometrical relation [Eg'eo =4 E(\/E - &)/ dy

Until now, the geometric surface of sponges has lesémated from theoretical models
based on regular unit cells. A dense packing oékeidecahedra (TTKD) is one of the
geometries that best represents open-cell foamsFfbm this model by Gibson and
Ashby, an expression for the geometrical surfagebpék volume was developed by
Buciuman and Kraushaar-Czarnetzki leading to [15]:

_ 482 _|pg _ 482
SyesrTiD _D_D p_: _D_pall_g (3.13)

p

These authors assumed struts with the shape oigtdar prisms. A simpler model
recently proposed for the calculation of the spe@kometrical surface of sponges is
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the cubic cell (CC) model. It was originally deveéal for metallic sponges by Lu et al.
[4] and later used by Giani et al. [5] and Lacreixal. [6]. Assuming ideal cylindrical
struts, the following relation results:

4
Speccc = l=2) (3.14)
t

The experimental values dkeomri Were compared to the values calculated from
geometrical models as described above. The expetanealues oD, were taken for
eq. (3.13). In the case &eocc two characteristic lengths were tested: firsg th
measured strut diameteds and second, the strut diameter developed fromctiec
model by Lacroix et al. as a function of inner paoliameterd, and porositys (eq.
(3.15)). The latter results in surface areas clesehe experimental values f8eomri
from this work.

4
Vo d-2)
dt,Lacroix = 3% m
1-,|—— M-
\/35:Eﬂ )

Since both models assume struts without voids énglie total porosity in egs. (3.13) -
(3.15) has to be substituted by the outer porasitihe ceramic sponges used herein,
because these exhibit hollow struts and, therefarywer density. The comparison
between the measurefeomri and the calculated surfac&eo rrko and Syeo,cc Of
sponges with pore densities between 10 and 45mPparosities between 75 and 85 %
is shown in Figure 3.11-A. Obviously, both modelgem@stimate the geometrical
surface. One important reason is the assumptisirafs with a constant thickness and a
cross-section without accumulation of solid. Howeve real ceramic sponges, solid
material is accumulated in the area of the vorticelsere the struts are connected.
Furthermore, some pores in real sponges are cleised the ceramic slip can form
bubbles in the cells during coating of the polynmeatrix. Lacroix et al. [6] also
observed the non-homogeneous deposition of mafpen wue-infiltration of SiC
sponges. The authors ascribed this fact as th@nefas the considerable deviations
between their calculated (eq. (3.15)) and meassired diameters at lower porosities.
These facts lead to a lower strut surface in ngahges as compared to an ideal network
of cubes or tetrakaidecahedra. Not only are thelates values of the surface areas
overestimated, but also the influence of the voadtion. Although the measured values
of Seo decrease slightly with the porosity, the dependaaaot as strong as predicted
by the models. It is worth noticing that the culsell model results in a stronger
overprediction of the surface area than the teidakahedron model, as clearly
recognizable in Figure 3.11-A. Since the tetrakeathedron model displays the most
efficient space filling regular network of unit telhaving the lowest geometric surface
per volume [1], it is still most probably the béd¢alized representation of the sponge
geometry.

p (3.15)
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Figure 3.11: A: Comparison betweenesuri (black symbols), ¢& rrko (hollow symbols) and 4§ cc
(grey symbols) for all analyzed sponges. B: Cattieh between measured values for

Seomri Dp @and & of ceramic sponges.

The dependency of the measured goemetric surf@es an the mean pore diameter is
somewhat lower than ). An empirical model between the geometrical sw$ac
Sieomriand the measured pore diametggsand outer porosities, was developed by a
simple parameter fitting to the experimental valuesulting in a good correlation of
the geometric features of the sponges (Figure B)11-

-085
Sieo = 384[€F"J (&, %% (3.16)
The metallic sponge M_40PPI_0.95 could not be itigated by means of MRI due to

the magnetic nature of its material. The geomeduidace area of this structure was
calculated from the TTKD-model and from the emgifimodel proposed in eq. (3.16)

with the experimental values f@, and &. As can be observed in Figure 3.11-B, the
difference between both models is negligible. Sitiee porosity of metal sponges is

high (usually > 90 %) in comparison to ceramic B the struts have lower

concavity and accumulation of solid at the vortjdeading to a strut structure closer to
the ideal morphology of a tetrakaidecahedron. Thimost probably the reason for the
good agreement between both models when applidak tmetallic carrier.

3.3.3 Outer- and total densities and porosities from menary porosimetry

Table 3.4 shows exemplarily the average valueshef measured outer and total
densities of 20- and 45- PPI ceramic sponges. BheeVior the solid density remains
practically unchanged since the ceramic materiatius the same. The outer dengity
is also similar for all sponge types, with a maximuariation of 5.4 %. The porosity of
the strut networkeyy: Of all ceramic sponges used herein is approx. 22&eulated
from eq. (3.17).
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The considerable difference between outer and patasities of the analyzed structures
(Table 3.2) results from the strut porosity and lie the range of 5 %s(= 85 %) -
7.5 % =75 %).

Table 3.4:  Bulk density and porosity variation226f and 45-PP| ceramic sponges.

axial - ps Po /o all &l
position [g/cm®] [glcm®] [g/cm®]  (outer) (total)

Sponge

20PPI_0.8 end 0.780 3.081 3.934 0.747 0.802
20PPI_0.8 end 0.870 3.177 3976 0.726 0.781
20PPI_0.8 middle 0.733  3.066 3.945 0.761 0.814
20PPI_0.8 middle 0.740 3.111 3.970 0.762 0.814

20PPI1_0.85 end 0.607 3.055 3.933 0.801 0.846
20PP1_0.85 middle 0.538 3.010 3.925 0.821 0.863

45PP1_0.85 end 0.710 3.053 3.989 0.767 0.822
45PPI1_0.85 middle 0.447 2.941 3.976 0.848 0.888

While the average porosities of the cylindrical mpes with 50 mm length as supplied
by the manufacturer have usually the total poroagyspecified, significant deviations
from these porosities were observed along diffeexial locations of the cylindrical
pieces after cutting off the edges. The variatianse from the anisotropic bulk density
along the sponge that results during removal ofesxcceramic slurry in the
manufacturing process, leading to higher densfjteger porosities) in the edges of the
cylinders and lower densities in the middle padtviizen a 15 mm piece from the edge
and one from the middle of a 50 mm sponge as deliveghe maximum bulk density
variation observed was as high as 45 %, leadiraptabsolute porosity variation of 10
%. The inhomogeneity of the cylindrical sponges wwnly increased with increasing
pore count. Typical results of these variationssdrewn in Table 3.4. For this reason,
the evaluation of the bulk densities of 6 - 8 dif@& sponge pieces per sponge type was
necessary in order to get representative averageshe void fractions of these
structures. The mean values for the outer and puiedsities of the analyzed sponges
are presented in Table 3.2.
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3.4  Summary and conclusions

The extensive morphological characterization ofghenges used in this work allowed
for the insight of important features of these cures. Mean values for the inner pore-
and strut diameters were obtained from the stegilsgvaluation of the image analysis
on the sponges. The mean pore diameter, defindtkasim of average inner pore- and
strut diameters, was chosen as the charactergsigtH. Image analysis of the sponges
revealed not only the expected increase in pord-strut diameters with decreasing
pore density, but also a systematic increase ire @od cell elongation. Magnetic
resonance imaging of the sponges gave insight tongortant feature, the geometric
surface area. The experimentally analyzed surfee@saof the sponges used herein are
somewhat lower than the ones predicted from moggichl models of regular
packings of tetrakaidecahedra and of cubes, simegetmodels do not account for the
significant accumulation of solid material in theus connections. The dependence of
the measured surface areas on the mean pore diamstightly lower than T,. The
dependence on the porosity is low within the raofgeoid fractions analyzed (75 — 85
%). Mercury intrusion porosimetry allowed the measoent of outer- and total
porosities of the sponges. All ceramic spongesyaedl have a porous strut network
with a void space of approx. 22 %, resulting in sidarable differences of 5 — 7 %
between their total- and outer porosities.

An extremely important conclusion gained from thHeracterization of density and

porosity in ceramic sponges is the fact that lalgeations in the bulk density can arise
along the axial direction of the sponge cylind@ise difference in bulk density between
an edge and the middle part of a sample can begasals 45 %, leading to porosity

variations up to 10 %. This represents a critisalie in the implementation of sponges
for industrial purposes, since variations in pdsosalong a sponge packing are
extremely detrimental when used in a large readter to the strong dependence of
permeability on the sponge density. An optimizatadrthe manufacturing process of

sponges regarding this point is completely necgssar

The morphology of reticulated sponges is rathefiadiit to characterize due to their
irregular and tortuous nature. The herein usednigales allowing for the insight of
surface area and porosity of sponges are rathdnisgmated. For the practical use of
sponges, it is hence of extreme importance to dpveimple models for the reliable
prediction of these features from the mean pordoarsdrut diameters which are easier
to analyze. Cell (or pore) anisotropy has conslderanfluence in the transport
properties of sponges (chapter 4). Its evaluasolalorious since the sample has to be
analyzed in 3D, destroying a great amount of speegifor a representative analysis.
For this reason, a model for the prediction of eddingation from the pore diameter in
one plane would be advantageous. However, to thig,dt can not be judged whether
cell anisotropy remains unchanged or changes rhdidapending on the manufacturer
or the ceramic or metallic material used. Thisesshould be evaluated in future works.
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4 Mass and momentum transfer phenomena upon
flow through open-cell sponges

4.1 Introduction

It has been stated in the first chapter that sp@tgectures have a great potential in
industrial applications involving gas-solid catatyprocesses at short contact times and
high reaction rates, often controlled by diffuslonitations. Despite of a few published
studies on the mass transfer characteristics dfettstructures [1,2], no consistent
evaluation of the influence of sponge morphologynuass transfer has been reported,
yet. For engineering purposes, the correlation oimentum and mass transfer to
morphologic properties of sponges is essential.artadysis of geometric characteristics
of sponges with four different pore sizes and tlpesosities is reported in chapter 3.
With knowledge of mean pore and strut diameteraeb as porosities and geometric
surface areas of the used sponges, the influensparfge geometry on mass transfer
and pressure drop can be evaluated.

The present chapter focuses on the measurementas$ tnansfer coefficients and
pressure drops of sponges with different pore diessand porosities over a wide
hydrodynamic range. For validation of the experitaemethod and for comparison of
the performance of different geometric structuregss transfer coefficients and
pressure drop of well studied structures such aedfibeds of spheres [3] and
honeycombs [4] are also analyzed. Here, a traderdéix between the volumetric mass
transfer and the pressure drop as defined by Gaaral. [5] is used to allow a
quantitative comparison of the different carriers.

The main objective is to yield a general dimenseslcorrelation for the prediction of
mass transfer coefficients of sponges from hydradyin or pressure drop data in a
wide variety of pore densities and porosities.

4.2  Theory

42.1 Mass transfer

The term “mass transfer” refers to the motion ofenoles or fluid elements caused by
any form of driving force, including not only moldar diffusion but also transport by

convection. Steady state molecular diffusion iscdbed by means of the first Fick’s

law (one dimension):
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J,="Dy BCL% = =0, D, % (4.1)
with

Ja : diffusive flux density of component A [mol/@s)],

Dag diffusion coefficient or “diffusivity” [nf/s],

Ca : concentration of component A in B [mofm

g, molar density [mol/m,

Ya : molar fraction [-].

The diffusion coefficient, originally derived frothe kinetic theory of ideal gases, is a
property of the binary gas mixture and indepenaér@oncentration (at low densities).
A widely accepted relation for diffusion coeffictsnn gases was suggested by Fuller
[6] (Appendix E).

Mass transfer at a phase boundary

When transport to or from a phase boundary is mdrglmolecular diffusion and the
flow field is known as if the flow would be laminaate equations relating the variables
affecting the diffusive process can be developednobst processes, however, the flow
is turbulent to some degree and the flow field as well specified. For this situation,
different mathematical models have been developgd [

The stagnant-film model was proposed in the begmmf the century by Nernst [8]
and has been widely applied to both, heat- and tnassfer. The model is based on the
fact that the local velocity approaches zero atdhdace when a fluid flows over a
phase boundary. Resistances to mass (and hedetjaare usually confined to a region
quite close to the phase boundary, suggestingdttee of a stagnant film through which
transport is solely by molecular diffusion. Thegstant film is of a thicknesg, as to
explain the experimentally observed magnitude efrttass transfer resistance. Though
the model oversimplifies the actual conditions néer phase boundary, it has been
shown to be useful in several applications, giviglgable predictions for mass- and heat
transfer rates in laminar and turbulent flow [7 Bigure 4.1 illustrates the situation of
mass transfer of a fluid in a binary mixture to the surface of a solid batawith an
activity high enough, so that the concentratiorthef reacting componert is zero at
the surface. The real overall resistance to massfer is described by the model within
the film of effective thicknessy, where the concentration drops from the bulk
concentration at thg = y, to zero aty = 0. The unbroken curve displays the true
concentration profile, and the broken profile isgicted by the film model.

The linear slope shown in the figure can only bleetain the case of equal-molar
counter diffusion wherédNa = — Ng, or in dilute gas systems, where the additional
convective transport of moleculesAin direction ofJa is negligible.
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Figure 4.1: The film model profile (broken) and thge profile (unbroken) of the concentration ofnA
the case of mass transfer from the bulk fluid togblid surface of a catalyst.

The correlations of mass-transfer data which empliayensionless groups stem from
the film theory. The physical meaning wfis that this film thickness depends strongly
on the flow conditions and the properties of thedl If the velocity is increased or the
viscosity is decreased, the film will become thinntereby enhancing the net mass
transfer.

The mass transfer coefficient is defined by Shedva® the ratio of the net molar flux
Na to the driving force for diffusionC,, giving after integration of eq. (4.1):

k = NA — A8
i (CA,yo _CA,O) Yo (42)

O

In engineering processes, the flow is extremely mem due to tortuous geometric
arrangements where the useygfs unsuitable, since local conditions vary oveargé

area of the phase boundary. The film thicknesshmameplaced by a system specific
length dimension to develop a convenient dimensgmlgroup for the general
description of the physical phenomenon studied.ldqee to the film thickness, the
dimensionless mass transfer coefficient will dependthe hydrodynamic conditions
and fluid properties of the system, which can bmésl in dimensionless form as well:

% = f(ReSc)= Sh, referred to as the Sherwood number, with (4.3)
AB
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U,[L

Re=——M "the Reynolds number and (4.4)
1%

SczDL , the Schmidt number, (4.5)

Uo : superficial velocity [m/s],

Lchar : characteristic length [m],

v=nlp : kinematic viscosity [Ats).

Numerous correlations for the flow around sphepéstes, cylinders, through pipes and
packed beds in a broad range of flow conditioner@wmployed the dimensionless form
given in eq. (4.3), which arises from dimensionalgsis of the specific system, as will
be discussed in Chapter 4.2.3. The same procedurbec applied for the evaluation of
mass transfer in cellular structures, if the geoimétatures are properly characterized.

4.2.2 Pressure drop

The pressure loss accompanying the flow of fluidsuad spheres, through pipes,
packed columns or any kind of porous structure bagn subject of intense

investigation since it plays an important econonole in most engineering processes
involving flow. The main objective is to get a radmship between the volumetric flow

rate and the pressure drop. If velocity and presslistributions of the system are
known, the relationship may be obtained from thé&utsm of the Navier-Stokes

equation for momentum [9] as is the case of lamith@awv through pipes (Hagen-

Poiseuille flow).

The same problem arises here as in the case oftraasfer, where the flow is complex

in porous and tortuous structures, and velocity ares$sure profiles can not be easily
calculated like for instance in packed beds. F@s tipe of systems, correlations of
dimensionless influencing variables are developeunfexperimental data for the

estimation of the flow behaviour in geometricallyngar systems. This method is,

again, based on dimensional analysis. The dimeles®mressure drop is generally
defined as the friction factdr(or &), which represents the energy loss due to frietion

and/or drag forces divided by the kinetic energtheffluid per unit volume:

f - E Lchar Ap
4L, (12pw:e

=f(Re (4.6)
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The relation between the friction factor (or pressioss) and the Reynolds number is
well studied and correlated for the flow in tubesly friction) and around spheres (drag
and friction) among other arrangements [10].

Pressure drop in packed beds

One complex system of great interest in chemicaginaering is the packed column,
widely used for separation processes and indusiai@lytic reactions. In the randomly
arranged packings of spheres or bodies of othemgets, it appears convenient to
simulate the real complex structure with a simpdsi® structure. Two models have
been proposed: the flow over a single particlepbrese, and the flow through a tube or
capillary [9,11]. The tube model has shown to bearsuccessful for the description of
the pressure drop, and most correlations givehenliterature are based on it. For this
idealized system, the characteristic lenigthy, is the hydraulic diameter of the “tube”,
and the friction factor can be defined with eq.6J4.The hydraulic diametedy, is
defined as the ratio of the cross section avail&dnldlow to the solid perimeter of the
structure. For a bed of spheres, it can be cakdlas follows:

4B\\/7F:4Di~

R R & e =LY
s i geo (1_8)% €

with

Ar X void cross section area In

Ps : wetted solid perimeter [m],

Y/ void volume [,

As : geometric solid surface area Im

£ : porosity [-],

Speo - geometric surface per bed volume 2],

Dp : sphere diameter [m].

From eqs. (4.6) and (4.7), the friction fractiomdae determined from experimental
data, leading to the Ergun equation [12]:

— 2 —
AP _ 150t oy 41758279 g2 e 48
& D’ & D ° (4.8)
p p

bed
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The dependence to the porosity in the equatioresrfsom the definition of the
hydraulic diameter for the packed bed (eq. (4.7J &om the use of the interstitial
velocity of the fluid as the characteristic velgcitnagnitude:U = Uge This
mathematical relation was found to correlate satisirily the pressure drop of granular
solids of different size and shape with bed pomesitnear 40 % over a wide
hydrodynamic range. The Ergun equation has alsa bee basis of the evaluation of
pressure drop data for ceramic and metallic spopgblished in recent years [13-15].
Nevertheless, it seems more reasonable in thistoasse the generalized equation for
flow through porous media denoted as the Forchhregmeation [11]:

_n pP 2
"% Wor oW, (4.9)

2

where k; and k, are the permeability parameters of the structiepeddent on the
porosity and the characteristic length of the stmec The dependence of thevalues

on the structure of a sponge is not necessarilygdénee as in the Ergun equation, since
their morphologies differ considerably from thodepacked beds. The values of both
permeability parameters and their dependence arsjptprand pore size can be obtained
from experimental pressure drop measurements ampassible, correlated to give an
overall relation for sponges with different georneeteatures.

4.2.3 Dimensional analysis and analogies

Every physical phenomenon is determined by a saifesfluencing variables. The
relations of the characteristic parameters to thenpmenon are represented as
functional equations, usually differential equatiomAs described in the previous
chapter, it is often not possible to solve the wbby analysis and calculation since
the mathematical difficulties are too great whea pinysical problem is very complex.
In such cases, the investigation of the problem toadegin with finding out the
important physical properties and developing matteral relations which govern the
phenomenon. This approach can be realized by diovaisanalysis and similarity
theory [16]. In the study of problems depending atarge number of parameters,
dimensional analysis is especially valuable in o#aly the number of independent
variables by defining dimensionless relations betwenfluencing parameters and
determining which of the variables are not sigwifit The evaluation and comparison
of experimental data of the complex geometriesyaeal in this work will be therefore
based on dimensional analysis, which will be exy@dibriefly.

Functional relations between physical quantities: Tie /7-Theorem

The fundamental units of measurement in engineeang length, time, mass,
temperature, electric current and light intensifyhe units of measurement (or
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dimensions) of all other quantities are obtainedmfrthe fundamental units. The
functional relations characterizing the physicabljjem established theoretically or
from experiments represent physical laws, and thenemical values of these
dimensional physical quantities depend completalyhe choice of a system of units of
measurement, which has actually no connection thiéhnature of the phenomenon.
Functional relations expressing physical facts igeaeral way, independent of units,
must have a dimensionless form. This is the basteeo/7-Theorem, or Buckingham-
Theorem, that asserts that any dimensional physétaiion can be represented as one
substituting between a set of dimensionless inddgr@nproducts /J-products) of the
measures of the influencing quantities (Appendix[EjJ]. The applicability of the
[T-Theorem will be approached to briefly by a reldvaase of mass transfer directly
related with this contribution.

Mass transfer in a packed column

In a first necessary analysis, all influencing anguits have to be specified. In a packed
bed of ideal spheres, if the ratiDg,dDp andL,ed Dy are infinite, the only characteristic
geometric parameters for the problem Bgeand the bed porosity. The data would
consist of

- fluid properties : n, p, Dj,
- geometry : Dy, € (ideal infinite bed),
- boundary conditions: : Uo;(orUo /€ (one dimension).

The analyzed property is the net mass transfefficmesit ky, (eq. (4.2)) from the bulk of
the fluid to the solid surface of the particleghie column:

k,= f(n,0.D,,D,.,eU,) (4.10)
One solution from dimensional analysis is:

k,D, _ (UOEDpr .
D ’

F
n pD

ij

: ,e] =F,(ReScg) (=Sh (4.11)

Another possible dimensionless solution also reteto as the Stanton number is the
ratio between mass transfer coefficient and vejocit

Uﬁ =F,(ResScs) (=59 (4.12)

The number of arguments F is hereby reduced to thré@Products. Based on this
result of dimensional analysis, the heat and messsfer in packed beds has been
widely investigated experimentally during the pask decades [3,10,11]. The
dependence ofst and Sh on the fluid propertiesSQ has been found to be well
represented bt /7Sc?”® andSh /7S¢ respectively [7,18]. This is readily understood
by the definition of both dimensionless mass transbefficients:
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k,[D D, [
st=koXe Dog 1 (AP _ghp 1 pgem (4.13)
U, D, DU, 7 RelSc '

From this dependence stems the definition of thiéd@hColburn- orjp-factor:

K, «o2s_ Sh
=_m g =
lo U, ReBC?

= Fy(Reg) (4.14)

The dependence of thg-factor (or SH on Reynolds number and porosity has been
extensively evaluated [3,7]. The agreement is netays satisfactory since the
experimental methods, the hydrodynamic conditiomsthe form of the particle$ .a)
varied considerably. Nevertheless, correlationshveitceptable agreement of results
have been proposed. The most widely accepted deswdusion of the physical problem
is the one proposed by Dwivedi and Upadhyay [3]p whaluated several hundred data
points from different authors (eq. (4.15)).

-0.407 .593
i, =0.4548°C  or Sh=0.45485¢" F AL (10 <Re< 15000) (4.15)
& &

Analogies between mass, heat and momentum transfer

The close similarity of the phenomenon of masst hed momentum transfer in fluids

is suggested by the fact that the basic equatiessribing the fluxes have the same
form, making it possible to apply an analysis oé @f the phenomena to the other two,
when geometry and boundary conditions are equitvalen

J,=-D,, Bd& ; Fick (4.1)
dy
T .
=-A Gd— ; Fourier

q dy (4.16)

r=-n G% ; Newton (4.17)
dy

with

q : heat flux density [W/A),

A : thermal conductivity [W/(rK)],

T : shear stress [NAD

A method for applying the analogy of transport pimaena was proposed by Chilton
and Colburn, based on the “modified Reynolds-Anglogetween heat (and mass)
transfer and fluid friction [18]:



4.2 Theory 77

jH=Eﬁ£EIiPﬁ“=£*H%R® (4.18)
where

h : heat transfer coefficient [W/GK)],

Co : heat capacity [JIg)],

f : “skin” friction factor [-],

Pr : Prandtl number ﬂ% [-]-

The “modified Reynolds analogy” holds for fully budent flow in tubes and parallel to
plane surfaces, but doesn’t apply for flow acradses or other geometries, where form
drag becomes decisive at highBe From the evaluation and testing of well-
substantiated correlations for heat transfer onsni@ssfer data, the authors suggested
that, due to the close relation between the nat@ithermal and molecular diffusion,
“the heat transfer factgp could also be used for estimating coefficientstfansfer of
material by diffusion”. The Chilton-Colburn heat dam€mass transfer factors show
equivalency|p =ju) over the whole Reynolds range for very differgmes of flow:

. h
= [8¢°=———[Pr* =F(Re
] U, U, (Re) (4.19)

or written in the Sherwood-Nusselt equivalent ielat

Sh_ - N (4.19)-b
Re[B® RelPr® '

The Chilton-Colburn equation is the most acceptedntjtative description of the
discussed analogy and has proven to be usefuhtoptediction of heat- from mass
transfer or vice versa upon flow through packedsbadound cylinders and in tubes [9].
The analogy between mass and heat transfer is walkgh the influence of radiation is
negligible.

In recent years, a new type of analogy between mame transfer due to friction and
form drag (or pressure drop) and mass (or heatsfiea has been proposed by Martin
[19]. It may be used for external (around cylindiensd internal (through tube bundles)
flow. The analogy is based on the theoreticallyividelr heat transfer equation of
Lévéque for a developing thermal boundary layea finlly developed laminar flow in
tubes:

Nu =1.615[(RelPr D /L)* (4.20)

The equation can be generalized for the case btikemt flow as long as the boundary
layer remains within the viscous sublayer. SubstiguRe from the Hagen-Poiseuille

law for fully developed laminar tube flovRe = 16f (or Re = Hg/32), yields the so

termed “generalized Lévéque equation” [20].
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Nu =0.404{(2 X, (Hg [Pr D, /L)** (4.21)
with

X¢ X fraction of the total pressure drop due to ioiet [-],

Hg Hagen number 2[f [R€ # F(Re) [-1,

Dn : hydraulic diameter [m],

L : empirical length [m].

The equation has been slightly modified in the caafD, andL, depending on the
phenomena studied [19,20]. The frictional fractajriotal pressure drog contributing

to heat or mass transfer according to the Lévégatgy was found to be constant over
a wide Reynolds range, but can vary from 0.2 tod&pending on the geometry used.
Martin [19] recommendsg; = 0.5 for practical applications.

Even though the Lévéque-equation was defined ferdhtry region of a tube, this

analogy has been proven to apply for the qualiggpirediction of heat and mass transfer
coefficients from pressure drop data in the crossrugated channels of heat
exchangers, in packed beds, in crossed rod mateandsother spacewise periodic
arrangements. The applicability most probably arisem the fact that, in complex

geometric arrangements, the thermal and viscousxdaoy layers are repeatedly
developing and interrupted during flow through eoumd the structure. From this

perspective, it can be anticipated that the Lévé&madogy holds for cellular structures
as well.

4.3  Experimental

The selection of sponges and structures used fompadson was presented in the
previous chapter together with the geometric festaf these carriers.

4.3.1 Mass transfer properties of ceramic sponges, beadsid honeycombs

A suitable method for measuring external mass teaqsoperties from the bulk of the
gas phase to the solid surface of a geometrictsmeics to quantify the effective rate of
a chemical reaction catalyzed by the solid surfawder conditions where mass transfer
is the slowest and, therefore, rate limiting stéphe process. The reaction chosen was
the oxidation of carbon monoxide in air. The cdialgystem Pt/Sng) here used as a
washcoat on the sponge surface, is highly activihenCO oxidation and allows for
mass transfer control at moderate temperaturedimitrary kinetic experiments at
different temperatures (chapter 2) showed that 241 °€ mass transfer control is
reached for all sponges at the highest Reynoldsbetsn In case of the honeycomb,
external diffusion control was reached already & IC, whereas the 1.5 mm beads
required temperatures up to 250 °C to reach compheiss transfer limitation.
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After finding out the optimum conditions (15.5 MR&) °C) for supercritical deposition
of Pt on Sn@ all used structures were loaded with tin dioxahel subsequently with
platinum following the method developed in chager

4.3.1.1 Process system, reactor packing and system balance

Mass transfer rates through Pt/Snédated sponges were measured in a differential
plug flow reactor with external recycling. A detll description of the experimental
apparatus, the reactor packing of sponges andystens balance is given in chapters
2.2.6 and 2.2.7. The reactor loading of sphericebds was performed by
homogeneously packing a 30 cm bed of blank cerapieres until the middle of the
reactor, between the glass joints for the thermplasy carefully placing the catalytic
beads (same geometry) on the blank beads prevahgirgaccumulation on the reactor
wall, and subsequently placing a second 30 cm bledblamk spheres to ensure
characteristic flow through the whole bed. In tlese of the 400-CPSI honeycomb
carrier, extreme care had to be taken to ensurpdtfect continuity of the channels in
order to avoid turbulences at the entrance regibrthe catalytic middle piece,
substantially influencing the hydrodynamic- andhwit, the mass transfer phenomena
through the bed [21].

The CO inlet concentration was varied between 18@02000 vol.-ppm. At a constant
system gas hourly space velocity (GHSV) of app#60,000 H, the hydrodynamic
conditions along the catalyst bed could be varigadltering the frequency of the pump
and hence, the recycle flow rate (5 — 200 I/mingasured with M&W lowAp mass
flow meter. The kinetic coefficients of the CO oaitbn in the mass transfer controlled
regime were measured at superficial velocities betw0.2 and 12 m/s, at reactor
conditions (220°C).

To correctly calculate the rate coefficients of masansfer, depending only on the
hydrodynamic behaviour of the gas flow through spenges, a mass balance has to be
made over the whole recycle system. A detailedrgesmn of the equations describing
the process system is given in chapter 2.2.7. &ke ¢oefficient as a function of the
measured quantities reads:

(= 0*R) [ﬂn( 1+ RO~ Xgo) j

r @+ R M- Xeo) 2.7)
with
R recycle ratio: V. ./V, [,
Xco system CO conversion [],

r . residence timev, /V, [s].
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When analyzing the mass transfer coefficients fééréint hydrodynamic conditions, the
recycled flow rate and with it, the deviations bé treal system from CSTR are varied.
The deviations from CSTR can be easily calculatedibiding the real rate coefficient

k, by the coefficient at ideal CSTR conditidqgstr

e % E'1—X%co (4.22)
giving:

Kk, _ @+RM-Xeo) o 1+ROL-Xgo)
K, corn = X [ﬂn( 1+ R)[{1- xco)j (4.23)

At recycle flow rates below 25 and/or conversiobswe 80 %, the deviations from
CSTR are considerable (>10 %) [22]. For this reasspn(2.7) was taken for calculating
the rate coefficients, independently of the floginee being analyzed.

4.3.2 Pressure drop through sponges, beads and honeycombs

The pressure drop was measured using the sameasyppdfor this purpose, the upper
and lower ends of a cylindrical sponge piece ofnd® were removed, since these
showed increased blockage of pores due to the raetoming process. The sponge was
then wrapped in glass fabric and pressed into ssgkactor with two lateral glass tubes
placed 12 mm above and below the packed spongeré~#2). The assembly of the

reactor was the same as described in chapter 2prEissure drop was measured with a
water manometer at superficial velocities up tond/S. The gas temperature was kept
constant at 220 °C in order to achieve the sameokythiamic conditions as in the mass
transfer experiments for a better comparison ohlmbperties. The packing of the

honeycomb was performed with the same procedure.nt@asuring pressure drop

through packed spheres, a 70 mm bed of blank be#adpacked in the middle of the

tube between sponge pieces of low pore densitynmhanical hold.

In contrast to the mass transfer experiments, #wycte system was opened to
atmospheric pressure, i.e. the intake- and presstdeeof the recycle pump were opened
to atmosphere, leaving as the experimental setuplyna packed, heated tube with a
controlled gas flow and a water manometer. Previmeasurements revealed that
leaving the closed recycle system lead to conduderdeviations in the pressure drop
values of a given sponge piece due to under-atneogppressures in the effluent region
of the reactor, prior to the entrance of the pump.
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glass
fabric

Figure 4.2: Packed glass tube for pressure drop snesments.

4.3.2.1 Practical considerations

The first attempt for measuring the pressure driofh® sponges was to use the same
packed catalytic bed after the mass transfer exyeris by simply replacing the
thermocouples with the water manometer. Compansitim results from the literature
and lack of reproducibility gave a first impresswinthe unsuitability of the method for
reliable values of the pressure drop. A new glabs had to be constructed, with lateral
glass tubes being further away from each othem{ét). Measuring the pressure drop
directly at the axial position were the sponge paghkvas placed lead to considerable
higher pressure drop values than the actual presdwap per bed length. The holes
made in the glass fabric along the sponge bedderao measure the pressure drop
most probably caused a bypass flow from the meagaxial positions to the positions
at the entrance and outlet of the wrapped sporngeep] somewhat over and under the
lateral glass tubes, respectively. If this is thee; the length used for the calculation of
the pressure drop per bed length was shorter tmarad¢tual length where the static
pressures are being measured, leading to erronetuss for the pressure drop. First
experiments using the same sponge piece with drffeppacking methods and
experimental procedures regarding the recycle lfinghve insight to the correct
measuring method and confirmed the suppositionsepted above. Therefore, great
attention should be paid to the experimental prosedegarding the analysis of the
pressure drop, since even though the principlasite gimple, many influencing factors
can significantly hinder the correct evaluatiorttoé important property.

4.4 Results and discussion

The mean Sng and Pt-contents of the structures used are piext@m Table 4.1. The
tin dioxide content of the sponges increases witeiasing geometric surface or pore
density, respectively, as would be expected fro®n& layer of constant thickness.
The ratio of Pt to Snremains nearly constant at about 10 %, suggestatgplatinum
adsorbs exclusively on the tin dioxide washcoatdmanalysis of the sponges, beads
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and honeycomb before and after wash coating showgtigible variation (< 2 %). A
variation of the mean pore diamet®yp of the sponges upon coating could not be
detected, and the reduction in porosity was lowant3 %. The rather high SpO
coverage of the beads was necessary to obtain ademeous washcoat on the
geometric surface area since the alumina matrom fiwhich these structures were
made, was not sufficiently sintered by the manufiest(BET — surface area = Fiy).

Table 4.1:  Sn@and Pt loadings of the structures used.

Catalyst SnO; [wit.-%] Pt [wt.-%] PY/SnO; [%]
10PPI_0.8 3.8 0.52 13.7
20PP1_0.8 4.3 0.43 10.0
30PPI_0.8 5.3 0.51 9.7
45PP1_0.8 7.3 0.71 9.7
10PPI_0.85 3.3 0.38 11.3
20PPI_0.85 6.4 0.54 8.5
30PPI1_0.85 7.1 0.60 8.5
45PPI_0.85 8.9 0.86 9.7
20PPI1_0.75 4.5 0.43 9.6

M-40PP|_0.95 6.3 0.52 8.3
HC 400-CPSI 9.5 0.94 9.9
Beads 3.3 mm 19.9 1.92 9.65
Beads 1.5 mm 19.4 2.12 10.93

The relevant geometric features and porositiehefstructures under investigation are
presented in Tables 3.1 and 3.2 of the previoupteha

4.4.1 Mass transfer coefficients

4.4.1.1 Mass transfer coefficients of ceramic sponges

Figure 4.3 displays the volumetric mass transfaffaments of the sponges with pore
densities between 10 and 45 PPI and a total pgro$i85 % as a function of the
superficial gas velocity. Different shadings of ayenbol type denote different catalytic
pieces of the same type. Due to the irregular eatirthese structures, deviations
between samples were expected. The deviationsnaal But increase with increasing
pore count from = 3 % (10-PPI) to £ 7 % (45-PPlparallel with the inhomogeneities
of the bulk density observed on the sponge bodresiged by the manufacturer
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(chapter 3). For this reason, three to four difi€sponge samples of every sponge type
were measured in order to gain representative sdreheir mass transfer properties.
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Figure 4.3: Volumetric mass transfer coefficients d sponges £=0.85) versus superficial gas
velocity.

As expected from the external mass transfer cqritnel rate coefficients increase with
increasing superficial velocityk, O Uy @4 = %2 The values of the volumetric
coefficients increase with decreasing pore sizeesiime geometrical surface area per
bulk volume increases as well (Table 3.2). A higlwmmount of CO can be converted in
the same volume of a 45 PPI sponge than in a 1G&pdtige. The sponges with lower
porosity showed the same tendency and very simdhares to the sponges with 85 %
porosity.

With the geometrical surfacege, from MRI-analyses, the mass transfer coefficients
(km) could be calculated from volumetric coefficientish eq. (4.24):

K = % (4.24)
The ceramic sponges exhibit similar mass transfefficients over the whole velocity
range even though the surface areas differ corabtlgeras is exemplarily shown in
Figure 4.4. The dependence of the mass transfdiiacterts on the superficial velocity
is slightly higher for sponges with larger pore8-(and 20-PPI) than for the other two
pore densities. The same tendency was observedHhdgdgel et al. [23] when measuring
heat transfer coefficients on cordierite spongeth \wore counts very similar to those
used in our work. The authors found similar heatdfer coefficients for all sponges in
a range of 0.5 — 14 m/s, as well as increabiggxponents with increasing pore size.
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Figure 4.4: Mass transfer coefficientg &f sponges with 80 % porosity versus superficéa gelocity.
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Excluding the dependence of the mass transfer pgrepeof sponges on reactor
diameter and length of catalyst bed is essentralhf® applicability of the results given

in this work. For this reason, different spongemdiameters and lengths were
chosen for the sponges of types 20-PPI_0.8 andP300E8. Two reactor diameters as
well as three bed lengths were chosen: 15 and 25 amd 14, 25 and 50 mm,

respectively. The influence of both parametersddrout to be negligible as can be
seen exemplarily in Figure 4.6. The volumetric miagssfer coefficients show similar

values. The deviations are smaller than 10 %, witthie deviations found upon

measurements of different sponge samples of thee dgpe. Therefore, it can be

concluded that, within the evaluated range, theradteristic flow of the analyzed

sponges is fully developed, and the mass transtgyepties are not dependent on the
reactor geometry.
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Figure 4.6: Volumetric mass transfer coefficient20 PPI_0.8 sponges with different dimensions.

4.4.1.2 Structure comparison

The mass transfer coefficients of the analyzed Headl honeycombs are plotted in
Figure 4.7 together with data of three spongesnggavas far as possible, similar
geometric surface areas. When evaluating the diffestructures with the highest
surfaces areas, namely the 1.5 mm beads, the 480/@meycomb and the 45-PPI
sponge, a definite trend is recognizable in theieslof the mass transfer coefficients,
namely: beads > sponge > honeycomb. Even thougihdheycomb has the highest
geometric surface area of all analyzed structutes;tually displays the poorest mass
transfer performance (per bed volume and per stirfaea) among all carriers. The
mass transfer coefficients of the 20-PPIl spongé$efent porosities show similar
values) and the 3.3 beads are very similar at yesagbial S0 The volumetric rate
coefficients of sphere packings increase in a ggomanner with increasin§e, as



86 4 Mass and momentum transfer phenomena upertttough open-cell sponges

compared to the sponges. This can be better uondéeistvhen comparing the mass
transfer coefficientk, of sponges and beads. While the mass transfefiaerts of
sponges in a wide range &f, remain nearly constant, the mass transfer coeffiof a
sphere (single or in a packing) increases witheasingS;e, (or decreasing diameter),
as can be seen in the right plot of Figure 4.7.
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Figure 4.7: Volumetric (left)- and surface areaatdd (right) mass transfer coefficients as a funeti
of the superficial gas velocity over different garrstructures.

A dimensional analysis provides a more significdascription of the mass transfer
properties since it includes all parameters inftieg the phenomenon.

4.4.1.3 Dimensional analysis: dimensionless evaluatiorhefresults

The relevant physical magnitudes for a dimensicaalysis of the mass transfer
through a packed bed of spheres were defined iptehd.2.3. From the data describing
the phenomenon, the fluid properties and boundanglitions are the same in the case
of sponges and honeycombs. The geometry and tlosipoare the varying parameters
when comparing these structures. The choice ofachenistic length is arbitrary to
some extent for each geometry. None the less, wheparing different geometries in
the non dimensional form, the same geometric feashiould be taken for definition of
Reynolds- and Sherwood numbers (cf. chapter 4.24¢ most adequate choice of
length is (@ea'l. Sherwood then represents the rate of mass trapsfegeometric
surface area of a given structure.

Analog to eq. (4.11), Sherwood- and Reynolds nussan be defined for the three
structures, beads, sponges and honeycombs:

sh=—fn g Y%l 1 ) p(Re sce) (4.25)
eo ;7[5960 pDDij
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The mass transfer performance per surface a®#g pver Re of the carriers,
representing the surface area-based hydrodynamditams, are displayed in the left
plot of Figure 4.8. The 400-CPSI honeycomb showdabnythe poorest mass transfer
performance at constant hydrodynamic conditions sarfhce area. The mass transfer
properties of spheres and sphere packings candugiloled with a single characteristic
length, the particle diameter. In contrast, theetoof the three different sponges used
in the figure show a systematic difference in bplibts. The mass transfer coefficients
per surface area increase with increasing cell $i#gle the 20- and 45-PPI sponges
have slightly lowerSh values than the beads, the slope of 10-PPI spingkghtly
above theSh-Re-slope of the beads. The mass transfer performahsponges is in
the range of that of packed spheres.
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7 o %% & 10
oD
1 0 g @ 6 10PP_0.85 oopr -
@ beads 1.5 mm S e
© beads 3.3 mm &
@ 20-PPI_0.85
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o1 0O HC 400-CSPI 1 Lchar = Dy, Dpand Dyaricies re€spectively
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Figure 4.8: Left: mass transfer versus hydrodynamioperties (ShRe) of the bead packings, the
honeycomb and the three sponges based on theiectrgp geometric surface area. Right:
same data using the pore diameter,Dthe hydraulic diameter () and the particle
diameter (Baricie), respectively, as the characteristic length fonensional analysis: lines
represent literature relations for honeycombs [#idabead packings [3].

To ascertain the quality of the experiments andaaate the correctness of the mass
transfer coefficients, the data obtained from haoeyb and beads are plotted together
with literature correlations foBhin these fixed beds in the right diagram of Figdir@.
There, the characteristic lengths were definedsamluin the literature, namely as the
particle diameter for the spheres, the hydraulargiter for the honeycombs and the
pore diameter for the sponges. The trend remaasdme as in the left plot, since these
three last features are strongly related to thiaserarea of the structure. There is a very
good fit between the data and the correlation ofvedi & Upadhyay for particle beds
(eq. (4.15)) [3]. The agreement between the exparial data of the honeycomb and
the theoretical relation developed by Hawthorn(gt]. (4.26)) is also satisfactory.
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0.45
Sh= 2.976[€1+ 0.078me[5c5%j (4.26)

In this relation,L, the length of the monolith, is a second influegcigeometric
parameter that has to be included in the dimenkmmalysis to correctly describe this
structure. For long catalytic honeycombs, the niasssfer coefficients are independent
of the hydrodynamic conditions, leading to the astotic value of approx. 3. In this
work, however, the honeycomb monolith had a lemmtB5 mm, leading to the slightly
increasing slope of the correlation at higRex(Figure 4.8 (right)).

The dimensionless mass transfer d&tg ¢f all ceramic sponges used in this work with
the pore diametdD, as the characteristic length (eq. (4.28)) canXpgessed in terms
of the hydrodynamic properties, Be(eq. (4.29)) as:

Sh= AR [Bc" (4.27)
kD
Sh= : (4.28)
AB
U, D,
Re= (4.29)

v

The diffusion coefficient of CO in aifag = Dco ain @amounts to 4.1 — 4%510° m?/s at
system gas temperature, depending on the variationmessure. Figure 4.9 shows
exemplarily one set of experimentah-Redata for each sponge type. Since the fluid
properties were kept constant, tisEnumber is not included in the figure. The
minimum superficial velocity in the operation modsish external recycle was 1.2 m/s.
For this reason, two sponges (30PPI_0.85 and 4BF8%) were tested in a plug flow
without recycle to extend the velocity range tovgalmver values. The conversion data
in this case were transformed into kinetic ratestamts by using the PFR reactor
model:

1
kv,PFR = _; On@- X(:o) : (4.30)

The minimum superficial velocity was 0.2 m/s sirthe CO conversions were higher
than 90 % at lower velocities (higher residencesjim

The Sherwood numbers of the sponges increase metisize of the pores. The values
for the constanté andB (eq. (4.27)) found for each sponge type (3 dats fee every
sponge type) are listed in Table 4.2. As discusdex/e, the mass transfer properties of
sponges can not be uniquely described with hydrahya and fluid properties alone.
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From dimensional analysis it becomes clear thatadditional, not yet considered
geometric influence has to be searched for anddiecl in the evaluation of the data.
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Figure 4.9: Experimental Sh-numbers as a functibthe Re-numbers of nine different sponge types;
circles: 10PPI, diamonds: 20PPI, triangles: 30 PBhd squares: 45 PPI. Different
shadings represent different porosities.

Table 4.2:  Values for A and B in eq. (4.27) derifredn the Sh vs. Re plots of the sponges.
Sponge type A B Rerange
10PPI1_0.85 1.60+£0.16 0.48 £ 0.02 77 -1103
20PPI_0.85 1.26 £0.16 0.45 +0.02 62 - 661
30PPI_0.85 1.15+0.14 0.45 +0.03 7.5-395
45PP1_0.85 1.04£0.11 0.43 £0.02 8.9 -325

10PPI_0.8 1.34 £ 0.09 0.50+0.01 66 — 946
20PP1_0.8 1.65+0.14 0.41 +0.01 58 - 695
30PP1_0.8 1.21+0.18 0.43+0.03 54 — 507
45PPI_0.8 0.97 £0.13 0.44 +0.03 36 — 352
20PPI_0.75 1.17+0.22 0.46 +£0.03 68 - 620
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4.4.1.4 Comparison with literature correlations: heat arabstransfer

When comparing with literature data for mass ort heensfer, the geometrical and
material properties of the structures from theditere have to be known as precisely as
possible. The geometric specifications of the awgttawe often insufficient, and models
for calculating the geometric surface of spongefediconsiderably, making a
comparison difficult. For this reason, before compathe data from this work with
other publications, the information provided by thehors is considered and listed in
Table 4.3. The two most representative publicatiauith similar geometric sponge
features as compared to this work were taken forpawison. Groppi et al. [2] proposed
a generalized correlation for mass transfer in hietand ceramic sponges. Four
different sponges were taken there into accoumeetimetallic sponges (Fe-Cr-alloy)
from a previous publication [5], and one ceramiorgge (-Al,O3) with a pore count of
8.2 PPI (Table 4.3). The correlation proposed udleel strut diameter as the
characteristic length and the maximum interstitralocity between struts for Re-
definition:

Sh=0.91Re ¥ B" (4.31)
with
k_[d
Sh=——, 4.32
DCOair ( )
u_.ld
R == -, (4.33)
U
U’““T 2 0 2 (4.34)
1-—J/1-¢ '
A 3T }

To compare the data from Groppi et al. with owrad#ie correlation (eq. (4.31)) has to
be redefined with the pore diameter of the cubitamd the superficial velocity iSh
andRe The correlation of Groppi et al. is in good agneat with the mea®hvalues

of the 10-PPI sponges applied in this work (Figdr&0) since those authors used
mainly sponges with large pore sizes (8 — 15 PMthough the geometric features of
the system, such as the sponge diameter and I€nhgbte 4.3) as well as the procedure
of reactor loading differed considerably, the aitai values oShmatch satisfactorily.
The Sh-Reslopes from this work displayed for comparisorFigure 4.10, result from
the mean values of the constaAtandB for each sponge type.
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Table 4.3:  Geometric properties of sponges analyzéde quoted literature.
Porosity ~ Dpp? o Sgeo Re- (DL °
&[] [mm]  [mm] [m?] exponent  [mm)/[mm]

Groppi et al. [2]

mat. [PPI]

mass transfer Gh)

Al,O0; 8.2 0.84 31D, 0.84 802° 0.43 9/6-25
FeCr 5.9 0.95 4.3 073 3% 043 9/6-25
FeCr 125 0.94 2.0 029 781 0.3 9/6-25
FeCr 15.3 0.93 1.7 0.23 982 043 9/6-25

Schlegel et al. [23]
heat transfer (Nu)

Cord. 10 0.858 5.2Dn) - 667° 0.47 76/150
Cord. 20 0.867 2.6 - 1334  0.43 76/165
Cord. 30 0.863 1.73 - 2061 0.42 76/153
Cord. 50 0.854 1.02 - 3385 0.27 76/150

% p: pore; h: hydraulic
® calculated from the cubic cell model
“manufacturer specifications (Selee) idem

9 refers to the diameter of the sponge piece divided by its length

Schlegel et al. [23] analyzed the convective heatsfer and the pressure drop in
ceramic sponges made of cordierite having simitae gensities and porosities as the
sponges analyzed in this work. Since the heatfeanseasurements were performed at
160 °C, radiation is negligible. So, the analogysen heat and mass transfer or the
Chilton-Colburn-analogy [18] can be applied foradabmparison. Despite of comple-
tely different experimental methods and ceramicemails, the authors also observed an
increase in heat transfady) with decreasing pore count as can be seen irréigd0.
The dependency on Reynold?egexponent) also increases with the size of the gore
from 0.27 to 0.47 between 10- and 50-PPI indicatinggher degree of turbulence in
larger pores. Th&lu-values by Schlegel et al. are qualitatively in @@greement with
the experimentabhnumbers from this work. The slope of tBRplot in case of the 10-
PPI sponge is similar in all cases, even thoughsibe of the sample varies extremely
from a diameter of 9 mm (Groppi) to 76 mm (Schi@g€he deviations at higher pore
densities between thBu-numbers reported by Schlegel et al. and 8fenumbers
measured herein can not be overlooked. The difte®mre most probably due to the
different geometrical surfaces used. The authatsdt specify the origin of the values
for Seo but at a constant pore count, their calculatethsas are considerably higher
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than the ones measured herein, as can be seercapparison between Table 3.2 and
Table 4.3. The highe§yeo, values result in apparently lower heat transfesffanents
and thus, loweNunumbers. Furthermore, the authors did not meabractual pore
diameterD,. They definedNu andRe via the hydraulic diametdd, = 4*&S;e, Which
prevents a more quantitative comparison betw&enumbers from this work and their
experimentaNu-numbers.

100

o 10PP|_0.85
* 20PPI_0.85
s 30PP1_0.85 | Groppi: 8.2 PPI
= 45PP|_0.85
» 10PPI_0.8
+ 20PPI_0.8
+ 30PPI_0.8

= 45PPI1_0.8 W .
- 20PPI0.75 ol Schl.: 30 PPI

Schl.: 10 PPI

Sh, Nu [-]
=
o

op
op

1 | | | Ll

1 10 100 1000 10000
Re [-]

Figure 4.10: Comparison between mass and heat teardata: this work (Sh), Groppi (Sh) [2] and
Schlegel (Nu) [23].

4.4.1.5 Relation between mass transfer and hydrodynamieepties of sponges

In an attempt to find a correlation describing sgonges consistently, the additional
geometric influence has to be studied.

If the sponges used here would be geometric p&feanilar structures, i.e. every
dimension of the sponges would enlarge or contogcexactly the same factor, the
dimensionless representation of mass transfer anggs could be generally described
with Sh = f(Re,S§ All geometric features characterized earlier eveéested for
correlating the mass transfer properties of thenges:d;, d,, D, and @Qeo)'l. The first
one tested was the strut diameter, based on the garoelation achieved by Groppi et
al. [2]. However, with the sponges under investaratin this work, no general
description was possible based on the strut dianaetéhe characteristic length $h
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andRe Due to the nearly constant ratio between allégHebaracteristic” lengths, the
use of any of them yielded the same tendency, namidlerent Sh-Reslopes for
different sponge types, as shown in Figure 4.8ufeigt.9 and Figure 4.10. The pore
diameter perpendicular to the direction of flow ve®sen as the characteristic length,
since it is experimentally accessible and reprasenbur opinion a combination of two
characteristic geometric features for the void- sokitl fractions in spongesiy(+ d). In
order to describe these geometrically not perfesityilar cellular materials in a more
general way, an additional geometric influencingtda, defined here &Sy, has to be
included in eq. (4.27):

Sh= A[R€’ [5¢”[F, (4.35)

With the firstly characterized geometric featurdstioe sponges (Table 3.2), the
anisotropy not yet included, various definitions g were chosen and evaluated by
parameter fitting, as will be described below.

4.4.1.6 Mathematical modelling

Fitting of the model parameters was achieved ugirgVatlab software. The flowchart
of the parameter evaluation routine is shown inufeégt.11. A large number of different
geometric functiond=y were defined, containing different combinationstioé four
geometric features mentioned above and the fitnppaters (m, n) as exponents. Further
fit parameters wer@ andB from eq. (4.27). The starting values for the partars were
varied from zero to unity, showing no changes ie #nd values. The nonlinear
minimization was done with the function “Isqnonlihe algorithm in this function is a
trust region method based on the interior-reflectdewton method, described in [24].
With this algorithm, the confidence interval limigs well as the correlation of the
estimated parameters, using the Jacobian matrmxpeaalculated.

Introducing Fy simply as the ratio of the characterized lengésulted merely in a

further constant, as described above, with insicgmit influence and therefore not
unifying mass transfer data. The best empiricalynd functionFg, yielding the lowest

absolute variance (0.76) and the best correlatoalf sponges, was found to be:

F :( il j e, )" (4.36)

The estimated parameters and their confidencevaiterare listed in Table 4.4. The
parameter errors were estimated by a 95 % confedimdt.
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Figure 4.11: Flowchart of parameter estimation asdaluation of the geometric functiohl is the
number of experimental pointgis the tolerance.

Table 4.4:  Estimated parameters for the mass tersirrelation of ceramic sponges.

Parameter Value . confidence
interval (95 %)

A 1.00 +0.05

B 0.47 +0.01

m 0.58 +0.01

n 0.44 +0.11

It is important to know how the parameters are elated to each other. This can be
guantified by the variance-covariance matWxobtained from the Jacobian matiix
(N x 4) and the experimental error variaia as:V = Var- (J" - J)™. This 4 x 4 matrix
allows the calculation of the relative correlatiohthe parameters by dividing every
element of the matrix by the square root of thedpod of the variances of the
parameters (eq. (4.374)andj being the indices of different parameters.
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c =%
i var var (4.37)
with
Ci : element of the correlation matix [-],
covj covariance between parameteasnd| [-],
var, . variance of a given parameter [-].

Table 4.5 displays the relative correlation ma@iwf the estimated parameters to each
other. The diagonal elements are one, since thariemce of one parameter to itself is
equal to its variance. If an element of the maf@y) is close to unity, the parameters
and|j are strongly correlated. If the element is closezéro, the correlation of the
parameters to each other is weak. ParamétensdB are strongly correlated, since for
an optimum representation of the data an increa8eniould result in a decreaselnin
order to keep the deviation between the correldatidhe data points as low as possible.
The same logical relation applies for the correlatbetween the remaining parameters,
whereas the influence of their correlation is netedmining for the quality of the data
representation.

Table 4.5:  Symmetric correlation matrix C of thestimated parameters.

A B m n

A 1 -0.770 0.020 0.643
B - 1 -0.489 -0.035
m - - 1 -0.385
n - - - 1

4.4.1.7 Empirical mass transfer correlation for ceramicreyes

A major attempt of this work is to find a corretatifor the prediction of mass transfer
properties in sponges with different geometric desd, of which the user can take
advantage in the simplest way possible. The intbdo of Oy/0.001m) inFy is not
physically founded, but unifies the mass transtadollected in this work, yielding a
correlation with a minimum of geometric parameteesded. This is most advantageous
for the user, who would otherwise need to analy#s through sponge samples in all
directions (3D), thereby destructing many specimen.
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The following empirical correlation holds for além@mic sponges irrespective of their
porosities or pore counts, or more precisely fang@es with pore sizd3, between 0.87
and 3.13 mm (10 to 45-PPI) and total porositiesvben 75 and 85 % in the Reynolds
range 7 Re< 1100:

D 0.58
Sh=1.00RE ' B —"—| )" (4.38)
0.001m

The mass transfer data of all sponges accorditiygaorrelation are depicted in Figure
4.12 , showing no significant systematic deviatitorsa specific sponge type.

In order to check whether the empirical correlatfon ceramic sponges can be also
used to predict mass transfer coefficients of retaponges, the mass transfer
properties of the stainless steel sponge M-40P9% Qvere also analyzed. The
geometrical surface based on the tetrakaidecahadaomel was used to calculate the
experimental kp-values of the metal sponge from the volumetric snasansfer
coefficientsk,, since MRI-characterization of the ferro-magnaetiaterial is not possible
(Figure 3.11-B, chapter 3).
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Figure 4.12: Empirical correlation for the predioti of mass transfer coefficients in ceramic sponges
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Figure 4.13: Comparison between experimental Shealof metal sponge M_40PPI_0.95 and the
empirical correlation.

The experimentaBhdata of the metal sponge were taken and plotte¢dmparison
together with the established correlation (no didiag) in Figure 4.13. The agreement
between the slopes is within 6 %. As can be sdmmgtis no systematic error and the
experimental points fall pretty well within the daence interval of 95 %. It can hence
be concluded, that the correlation (eq. (4.38)atdsthed for ceramic sponges can be
used as well for metallic sponges for a first eation of mass transport in spite of
somewhat higher void fractions.

4.4.1.8 General dimensionless description taking pore amipy into account

Even though the empirical correlation is most ulséfu predicting mass transfer
properties of sponges in a wide hydrodynamic raadack of knowledge regarding the
geometry of these irregular structures made a palgi well based solution by
dimensional analysis most difficult. Pore and catisotropy and variation of cell
orientation of different sponge geometries werecafly recognized. An additional and
extremely laborious (and representative) charaaBon of pore diameters in thez
andy-z plane is needed for every sponge type in ordeyuemtify the anisotropy and
preferential orientation of the pores in space gtdra 3). With this, influencing
dimensionless geometric ratio(s) for this phenomehave been found and included,
suitable to describe these geometrically not pdyfeamilar cellular materials in a more
general way.

As explained in chapter 3, the most convenient ofaguantifying the pore anisotropy
of the sponges used herein is with the ratio batwike longest pore length divided by
the two shorter ones?/(b-c), since this feature is independent on the spatiahtation

of the cells or pores. Following the fitting appcbadescribed in subchapter 4.4.1.6, a
new geometric functiorirg o was defined including the pore anisotropy ratial &ime
porosity:
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(@Y 4\
Fg,A_(bEj e )" - (4.39)

The resulting, physically well-based general dggionn of the mass transfer properties
of ceramic sponges including fit parameters givimg lowest variance (0.78) is given
below:

2 0.84
Sh=0.81R&™ (B [ES—EJ 20% (4.40)

Figure 4.14 displays the general correlation predos eq. (4.40) together with the
mass transfer data of the ceramic sponges and dah&dence intervals of the
correlation.
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Figure 4.14: General correlation between the maasdfer, hydrodynamics and geometric properties of
ceramic sponges from this work, yielded from dirizered analysis of these structures.

The correlation of the fitted parameters to eatteioand the confidence intervals are in
the same range as in the empirical correlation éRplx G).
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Even though this general relation including anisioyreffects is physically better based
than the empirical correlation, it must be pointed that the amount of analyzed pores
in the radial planel¥p) was much higher and, thus, more representatiase tite amount
of axial pore lengths necessary for the calculatérthe anisotropy ratio. A more
detailed discussion of this issue was presentechapter 3. Moreover, the empirical
correlation, eq. (4.38), is as accurate as thergenelation, (eq. (4.40)), but requires
less input information from the geometric struct(reerelyD,) and much less sponge
pieces need to be destroyed for the analysis.

4.4.2 Pressure drop

4.4.2.1 Pressure drop through ceramic sponges

The pressure drop measurements were reproducibileeosame sponge sample within
1 %. The influence of the 3 — 8 wt. % Sadashcoat on the pressure drop of a sponge
sample was evaluated and found to be negligiblé ¢6). Due to variations between
different samples of the same type, 3 — 5 diffesgpinge samples had to be measured
of every sponge type. Figure 4.15 shows the dag®BP1_0.8 (four different samples).
Since the deviations upon all measured sponges wyete + 15 %, the bulk density of
every analyzed sponge piece was evaluated in ¢oodénd out if the deviations were
connected to variations in the bulk density of gieces. As clearly displayed in the
figure, the deviations can not be correlated toati@mns in density. The reason for the
discrepancy is most probably the irregular strietof the pores. For instance, some
pores in the sponge pieces are closed, leadindnighar drag coefficienty. The extent

of irregularities or number of closed pores is thet same in different samples and has a
much stronger effect on the pressure drop thamstdn the mass transfer properties.
Other authors have reported similar observationthéncontext of their pressure drop
data [13]. For this reason, the pressure drop betiais a good tool to check for the
presence of closed pores inside a sponge.
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Figure 4.15: Pressure drop versus superficial vajoof the 30PPI_0.8 sponge (220 °C).
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As stated at the beginning of this chapter, thesanee drop of a fluid upon flow through
porous structures can be described with the Fonetgreequation:

—=f W, +f,W; or _=i[wo+ﬁ|]_]§ 4.9)
Lbed bed k1 2

f, andf; are the (fluid property dependent) pressure domstants of one sponge type at
constant hydrodynamic conditionk; and k, are the permeability constants of the
structure, which are dependent only on its geomding mean values for the constants
from all samples measured were taken for the detgmmi of the average pressure drop
of a given sponge geometry. The valfieandf, of the 30-PPI_0.8 sponge are given in
Figure 4.15 (bottom).

Typical pressure drop values of the sponges witl8porosity are shown in Figure
4.16. As expected, the pressure drop increasebeapdre size decreases since the
geometric surface increases with the pore counteileeless, it is important to note
that the 30- and 45-PPI sponges used in this wavie Isimilar pressure drop slopes. In
singular cases, the pressure drop over a 30-PRilsamas even higher than over a 45-
PPl sponge.
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Figure 4.16: Pressure drop data of 10 — 45 PPI gpemwith 80% porosity.

The influence of the porosity on the pressure daroihe 20-PPI sponges is exemplarily
displayed in Figure 4.17. The pressure drop evigentreases with decreasing void
fraction. The deviation between different sampléso ancreases strongly at lower
porosities, as can be observed in the figure. Tdgs supports the argument that the
deviations arise from imperfections caused durihg tnanufacturing process, for
instance, when the ceramic slurry is removed.
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Figure 4.17: Influence of porosity on pressure daofggthe 20-PPI sponges.

The viscous and inertial constanfts and f, obtained from the sponges and their
confidence limits are listed in Table 4.6. Sincest constants are dependent on the
fluid properties, the representative constantsaafsponge geometry, independentlyrof
and p, are represented by the viscous and inertial pedoitiy parametersk; and ky;
these are also listed in the table.

Table 4.6:  Viscous and inertial constants and pexiiléies of the analyzed sponges.
Sponge f, f, ky-10° ko' 10°
type [Pas/nf] [Pas’/m’] [m?] [m]
10PPI_0.8 941 + 66 252 +11 28.59 3.13
20PP1_0.8 2933+313 474+32 9.17 1.67
30PP1_0.8 3719+204 546 +21 7.23 1.45
45PPI_0.8 4315+ 211 529 +21 6.23 1.49
10PPI1_0.85 681 + 65 133 +11 39.5 5.94
20PPI_0.85 1835+124 398 +11 14.66 1.98
30PPI_0.85 2430 +298 419+31 11.07 1.89
45PPI_0.85 2704 + 240 432+ 25 9.95 1.83
20PPI_0.75 3993 + 398 583 +40 6.74 1.36
M_40PPI 2108 +£105 215+6 12.76 3.67

4.4.2.2 Comparison with results and correlations from ttezdture

To compare with literature results, only data freponges with features similar to those
of our samples were taken into account. Schlegal. §23] measured the pressure drop
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of sponges with 85 % porosity. Although the sizésheir samples were significantly
different (Table 4.3), the authors observed similassure drop values in the case of
20- and 30-PPI sponges (Figure 4.18). Moreira efl1d] measured the resistance to
flow of three SiC-A}O; sponges in water and air. The features of the ggmfrom the
literature not yet displayed in Table 4.3 are tiste Table 4.7. Whereas the pressure
drop slopes of their 8- and 20-PPI sponges ardtgtiatly in agreement with the data
from this work, the pressure drop of the 45-PRsigmificantly higher, as displayed in
Figure 4.18. The reason is the differing porosityh® sponges used by Moreira et al.
While the 8-PPI sponge has a porosity of 94 %ythe fraction of the 45-PPI is merely
76 %. This decrease in porosity can be explainedheyincreasing difficulty for
ceramic slip removal during manufacturing, whichde not only to a higher density,
but also to a higher amount of closed pores. Tessure drop of 10-, 30- and 45-PPI
Al,Os-sponges measured by Richardson et al. [13] is @ltstbed in Figure 4.18. The
authors found considerably higher values for thesgure drop of the 30- and 45-PPI
sponges as compared to this work. Since the mhteas ALO; and the dimensions
were similar, the deviations arise most probabtynfra different origin and quality of
the structures. The amount of closed pores in aggsample can differ significantly,
leading to considerable variations between presdwop values of different authors.
Another possible reason is the systematic diffezemc pore diameter for sponges
having apparently the same pore count. The pormeaters reported by these last
authors are smaller than those determined in tlogkwas can be observed upon
comparison of Table 3.2 and Table 4.7.

Table 4.7:  Features of the sponges analyzed ifitdrature on pressure drop.

[PPI] Domm] &[]  Syeolm’]
Richardson et al. [13]
10 1.68 0.88 2064
30 0.826 0.88 4032
45 0.619 0.80 5100
Moreira et al. [14]
8 2.3 0.94 1098
20 0.8 0.88 2304
45 0.36 0.76 5616

Most of the literature describes the pressure dfopponges with the Ergun equation
[13-15] although this equation was derived for gitanbeds (eq. (4.7)). Richardson et
al. [13] used the model of parallel cylinders fatoulating the geometric surface area,
introducing an additional influence on porosityt lraving the original dependence on
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porosity in the Ergun equation. Since their data skl not well represented by the

equation (because the model is not correct), thieoasi determine new constants of the
Ergun equation by an empirical fit. Thereby, thefraduce yet another dependence on
the porosity and the pore diameter. Moreira efl&] applied the general Forchheimer

equation with the dependence on porosity of theukrgquation. The dependence of
pressure drop on pore diameter was empiricallgditb their data.
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Figure 4.18: Comparison between pressure drop daftathis work with literature data. Different
shadings represent different references; circleSPRI, diamonds: 20PPI, triangles:
30 PPI and squares: 45 PPI.

Lacroix et al. [15] applied the unchanged Ergunatigm (4.8) and substituted the strut
diameter derived from the cubic cell (CC) model the particle diameter. This
substitution is based on the comparison of spoagdsparticles with the same specific
surface area per unit volume and the same porosity

4 6
SgeQCC = d_ [ﬂl— ‘9) = Sgeubeads = D— [ﬂl— ‘9) (441)
t particle
leading to
D parice = 150, , (4.42)
with
Syeo.cc : geometric surface area of a cubic cell withrayttical struts
and

Sieobeads . geometric surface area of a packed bed of sphere
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Hence, the modified Ergun equation proposed by diacret al. represents a
combination of two different geometric models, tmaraulic diameter model, from
which the dependence of the Ergun equation on tivesgy and particle diameter
arises, and the cubic cell model. The authors calechonestly in their publication:
“Although no physical reason can be invoked in gipte to explain the extension of the
Ergun equation, the model is in good agreement exifferimental data....”

The correlations from the literature were evaluatgth own experimental pressure
drop data. The predictions by all literature catieins were not satisfying.

With the experimental values for permeability, k) and geometric &, D) para-
meters of the sponges, an empirical relation wasdoto describe the permeability
constants (egs. (4.43) and (4.44)).

118
D
k, = 142007’ [Eﬁp] (2] (4.43)

D 077
k, = 089m [ﬁﬁ} (342 (4.44)

The empirically fitted permeability parameters weoepared to the model of Lacroix
et al., since it displayed the closest represemntaif the pressure drop data in this work
among all literature correlations. Figure 4.19 shahat the data obtained from 20 PPI
sponges with two different porosities, as an examate not well represented by the
modified Lacroix-Ergun equation. The experimentalitstiameters from this work in
the relation proposed by Lacroix resulted in argjgy overprediction of the pressure
drop than displayed in the figure. Therefore, thhatadiameterd; was calculated from
the model for the cubic cell (eq. (3.15); chapeag8a function of the experimental pore
diameterD,. The reason for the better representation of tiperxental pressure drop
as well as the specific surface area data (cf.teh&3.2) upon using eq. (3.15) for
calculating the strut diameter is closely relatedthe fact that, due to the manufacturing
process, the strut diameter does not increase gropally to the nod size as porosity
decreases. The ceramic precursor is depositedrengitdly at the intersections rather
than along the struts. This was also observed byobaet al. Hence, taking merely the
experimental strut diameter does not account ferstilid deposited in the intersections.
This approach predicts a far too high geometricamarfand, consequently, a higher
pressure drop of the structure. The same conclusiorbe drawn from the dependence
of pressure drop on pore diameter, which is as stetingly overrated by the Lacroix-
Ergun equation when applied to the ceramic sponged im this research project.
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Figure 4.19: Comparison of the Ergun-based equakbipriacroix et al. [15] with experimental pressure
drop data and the empirical relation from this work

Since none of the correlations published is abl@rexict pressure drop values in a
general way, there is no reason to favour any ekdhsemi-empirical Ergun-based
models over the Forchheimer equation for flow tigtouporous structures. The
parameters given in equations (4.43) and (4.44% givgood representation of the
influence of porosity and pore diameter on presguoe.

Due to the inevitable irregularities of the sporsgenples, extensively discussed along
this chapter, the difference between the valuesxperimental permeability parameters
ki.exp @and the relations given above can be up to 25 éackl, these equations should be
used only for a first estimation of the pressurepdm sponges. Nevertheless, 3-5
different pieces of the same sponge type were ssdegielding quite representative
average values of the pressure drop for each spgpgeln contrast, existing literature
correlations are based on a rather small seleofispecific sponge samples.

The most important conclusion from the evaluationd aomparison of pressure drop
data of sponges from different authors is that enegal relation for the prediction of
permeability in sponges can be yet achieved. Theltreg morphology and quality of
sponges from different manufacturers vary consllgralespite of using the same
(replication) method. Manufacture process optinirais needed for the reproducible
production of sponges with a constant pore deraiy similar permeabilities. More
attention should be given to the amount of closeced which substantially affect
pressure drop. A volume imaging method like MRI Idoguantify closed pores in a
sample. If the real structure of this sample coldd reconstructed in a CFD grid,
pressure drop could be simulated with local regmbut
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4.4.3 Verification of the Lévéque analogy between massifd heat) transfer and
pressure drop

It has been of great scientific interest to develsgdl substantiated relations for the
prediction of mass transfer from the similar preessof fluid friction and heat transfer,
where there is no available data. An analogy betweessure drop and heat (or mass)
transfer in various heat exchanger types found lytiM [20] based on the generalized
Lévéque equation (4.21) was presented in subchd@e3. One of the goals of this
research project was to verify, if this analogy Wolhe applicable to irregular cellular
structures like sponges.

The pressure drop can be expressed in the diméessoform by the Hagen-number
[19]:

_ _0p D,
Hg =2[F [R€ = AL Gﬁ #f(Re (4.45)
Figure 4.20, left, shows the experimental valueStois. Hg obtained from the ceramic
sponges. The mass transfer coefficients of spoageproportional to the cubic root of
the pressure gradient. It can, therefore, be cdeduhat the generalized Lévéque-
equation represents qualitatively the hydrodynamass transfer behaviour of sponges.
In order to control if, by directly applying theaogy to the sponges, a good correlation
would be obtained, th8hvalues were also plotted over the cubic root ef lthvéque-
number [q), defined as:

Lg=2x, tHg[Pr[D,/L (cf. eq. (4.21)) (4.46)

In the case of sponges, the semi-empirical lehgtas not been yet defined in the
literature. This length is supposed to represemtatverage distance between two eddy
delaminations, or the length of a flow path, sikke applicability of the Lévéque-
analogy arises from the periodical interruptiorttedrmal (or diffusive) boundary layers
upon flow through a given structure. For packedsbeflspheres and other periodic
geometries, relations for as a function of porosity and characteristic langte
proposed [19,20]. For sponges, the following relaileading to a physically founded
approach of this length are given. If the flow petltommonly interrupted after a strut
or vortex, then the ratio between the average teongta flow path and the inner pore
diameter could be approximated by:

L v 1/3 1 1/3
il D(&j = [_j ' (4_47)
dp V. £

void

Viot andV,ig being the total- and void volumes of one hypottatrepresentative unit
cell, respectively. Combining eq. (4.47) and théniteon of the hydraulic diameter
(eq. (4.7)) yields:
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D, 4z
T=s, GZ— (4.48)

Combination of equations (4.46) and (4.48) leadexperimental values for thieg-
numbers of the sponges. As can be observed ingheplot of Figure 4.20, the direct
application of the analogy as proposed in thedite®e is not able to uniquely predict
mass transfer coefficients from the pressure dmpsa sponge geometries. In fact,
there is no better correlation of the mass transbefficients to the pressure drop when
using the Lévéque-analogy than in the case ofawSh-andHg-values.
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Figure 4.20: Mass transfer (Sh) versus pressurepdidg or Lq) properties of ceramic sponges. Left:
raw data; right: verification of the unmodified L&yue-analogy.

The trend in théShvalues of different sponges at consthigf (or Lq) is qualitatively
the same as at constaRg namely increasing with the pore size, pointing the
similarity in the physical phenomena of mass andnertum transfer and their direct
dependence on the hydrodynamic conditions of flelere again, irregularities and
changes in anisotropy require an additional evednadf the geometry as was needed
previously in the correlation of mass transfer yanodynamics $hto Re. Following
the same procedure as in the parameter fittinghef @mpirical and gener&h-Re
correlations described before, geometric functimese defined as in the case of eq.
(4.35), for the expansion of the modified Lévéqgaation:

Sh= A [Hg® [S¢/*[F, (4.49)
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The termDy/L in the generalized Lévéque equation was left outhie following
analysis since it remains nearly constant amon@uiaéyzed sponges. This is the reason
for the nearly equal slopes displayed in both diagr of Figure 4.20. Moreover, it
makes no sense to leave this term in the equasimte its influence can not be
evaluated and has not been yet analyzed for spobgesto the observed similarity
between the dependence of 8k to the Re and Hg-values of sponges, it seems
reasonable to use the same geometric functions,the empirical functionFg
(eq. (4.36)) and the anisotropic functibga (eq. (4.39)), to correlate the mass transfer
to the pressure drop of these structures.

As expected, this is a suitable means to derivecapptable correlation of mass transfer
to pressure drop data of the ceramic sponges. Tberacy was +20 % (confidence
interval 95 %). Furthermore, the empirical and femeral correlation oSh to Hg-
values are equivalent with respect to accuracyndgated in Figure 4.21. Again, it
should be noticed that the empirical correlatiosdaaon the mean pore diamebgrand
outer porosity as geometric input information isnobre practical use than the general
relation, which requires analyses in 3D.
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Figure 4.21: Correlations for the prediction of nsagansfer coefficients from pressure drop data of
ceramic sponges. Left: empirical correlation. Rigigneral correlation taking anisotropy
into account. Same data as displayed in Figure 4.20

The accuracy of th&h-Hgrelations is considerably lower than tBh-Recorrelations
(merely =9 %). Since there were considerable diewia in pressure drop of a given
sponge type due to quality differences among diffesamples, it can be understood
that the prediction of mass transfer from pressinop data will not be very satisfying.
Even though the applicability of the (modified) l&&ue-analogy to sponges was
confirmed, it should be taken only as a first eatien For a more reliable prediction of
mass transfer coefficients from hydrodynamic coadg, equations (4.38) and (4.40)
should be used.
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4.4.4 Overall performance of sponges, honeycombs and bead

As discussed previously, the mass transfer perfocmaf sponges is between bead
packings and honeycombs, the former displayingothst and the latter the worst mass
transfer coefficients at comparable geometric sarfareas. The pressure drop data of
the different carriers with comparable geometricfaste areas per bed volume is
exemplarily displayed in Figure 4.22, together witkll established relations for the
estimation of the pressure drop of beads and hamelys, the Ergun equation (4.8) [12]
and the Poiseuille equation (4.50) [4,25], respetti The agreement between the data
from this work and the literature relations is sfittory, confirming the suitability of
the experimental method used.
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Figure 4.22: Pressure drop over superficial velgaif a packing of spheres, a sponge and a honeycomb
with comparable geometric surface areas per bedmel (1800 — 2500 #m?°).

—= D W, (4.50)

As in the case of mass transfer, the pressure alrgponges is between that of beads
and honeycombs. The honeycomb has by far the logvessure drop of all structures

due to the uninterrupted laminar flow through tkraight channels in this carrier. The

beads have, as expected, the highest pressurebdaguse the porosities of packed
beads are low (between 39 and 44 %), and the fhitvig tortuous.

4.4.4.1 Assessment of the carrier performances as a datpbtking

In catalytic packings for environmental applicagprhigh conversions under mass
transfer limitation are mandatory to obtain the essary emission abatement while
keeping the pressure drop as low as possible. $ivecpermeability and mass transfer
capability of the analyzed structures are of opeondency, it is not easy to decide
which of these carriers is more advantageous frieenviewpoint of maximum mass
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transfer at a minimal pressure drop. Here, a coatbperformance parameter based on
a “dimensionless trade-off indéXdefined by Giani et al. [5] is used for this pose:

[B0/Us _ ShIRelLyy, (S,

char

/pmJ 2 Hg [Sc (4.51)

This index reflects the overall performance of ppsrt, independently of characteristic
length or the bed length used. It actually expe$sav much conversion (mass transfer
limited reaction) can be achieved in a packed baldme related to the energy loss
caused by drag and friction forces during flow tlgi the structure. Evidently, high
values of the index imply a good performance ofigpert. The calculated values of the
trade-off index on the basis of the experimentéh dar all carriers used in this work are
shown in Figure 4.23. The honeycomb is apparertly structure with optimum
performance of conversion per energy loss, followgdhe sponges and the packed
beads, the latter displaying the worst performathee to their high pressure drop. The
sponges perform substantially better than the mhdtlesls of spheres in the complete
hydrodynamic range under investigation.
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Figure 4.23: Comparison of structure performance¢hwihe proposed trade-off index | (eq. (4.51)) over
the analyzed hydrodynamic range (Re) for spher&ipgs, sponges and honeycombs.



4.4 Results and discussion 111

A considerable influence of the porosity can beogaized from the slopes of the plot.
Since, in contrast to the pressure drop, the massfer of sponges does not depend
strongly on the porosity, the trade-off index oé thponges increases noticeably with
increasing porosity. For this reason, the metafionge with an extremely high void
fraction of 95 % has the best performance of alingies. Even though the 10-PPI pore
density seems to be the optimum geometry from drspective of catalytic efficiency,
no systematic tendency can be recognized from ¢neaining sponge geometries.
Hence, no precise conclusion regarding the optirpone density can be derived. The
choice of the specific geometry will depend on ffeamount phenomenon, mass
transfer or pressure drop, in the process of agihic. Moreover, important aspects to
be considered are the operating temperature ankleidtetransfer within the bed. Many
environmental applications involve high temperagurenaking the use of metallic
supports impossible due to the considerably highermal expansion of metals as
compared to ceramics. Furthermore, the mechanieaigth of metals decreases much
stronger with temperature in comparison to that aferamic material. In such cases,
ceramic sponges should be preferred, althoughr#ige-off between mass transfer and
pressure drop performance is not as good as thagbly porous metallic sponges. The
heat transport (convective and conductive) withhe packing is another aspect of
importance. Most reactions that are performed artsbhontact times, where the
magnitude of mass transfer is most important fer akierall kinetics, are also highly
exothermic. The temperature distribution along aomss the catalytic bed can play a
decisive role in the control of product selectivatiyd catalyst lifetime as for instance in
partial oxidations. Due to their higher tortuousatyd the hereto related enhancement of
radial mixing and turbulence in the flowing fluideads and sponges clearly outrun the
honeycomb. The total lack of radial mixing uponwlldhrough the channels of a
honeycomb leads to high temperature increases td @p K within a length of 20 mm
along the packed support (in this work). At compéraconversions (heat production)
the highest measured temperature increase was dtdKL7 K in the case of sponges
and beads, respectively. A detailed evaluationhef influence of heat transport was
neither within the scope of this research nor witiie experimental possibilities of the
apparatus designed for the measurement of masfdragghenomena. Nevertheless, the
transport of heat to or from sponge geometries g@ddk a reactor has been recently
studied and is still subject of interest, sincecdnstitutes an extremely important
characteristic that is decisive for the industimaplementation of these morphologically
peculiar structures. Most of these studies conémhanced heat transport and smoother
temperature distributions in sponge packings aspeoetd to honeycombs or beds of
granules [26 - 29].

Finally, it can be concluded that sponges seenffes the best trade-off between high
mass transfer, permeability and heat transport gritemanalyzed supports.
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5  Summary and general conclusions

The present research was devoted to the invesiigafimass- and momentum transfer
phenomena upon flow through ceramic sponges, andhéocorrelation of these
properties to the hydrodynamic behaviour and thengetric features of the structures.
To reach this goal, the CO oxidation over Pt/gn@ated sponges was chosen as a
diagnostic tool for the measurement of the ovealétics in the temperature regime
where mass transfer is the rate limiting mechaniBhe precise temperature range, in
which these conditions are met, depends on théysatgpe. In this work, the system
Pt/SnQ has been chosen. This catalyst is active in the @@lation at low
temperatures, already, due to a bifunctional meshabetween the noble metal and the
metal oxide at the phase boundary line of both aompts. Hence, the first necessary
step was the development of a suitable preparatiethod for the deposition of highly
dispersed platinum nanoparticles with a narrow giegribution on Sn@coated
sponges. It was shown that deposition of an orgataliic Pt-complex from a
supercritical solution in COwith subsequent reduction of the organic ligarglsai
convenient method to reach this goal. On tortuous iregular surfaces like ceramic
sponges, the supercritical deposition results ibstwntially higher activities of the
catalyst towards CO oxidation than the conventiaigglosition of Pt on Sny means

of impregnation from aqueous solutions. A prelimmnthermodynamic analysis of the
supercritical mixture gave insight into the optimwanditions for depositionp(T) in
terms of solubility and phase behaviour. It is imant that the solubility of the
organometallic in carbon dioxide is high enouglrdach considerable metal loadings
after adsorption. Furthermore, the melting pointha&f precursor should not be reached
at the high pressures applied to avoid the detriah@fifect of surface tension on the Pt-
dispersion. All analyzed structures, sponges, bemus a honeycomb, were first
washcoated with a thin layer of Spé@nd then furnished with Pt nanoparticles by means
of supercritical deposition, leaving the geomefie@mtures of the supports unchanged.

A second prerequisite was the sound characternzafithe morphology and porosity of
the studied structures. Image analysis revealedatrerage inner pore- and strut
diameters of the sponges as well as the pore adh@loagation (anisotropy), which

increases with the pore size and has considenattlemnce on the transport properties of
sponges. The mean pore diameter defined as theobumer pore and strut diameter
was chosen as the characteristic length for dimeasianalysis. Magnetic resonance
imaging also revealed one of the most importantufea of a sponge, the geometric
surface areaSje). The magnitude of this property can not be deitsech accurately

from morphological models due to the irregular cfnee of the strut network of

sponges. The surface areas measured are somewhbathan those predicted from the
tetrakaidecahedron model, which is still the befalization of a sponge. In real
sponges, accumulation of solid in the intersectiohghe strut network give rise to a
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lower geometric surface as compared to an ideatggpavith the same pore size and
porosity having struts with constant diameter. Frii@ manufacturing process, pores
and voids are left in the solid struts, which hawerelevance for the hydrodynamics of
the sponges. Mercury intrusion porosimetry revealmsth, the total and the

hydrodynamically relevant (outer) porosities of glonges. All sponges exhibited a
strut voidage of about 22 %, resulting in consibkradifferences between total and
outer porosities. Large deviations of up to 45 %iha bulk density along the axial

direction of a cylindrical piece of sponge were eved in some of the samples,
especially at higher pore densities, since the wamnof the ceramic slip from the

polymeric sponge during manufacturing is more diffi in the case of smaller pores.
This finding emphasizes the necessity of an impream of the manufacturing

procedure for sponges, should they be implement@wustrial processes.

The mass transfer properties of catalytically cdagponges, beads and honeycomb
were evaluated at 220 °C, at which temperature mmassfer was shown to control the
rate of CO oxidation at the highest superficialoedly of 12 m/s. As expected,
volumetric rate coefficients increase with increasfluid velocity: k, OUq ©* 2 Due

to the enlarged geometric surface area availableersame bulk volume at higher pore
density, the volumetric rate coefficients of spangecrease in the order: 10- < 20- <
30- < 45-PPI. Although their geometric surface arddfer considerably, all sponges
exhibit similar mass transfer coefficients, = kv / Se0) Over the whole velocity range.
At constant pore density and interstitial velocitgass transfer coefficients increase
slightly with porosity in the analyzed porosity genof 75 — 85 %. The dimensionless
mass transfer coefficients of sponges (Sherwoodbeus) increase with decreasing
pore count at constant hydrodynamic conditions (R&ls-numbers). These results are
in agreement with heat transfer data of sponges ftee literature, showing the same
tendency in the case of dimensionless heat tradstar (Nusselt-numbers). A structure
comparison showed that the mass transfer perforenahsponges is between that of
particle packings and honeycombs at comparable gemnsurface areas, the former
displaying the highest and the latter by far thevdst dimensionless mass transfer
coefficients §n). In contrast to packed beds of particles, thesni@nsfer properties of
sponges can not be completely described with tlkedaynamic and fluid properties of
the system (Reynolds and Schmidt numbers) as theimituencing parameters. The
reason is that sponges with different pore dessérd porosities are not geometrically
perfectly similar, i.e., every spatial dimension thle structure is not enlarged or
contracted by the same factor. The additional erfze of geometric parameters such as
pore (and strut) diameter, geometrical surfacepgityr and pore anisotropy on the mass
transfer coefficients was evaluated by means ofedsional analysis. Two geometric
functions, an empirical one including an additiomdluence of the pore diameter and
porosity and one including the influence of poresamopy and porosity, were included
in the dimensionless descriptioBh{Re-Sc) of the mass transfer phenomena, yielding
relations for the prediction of mass transfer doefhts of sponges with different pore
sizes and void fractions in a wide range of Reymddtween 7 and 1100 with an
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accuracy of + 9 %. The general correlation, whintiudes the influence of anisotropy,
is physically well founded and represents the abrsplution to a sound dimensional
analysis. However, its application requires anemtely laborious characterization of
pore diameters in all three spatial directions tmargify the anisotropy and the
preferential orientation of pores in space. In émapirical correlation, the geometric
function includes an empirical “dimensionless” megaore diameter, which has no
physical meaning, but it allows for a unificatiohtbe mass transfer data with the same
accuracy as the general relation. The correlatrmiuding the empirical mean pore
diameter requires a minimum of input parametersisunglost advantageous for the user,
who would otherwise need to do a complex geometraracterization of the analyzed
structure before using the correlation to predietrinass- or heat transfer coefficients. A
metallic sponge (40 PPI) with a porosity of 95 %svedso analyzed for comparison.
The experimentadh-values are in excellent agreement with the vapredicted by the
empirical correlation for this sponge. Thus, therelation also seems to be useful for
the prediction of mass transfer coefficients of repes with higher porosities and
different materials. An important prerequisite tbe use of the correlations is not only
the quantitative characterization of the pore amait sdimensions, but also the
knowledge of the hydrodynamically relevant voidctran of the structure, available
from pycnometry methods with a non wetting fluid.

The pressure drop of sponges increases with inogeg®re count and decreasing
porosity. The samples exhibit closed pores to targmot quantifiable extent. This is a
further, typical result of the non-optimized maraitaing process of sponges. More or
less closed pores lead to considerable deviatiotisei pressure drop values of different
samples from the same sponge type, especially git buperficial velocities. The
pressure drop versus velocity data follows, as eoe the Forchheimer equation.
Empirical relationships were found for the permégbparameters, showing a strong
influence of the void fraction.

Based on the analogy between mass (or heat) traasté pressure drop (Lévéque-
analogy), the mass transfer dafin-yalues) could be correlated to the experimental
pressure drop of the structures (Hagen-valuesksimguhe same geometric functions as
in the case of thé&h-Re relations, confirming the possibility to use tlaisalogy for a
first estimation (within £ 20 %) of mass transfeetficients from pressure drop data.

The pressure drop of sponges, like their mass fermigapability, is between those of
honeycomb monoliths and particle packings. A traffendex was presented, which
reflects the overall performance of a support réiggr maximum mass transfer
(conversion) with minimum pressure drop (energg)oSponges perform considerably
better than packed beads over the whole hydrodynmaanige (higher trade-off index).
High porosity sponges are most favourable for amaeoed performance, but
mechanical strength can be a limiting factor. Thendycomb displayed the best
performance of all analyzed structures due to ttieemely low pressure drop in the
straight channels of this support. Neverthelesgnges are clearly superior over
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honeycombs in terms of heat transport through thekipg due to their tortuous
structure, enabling transport through radiatiorlaetvated temperatures and enhancing
the radial convection. In contrast, the total latkradial mixing in the channels of a
honeycomb lead to considerable higher temperanceeases at comparable packed
lengths and conversions, this fact constitutingriéical issue regarding its use in
strongly exothermic or endothermic reactions, whereomogeneous temperature
distributions strongly affect product selectivitydacatalyst lifetime.

The beneficial trade-off between enhanced massfegnmoderate pressure drop and
excellent heat transport offered by sponges retitee irregular and tortuous cellular
materials very attractive as an alternative to eomional catalytic supports in
applications such as off-gas treatment, on-boamdgen production and industrial
chemical syntheses.



6  Zusammenfassung und Fazit

Feste Schwamme aus Keramik werden im Huttenwesen Giel3filter far
Metallschmelzen eingesetzt. In jungerer Zeit edbts man aber auch neue
Anwendungen in der Verfahrenstechnik. Insbesonoteder Reaktionstechnik kdnnten
monolithische  Packungen aus katalytisch beschimhtet Keramik- oder
Metallschwamme eine interessante Alternative ztkdramlichen Festbetten sein.
Vieles deutet darauf hin, dass Schwammpackungengbangem Druckverlust
hervorragende Wéarme- und Stofftransporteigensamadigfweisen. Die bisherigen
Studien erfolgten jedoch nicht systematisch, samndeunktuell an speziellen
Schwammproben, so dass die Ubertragbarkeit derbBigse auf andere Schwamm-
Materialien, Porendichten oder Porositaten -sofdimese Eigenschaften Uberhaupt
charakterisiert wurden- zweifelhaft ist. Bei der aqgtitativen Einordnung der
Transporteigenschaften von verschiedenen Schwankupgen und beim Vergleich
mit herkdbmmlichen Festbetten wie beispielsweise tikdschittungen oder
Wabenkoérpern stellt sich auRerdem die Frage nacér esinnvollen geometrischen
Bezugsgrof3e. Allein schon die Festlegung eineratttarstischen Ladnge oder Flache
stellt im Fall von Schwammen eine grof3e Herausfomte dar, denn diese Strukturen
sind nicht nur regellos, sondern -wie die vorliedgrbeit zeigt- auch anisotrop.

Das Ziel der vorliegenden Arbeit war es, Stoff- urdohpulsiibertragung in
durchstromten Schwé&mmen zu untersuchen und durcversalle, d.h. fir alle
Schwamm-Morphologien brauchbare Korrelationen zuscbesiben. Fur die
Bestimmung der Stofftransporteigenschaften wurde Méthode die Oxidation von
Kohlenmonoxid an Pt/Sntbeschichteten Schwammen angewandt. Bei geeigneter
Reaktionsfihrung im  stoffubergangskontrolliertem rddeh  lassen  sich
Stoffubertragungskoeffizienten aus den Reaktiordgesdigkeiten ermitteln. Das
katalytische System Pt/SpQst bereits bei moderaten Temperaturen in der CO
Oxidation aktiv wegen eines Synergieeffektes zwescllem Edelmetall und dem
Metalloxid an der Phasengrenzlinie der beiden Kamepten. Aus diesem Grund
musste in der ersten Phase des Projektes einengeziglerstellungsmethode fir die
Abscheidung hochdisperser Pt-Nanopartikeln mit erRRgrtikelgrof3enverteilung auf
SnQO-beschichteten Schwammen entwickelt werden. Es evgeteigt, dass dafir die
Abscheidung eines organischen Pt-Komplexes aus ébmerkritischen Losung in GO
mit nachgeschalteter Reduktion eine sehr geeigviethode darstellt. Die tUberkritische
Abscheidung ermdglicht die Erzeugung von gleichma/éiteilten Pt-Nanoteilchen auf
tortuosen und unregelmafligen Oberflachen wie kex@dran Schwammen, und diese
Teilchen weisen aufgrund ihrer geringen Grol3e ewesentlich hohere katalytische
Aktivitaten in der CO Oxidation auf als die konvenell mittels Impragnierung aus
wassrigen Losungen hergestellten Katalysatoren.usersuchungen zum thermo-
dynamischen Verhalten der Uberkritischen Losungaudten die Auswahl von
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geeigneten Bedingungep,T) fir die Uberkritische Abscheidung. Einerseits sndge
Ldslichkeit des organischen Metallkomplexes in Kaidioxid hoch genug sein, um die
gewlnschte Metallbeladung nach Adsorption zu dmexic Anderseits sollte der
Schmelzpunkt des Vorlaufers unter den herrscheradren Driicken nicht erreicht
werden, um den nachteiligen Einfluss der dann etgitden Oberflachenspannung auf
die Pt-Dispersion zu vermeiden. Alle untersuchtemul®uren, d.h. Schwamme
unterschiedlicher Porendichten und Porositaten anch Vergleich kugelférmige
Partikeln und ein Wabenkorper, wurden zunachsthdimuchbeschichtung mit einer
dinnen Zinndioxid-Schicht beladen. In einem zweigahritt wurden auf den SnO
beladenen Strukturen mittels 0Uberkritischer Abstineg die Pt-Nanopartikeln
aufgebracht. Die geometrischen Eigenschaften Slierkturen blieben dabei praktisch
unverandert.

Der zweite notwendige Schritt war die gewissenha@darakterisierung von

Morphologie und Porositat der untersuchten TraDerch die statistische Analyse von
mikroskopischen Aufnahmen wurde die Verteilung vBoren- und Stegdurchmessern
der Schwadmme bestimmt. Ferner wurde die Anisotrom@ Poren und Zellen

guantitativ erfasst, welche mit steigender Poredgraunimmt und einen merklichen
Einfluss auf den Transporteigenschaften von Schwe&mhmat. Der durchschnittliche

Porendurchmesser, definiert als die Summe von émnBore und Steg, wurde als
charakteristische Lange fur die Dimensionsanalgseadlt.

Die Volumen-bezogene geometrische Oberflécﬁgo,(m'l) der Schwamme, eine
wichtige Eigenschaft fur Transportphanomene, konmie Hilfe von bildgebender
magnetischer Resonanz (Magnetic Resonance ImalyiRd) experimentell ermittelt
werden. Die geometrische Oberflache von Schwamnam kaus morphologischen
Modellen aufgrund ihrer unregelméafigen Natur nigbhau berechnet werden. Die
experimentell durch MRI ermittelten Werte fiig, sind niedriger als diejenigen, die aus
dem Modell einer regelméf3igen Packung aus Tetrakaltedra vorhergesagt werden.
In realen Schwammen ist die geometrische Oberflacifigrund der Akkumulation von
Feststoff in den Knotenpunkten der Stege niedrasrdie eines idealen Schwamms
derselben Porendichte und Porositat, der Stegekomstantem Durchmesser hat.
AulRerdem verbleibt herstellungsbedingt in den Stegi@ Hohlraumanteil, der zwar
keinen Einfluss auf das hydrodynamische Verhalten 8chwdmmen hat, aber eine
Oberflachen- oder Porositdtsmessung mittels Gasgatitso stark verfalschen wirde.
Mit Hilfe der Quecksilberporosimetrie gelang die tehscheidung und Messung der
gesamten und der hydrodynamisch relevanten Paesitdlle Schwamme besitzen
eine Stegporositat von ca. 22 %, was in merklicheet$chiede zwischen der gesamten-
und der auB3eren (hydrodynamisch relevanten) Péatosiesultiert. Erhebliche
Abweichungen von bis zu 45 % in der Bettdichte (waanit auch in der Porositat)
entlang der axialen Richtung eines Schwammzylindeusden in manchen Proben
beobachtet, besonders bei hohen Porendichten. DiéerBung der keramischen
Suspension aus dem Polymerschwamm wahrend dereliangt ist schwieriger bei
kleineren Poren. Diese Erkenntnis betont die Notligkeit der Prozessoptimierung bei
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der Herstellung von Schwammen bevor diese Struktureler Industrie implementiert
werden kdnnen.

Die Stoffubergangseigenschaften der katalytischchiesteten Schwamme, der
Kugelschittungen und des Wabenkdrpers wurden ePQ2intersucht, da bei dieser
Temperatur der &ulRere Stoffiilbergang die Geschwkaidiger CO Oxidation tiber dem
gesamten untersuchten hydrodynamischen Bereichrdiloert. Die Bettvolumen-
bezogenen Koeffizienten nehmen, wie erwartet, teigender Gasgeschwindigkeit zu:
k, OUo 499 Aufgrund der mit steigender Porendichte zunehreemgometrischen
Oberflache im selben Bettvolumen, steigen die B&ttmen-bezogenen Koeffizienten
in der Reihenfolge: 10- < 20- < 30- < 45-PPI. Tretheblicher Unterschiedliche im
Wert der geometrischen OberflacBg, weisen alle Schwamme &ahnliche Stoffliber-
gangskoeffizientenkf, = k,/ Se0) auf. Die Stoffiibergangskoeffizienten steigen bei
konstanter Porendichte leicht mit der Porositatie. dimensionslosen Stofftransport-
koeffizienten (Sherwood-Zahlen) nehmen mit zunehdeerPorengréRe bei konstanten
hydrodynamischen Bedingungen (Reynolds-ZahlenDzei.gleiche Tendenz wurde in
der Literatur bei der Evaluierung von Warmeubergaogffizienten in Schwammen
(Nusselt-Zahlen) berichtet. Ein Strukturvergleickigte, dass die Stoffiibergangs-
leistung von Schwammen zwischen denen von Partikétsingen und Wabenkdrper
liegt. Stoffiibergang wird in Partikelfestbetten ctudie hdchsten und in Wabenkdrpern
mit Abstand durch die niedrigstersh-Zahlen charakterisiert. Anders als bei
Partikelschittungen oder Wabenkorpern kénnen aigeStbffiibergangseigenschaften
von Schwammen nicht allein mit den hydrodynamisaimesh Stofflichen Eigenschaften
(Reynolds and Schmidt Zahlen) als einzigen Einfius8en einheitlich beschrieben
werden. Der Grund dafur ist, dass Schwamme mitrscitéedlichen Porendichten und
Porositaten nicht perfekt geometrisch &hnlich siigtlmehr weisen die Poren und
Zellen herstellungsbedingt eine Verzerrung auf,nditabnehmender Porendichte (PPI-
Zahl) starker ausgepragt ist. Der zuséatzliche Essflmorphologischer Parameter wie
z.B. der Poren- und Stegdurchmesser, der geometrisOberflache, Porositat und
Porenanisotropie auf die Stofflibergangseigensahaftede mittels Dimensionsanalyse
evaluiert. Das Ergebnis dieser Analyse kann duralei zalternativ verwendbare
Funktionen des TypSh = f(Re, S, & Fgeo) dargestellt werden. Die eine geometrische
Funktion Fge ist empirischer Natur und enthalt den mittlererreRdurchmesser als
zusatzliche EinflussgrofRe; dimensionslos wird di€smktion aber erst durch eine
Normlange im Nenner. Die andere Korrelation istriarp dimensionslos, da sie eine
dimensionslose Anisotropiefunktion enthalt. Beideoriglation ermoglichen die
Vorhersage von Stofflibergangskoeffizienten von fchmen mit unterschiedlichen
Porendichten und Porositdten in einem weiten hydrachischen Bereich von
7 <Re< 1100 mit einer Genauigkeit von = 9 %. Die Kortigla, welche die
Anisotropie mitbertcksichtigt, ist physikalisch bes fundiert und stellt die korrekte
Losung des dimensionsanalytischen Problems daoclhiesetzt ihre Anwendung eine
extrem aufwendige geometrische Charakterisierungh M@oren in alle drei
Raumrichtungen voraus, um die Anisotropie und Qieenng der Poren in einer
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reprasentativen Weise quantifizieren zu kénnen. ddipirische Korrelation beinhaltet
eine Normlange, welche keine physikalische Bedeptat. Ihre Anwendung erfordert
aber viel weniger Informationen Uber die Morphotogier Schwamme. Dies ist
vorteilhafter fur den Anwender. Ein metallischeth&amm (40-PPI) mit einer totalen
Porositat von 95 % wurde zum Vergleich ebenfallsetsucht. Die experimentellen
Werte fir Sh sind in sehr guter Ubereinstimmung mit den von #errelation
vorhergesagteSh-Zahlen fur diese Struktur. Die empirische Kornelatist scheinbar
auch bei hoheren Porositdten und unterschiedlidWaterialien gut brauchbar. Eine
wichtige Voraussetzung zur Benutzung der im Rahdieser Arbeit vorgeschlagenen
Korrelationen ist nicht nur die quantitative Chaealsierung von Poren- und
Stegdurchmessern, sondern auch die Kenntnis deodiyttamisch relevanten Porositét,
die aus pyknometrischen Methoden mit einer nichtebeenden Flissigkeit erhéltlich
ist.

Der Druckverlust in Schwdmmen steigt mit zunehmend®orendichte und

abnehmender Porositat. Die Schwammproben weisen reait konstante Anzahl an
verschlossenen Poren auf, was eine weitere Folge a@gimierungsdurftigen

Herstellungsprozesses darstellt. Die Anzahl an chdossenen Poren hat einen
wesentlichen Einfluss auf den Druckverlust und fulwor allem bei hohen

Gasgeschwindigkeiten zu merkliche Abweichungendn dxperimentellen Werten fur
den Druckverlust verschiedener Proben des glei@wmvammtyps. Das Druckverlust-
verhalten von Schwammen lasst sich, wie erwartdt,der Forchheimer Gleichung

beschreiben. Empirische Beziehungen fir die Perifitéédkonstanten als Funktion
von Porendurchmesser und Porositat wurden aus aeswWwérten definiert und zeigen
eine starke Porositatsabhéngigkeit.

Basierend auf der Analogie zwischen Stoff- (oder rm&) Ubertragung und
Druckverlust (Lévéque-Analogie), konnten die Stb#igangskoeffizienten S§-
Zahlen) mit den experimentellen Druckverlusten @&hwamme (Hagen-Zahlen)
korreliert werden. Dabei wurden dieselben geonwtda Funktionen verwendet wie
bei denSh-Re Beziehungen. Die Lévéque-Analogie gilt also aughSchwammen und
kann demzufolge fur eine erste Abschatzung (Gekaitigt 20 %) von Stoffluiber-
gangskoeffizienten aus Druckverlustmessungen bewetzlen.

Die Druckverlusteigenschaften von Schwammen liegeme ihre Stofftransport-

eigenschaften, zwischen denen von Partikelschigtungd Wabenkdrpern. Ein Trade-
off Index wurde eingefiihrt, der die gesamte Effizieeiner Struktur hinsichtlich der
Kombination von maximalem Stofftransport (Umsatzit minimalem Druckverlust

(Energieverluste) wiedergibt. Daran gemessen sirchw@mme im gesamten
untersuchten hydrodynamischen Bereich erheblichsdresls Partikelschittungen
(hoherer Trade-off Index). Erhohte Porositaten Behwammen verbessern ihre
Leistungsmerkmale, aber die mechanische Festigkeihte ein limitierender Faktor
sein. Der Wabenkérper wies aufgrund der extrem indPermeabilitét in den geraden
Kandalen dieser Struktur den hoéchsten Trade-off xraléer Trager auf. Bertcksichtigt
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man jedoch auch die WarmetransporteigenschaftesinsoSchwamme aufgrund ihrer
tortuosen Struktur und der damit verbundenen, \&=sdréen radialen Konvektion sowie
der verbesserten Strahlung bei hohen Temperatuesn ashderen Packungen Klar
Uberlegen. Insbesondere in Wabenkdrpern hat deeromschte Fluss entlang der
Kanale wesentlich starkere Temperaturgradientelgef Dies ist kritisch bei der

Benutzung dieser Strukturen in stark exothermenr @aelothermen Prozessen, da
inhomogene Temperaturverteilungen die Produktselekt und die Lebensdauer des
Katalysators stark beeintrachtigen kénnen.

Durch die gunstige Kombination von verbessertem ffidtergang, mafigem
Druckverlust und ausgezeichnetem Warmetransportl ssthwamme eine sehr
attraktive Alternative zu konventionellen Kkatalgtien Tréagern in technischen
Anwendungen wie zum Beispiel die Abgasbehandlurig, ah-board Wasserstoff-
herstellung oder industrielle chemische Synthesistarker Warmetonung.
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A Axial dispersion

Catalyst performance data interpretation presupposkal hydrodynamic flow
behaviour of the reactor system. The occurrencexadl dispersion must be hence
avoided. Axial transport effects within the reacisra whole are particularly difficult to
evaluate and control. A common approach for theirmmation of these effects is to
adopt the differential reactor, in which low corsiens are taken. The alternative of the
recycle reactor, used in this work, provides meah®perating differentially while
maintaining a finite overall conversion. At highcyele flow rates, the influence of
dispersion can be usually neglected, since thesyist operating close to the conditions
of a continuous stirred tank reactor (CSTR). Néwddss, since the recycle flow rate
was varied over a wide range in order to analyzesniansfer coefficients at different
hydrodynamic conditions, the influence of axial p#ission has to be evaluated. In
comparison to ideal plug flow conditions along tleactor, the mass balance of a
differential volume element has to be extendedheydispersion term, having the same
form as Fick’s law (one-dimensional), since thepelision flux is proportional to the
concentration gradient:

2
o:—uoacgﬁmaxacgz—czi—kvm_ (7.1)
V4

whereDy is the axial coefficient of dispersion. The analyt solution to this problem,
under assumption of axial dispersion at reactament (lower inlet concentration at
0) and no reaction at the outlet (no concentragi@alients ax = L) reads [1,2]:

Cout _ 41aexp(Bo/2)
Cin  @+a)? Edax;{a EBO) - @-a)? @x;{—amoj (7.2)
2 2
with
U, L
Bo=—2
D, (7.3)
and
a= e AKT (7.4)
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In the case of the plug flow reactor with exterredycle (chapter 2), the reactor (not
system) inlet concentratio@;;, is not readily known, but can be calculated frdra t

mass balance at the mixing point of the recycleaaiinction of the system CO

conversion and the recycle ratio ta=(CO):

Cco,out - (1_ xco) Hl"' R)
Cco,in 1+ qu_ Xco)

(7.5)

Equating eq. (7.2) with eq. (7.5) gives an implieduation for the volumetric rate
coefficient k, as a function of measurable quantities and thié wiknown axial
dispersion coefficientD,. A well accepted correlation for the axial dispems
coefficient of particle packings is given in [3]eiertheless, there are, to the knowledge
of the author, no correlations for the axial disp@n coefficients upon flow through
sponges. The first approach towards this directvas done within a project from the
sponge research group FOR 583, on the basis oflere time distribution
measurements of 20-, 30- and 45-PPI sponges aslperficial velocities Re < 8).
Starting from the same functional dependence oid flkelocity, molecular diffusion
coefficient and characteristic length as in thereation for packed beds of particles,
following relation for the calculation of dispermiocoefficients in sponges was
proposed:

6.853010° [Re
1+15010 Pl (7.6)
Re

D, = 030D, (T) +

In the low Reynolds regime analyzed, the dispergioceramic sponges appears to be
considerably higher than in particle packings ahikir surface area. It can not be
confirmed to this point whether the correlation egivabove can be extrapolated for
Reynolds up to 1000. Nevertheless, being thisioglahe only one available, it was
used for a worst case evaluation. At high Reynoldmbers, the effect of axial
dispersion is not relevant, since the reactor systeoperating at conditions near CSTR.
Moreover, eq. (7.6) displays the worst scenarigh{@st dispersion), since it predicts
considerably higher dispersion coefficients thanrdation for packed beds. The author
also observed lower dispersion in some spongedaing able to correlate for instance
the low dispersion degrees of 20-PPI sponges tditjie dispersion degrees predicted
from the relation, which was developed from dat&8@fand 45-PPI sponges.

With calculated values fdDay, the implicit equation for the volumetric massnster
coefficientk, was iterated starting from the coefficient of ideal PFR with external
recycle. The values fd3o are nearly independent Big since bottD,xandU, increase
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with the superficial velocity. The evaluation waerformed on a 20-PPI sponge at two
different Bodenstein numbers by varying the spdogg length from 20 — 100 mm. At
Bodenstein numbers of approx. 205 100 mm), deviations from the ideal PFR-recycle
system are merely 2.35 % in the worst case (loRest At the lowest analyzed bed
length Bo = 7), the highest deviation of the rate coeffitsewas 8.7 %, as displayed in
Table 7.1.

Table 7.1:  Worst case scenarios at two differenfddhe influence of axial dispersion in the 20-PPI
sponge with 80 % porosity.

Uo Dax Ky ,ideal Ky, disp deviation
BO 2 1- 1
[mi/s] [m“/s] [s7] [s7] [%]
34.2 1.27 0.0037 230.3 235.7 2.35
7.3 1.96 0.0062 273.4 297.2 8.7

The slopes of the volumetric coefficients over shiperficial velocity at the lowe&o,
with and without the influence of dispersion inabdidin the reactor system description,
are plotted in Figure 7.1. Even in the worst cakeligpersion, the difference in the
values fork, is lower than the deviations observed betweerewfft samples due to
irregularities, as was presented in chapter 4.llyinacan be observed from the figure
that neglecting dispersion represents, in any daseworst case scenario for the mass
transfer coefficients.

800
Bo =6.8-7.3
700 ®
600 | * & @ @
% 500 ®
= g
X~ 400 -
300 A 88
200 < without dispersion
# dispersion included
100 ‘ ‘
0 5 10 15

Uy [m/s]

Figure 7.1: Volumetric mass transfer coefficientsok a 20-PPI1_0.8 versus superficial gas velocity,
with and without the influence of dispersion incldde the reactor system.
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In this work, the most commonly used bed lengths dealuation of mass transfer
coefficients were 60 — 80 mm, resulting in a maximdeviation of approx. 5 %. It can

be therefore concluded, that the influence of adigpersion on the mass transfer data
analyzed herein can be neglected.
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B H>-chemisor ption

The purpose of the #themisorption is to determine the content of acplatinum and
its dispersion on the surface of tin dioxide washteda-Al,Os.

H,-chemisorption is a method based on the determimatf the number of probe gas
molecules adsorbing on the surface atoms of platimith, for each probe gas {@r
H,), a specific stoichiometry factor. Determinatiori stoichiometric factors is,
however, a great challenge deeply studied durimgléist decades. Authors such as
O’Rear et al. investigated stoichiometry for theaagdtion of oxygen and hydrogen, as
well as the titration by molecular hydrogen of attedl oxygen on platinum [4].
O'Rear et al. considered the three following stdps the calculation of the
stoichiometric factors:

l. Adsorption of oxygen on platinum.
Il. Reaction of adsorbed oxygen and hydrogen ttdlup water.

. Adsorption of hydrogen on platinum.

Comparing platinum particle sizes calculated bycHemisorption and those measured
by x-ray techniques, they obtained the followingrage number of adsorbed hydrogen
atoms ¥4) or oxygen atomsxg) per surface platinum atom:

H-Pt: yy =1.10
O-Pt: xo =0.71

The value ofyy seems to be well accepted in literature, whergasries between 0.5
and 0.7. However, even Xt varied from 0.5 to 1, maximum deviation in calduig
dispersion of the metal would not be higher than20Considering these variations,
acceptable stoichiometric factors measured by Q'Retaal. were taken for our
calculations. Knowing that two hydrogen atoms remith one oxygen atom adsorbed
on platinum and 1.10 hydrogen atoms react with plaginum atom, the number of
hydrogen atoms consumed per platinum atom is th@aximg: 2:0.71 + 1.1032.5. The
value of 2.5 was used in eq. (7.9) to calculaterthmber of active platinum moles,
known the number of consumed hydrogen moles.

For this work, H-chemisorption was held in a temperature prograpaggus (TPX)
attached to a mass spectrometer to analyze the asitiop of the exiting gas and
connected to a PC.

The program defined in the TPX was the following:

» Oxidation with oxygen (preparation gas): 220 °Cn#futes.
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* Flowing with argon (carrier gas): 50 °C, 3 houesdéesorb physically adsorbed
oxygen.

* Injection of 1,05 ml loop gas (5% hydrogen in argd&® °C, 60-90 peaks, every
15 minutes.

Samples were placed in a glass reactor, attachduetdPX and carefully isolated to
avoid temperature gradients. Program was startad fhe PC and data was directly
stored.

For each sample measured, the dispersion of phatirlefined as the ratio between
active platinum and total platinum, both expressenhass percentages, was calculated
according to the following calculation schema:

— %Ptactive

ry: Pt (7.7)

%Ptoia is directly measured means x-ray fluorescence?dRdc:e Can be calculated as
a function of the platinum molecular weight, thenther of active platinum moles
(Naciiver) @nd the mass of the sample to:

~

%Pt = naCtLtD}\/lPt 00 (78)

active
ample

The number of active platinum moles is not directlgasured but can be obtained from
the number of adsorbed peak&q) and the number of moles of atomic hydrogen
present in one injected peat,/ peak The following equations were used:

_ Py[n,/ peak

n... =
activePt 25 (79)
\
n,,/ peak= Pua¥ (7.10)
— — A\oa
Pads - Ptotal T Mrest — I:)total - A = (711)

peak

whereAwtal represents the total area under the chemisorptiore, and®cacthe area of
one injected pulse.

Considering the experimental conditions selectedHe H-chemisorption T = 50 °C;
p = 0.05101.3 kPay = 1.05 ml), the calculated number of hydrogen malentained in
each peak was 1.98 mo} Hpeak.

Results

Two samples were analyzed with hydrogen chemismrptone catalyst from aqueous
deposition and one from supercritical depositioRRS 1 conditions). Three to five
measurements were carried out for each samplee&dr measurement five different
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calculation variants were used, by modifying the bdseline. The definitive results,
taken as the average values of all calculatiomsslaown in Table 7.2:

Table 7.2:  Platinum dispersion in SFRD 1 wet-impagd catalysts.

%Ptactive % I:‘vﬁotal DPt
Sample
[g Ptacive/ g sample] [g Ptotai/ g Sample] [Y%0Ptacive/ Y0Ptiotal
SFRD 1 0.774 0.487 1.59
Aqueous 0.983 0.388 253
deposition

First surprising result was to find out that, fastio samples, the apparent amount of
active platinum was higher than the amount of tptatinum, leading to dispersions
higher than 1. These contradictory results can ustified by the reduction of a
significant part of the tin dioxide, which is cata¢d by platinum [5]. The reduction of
tin dioxide implies a hydrogen consumption that rc#nbe predicted, because the
amount of reduced tin dioxide is unknown. Consetyetihe H-chemisorption method
is not appropriate to compare the amount of agilatinum and its dispersion in both
catalysts, since tin dioxide reduction might octara different and not controllable
extent in the analyzed catalysts.

Second surprising result is the fact, that appadesypersion in the wet-impregnated
catalyst from aqueous deposition was 1.6 timesdnighan in the SFRD 1 catalyst,
contradicting previous results by SEM/EDX and TEME analysis, as well as those
revealed in the kinetic studies. There are notraleasons to explain such behaviour,
but it seems to be a consequence of the chemisorptethod, which does not seem to
be appropriate for the chemical system under st8dyce the reduction of part of the
tin dioxide is not directly measurable and introglsiomportant deviations (up to 40 %)
in the values of the dispersion degrees of one kgrip-chemisorption method does

not seem to be suitable to determine the activiénpla content when tin dioxide is

present.
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C CO adsor ption capacity

In a second attempt to characterize the platinwgtridution, the CO adsoption capacity
of two catalysts from the same deposition methalsrdahe case of Hchemisorption
(SFRD 1 and aqg. deposition) was evaluated folloviiregmethod already used by Grass
and Lintz on the catalytic system Pt/Si{6).

The sample to analyze was placed in a tubular ogaitished for 1 h in a mixture of
1% CO in N, subsequently swept with pure nitrogen for 20 @ finally flushed
with 5 % G in nitrogen. In this last step, the adsorbed camponoxide reacts with the
oxygen to form carbon dioxide. The experimentmsstied, when the amount of exiting
CO,, measured with a non dispersive infrared anal{iX&IR), equals zero or remains
constant for 1 h. The quantity of adsorbed CO tsiokd from the measured quantity of
evolved CQ:

t t
Neo = Neo, = I Neo, ex [dit :Vojccoz,ex [t (7.12)

t0 t0
where V, is the inlet volume flow rate an@cozexiS the time dependent exiting
concentration of carbon dioxide.

The CO adsorption capacity is then defined asdted &amount of adsorbed CO divided
by the mass of the catalyst:

n
Feo =—= [mol/g]. (7.13)
Kat
Supposing that CO adsorbs merely on Pt, the valfiéso can be used to calculate the
apparent dispersion degree of platinDgag
oo (L20M

Dp =—5——7, 7.14

™ W, (7.14)
where 1.2 is the average number of adsorbed COcuieke per surface platinum atom
[7] and wp; is the platinum weight fraction of the sample, aed from x-ray
fluorescence analysis.

The experiments were repeated four times for eatdilyst at different temperatures to
exclude the influence of thermal desorption of #lisorbed CO. The obtained results
are summarized in Table 7.3. In catalyst from SFRDdesorption effects have no
influence in the temperature range investigatee Wdlues for the adsorption capacity
and the resulting dispersion degree remain nearhstant. The apparent dispersion
degree of Pt in this catalyst is approx. 20 %. Whper plot in Figure 7.2 displays the
slopes of the C@outlet concentrations at different temperaturdse peaks appear in
shorter time and more pronounced at higher tempest as expected from the
enhanced surface diffusion of the adsorbed sp®dibsncreasing temperature.
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Table 7.3:  Results from CO adsorption capacity meaments of catalysts from two different
deposition methods at different temperatures.

Wpt T Nco2 [co Dpt
Sample

[%0] [°C] [mol] [mol/g] [-]
SFRD 1 0.45 45 3.9710% 3.9010% 0.20
SFRD 1 0.45 50 3.740% 3.6810%° 0.19
SFRD 1 0.45 55 4.1a0°° 4.0310°° 0.21
SFRD 1 0.45 70 3.810% 3.7410% 0.19
Ag. dep. 0.51 55 1.120% 1.7910% 0.08
Aqg. dep. 0.51 70 1.87.0°° 2.9910% 0.14
Aqg. dep. 0.51 80 3.230% 5.1710% 0.24
Aqg. dep. 0.51 105 4.080°° 6.4810% 0.30

Very different results were obtained in the caséhefsample from aqueous deposition,
were the adsorption capacity seems to increaseimdtbasing temperature. The reason
for these contradictory results can be found indlopes of the time dependent exiting
CO, concentration (Figure 7.2). Whereas the,@0ncentration decreases to cero after
140 s in the case of the catalyst from superctiieposition, an extremely pronounced
tailing is observed in the low temperature rangthefsample from aq. deposition. Even
over 300 s after titration, the GQ@oncentration had not yet decreased to cero, but
remained at a barely measurable value of 0.1 %. drtig reason that could explain
these extremely broad slopes is the longer diffup@ths for the CO that is adsorbed on
Pt. Since the lowest temperature chosen for thevesdional prepared catalyst was
55 °C, where the peak in the case of the sampie 86RD was very pronounced, the
only reason can be the larger Pt-crystals presertheé catalyst from aq. deposition
(confirmed with TEM analysis). It also explains tttearacteristic plateaus observable at
70 °C and 80 °C. After the CO adsorbed on platimgar the phase boundary line
Pt/SnQ has migrated to the line and reacted with the ddsboxygen, the remaining
CO, adsorbed in the central part of a large Pttalyseeds to migrate to the phase
boundary before being able to react again. Theetathe particles, the longer the
diffusion paths and the broader the plateaus \illThis is most probably the reason for
the pronounced plateaus in the conventional catalysemperatures where the SFRD
catalyst shows a steep peak.
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Figure 7.2: Time dependent GQ@utlet concentrations in the titration of adsorb€® by Q. Upper
diagram: sample from SFRD 1; lower diagram: sampderf aqueous impregnation.



136 7 Appendix

Nevertheless, at higher temperatures the measuPeadSorption capacity and apparent
dispersion degree of platinum is higher in the acdgbe catalyst from aq. deposition, in
contradiction to the results of the more represesgtacharacterization with TEM and
SEM. There is no clear explanation for this condrgy. A possible explanation is the
fact that the adsorption capacity of carbon monexbould be proportional to the total
area available for adsorption, which is not neadlgdaigher at higher dispersions. The
dispersion of Pt increases the phase boundanbéhgeen Pt and SnOwhich can not
be easily characterized by any method known toatitbor. Another possibility is the
weaker interaction between CO and highly dispeatinum in contrast to the strong
interaction between CO and crystalline Pt, causingelevated loss of adsorbed CO
during the flushing period with N

Lastly, the slopes of the exiting GQconcentrations were, in some cases, hot
reproducible upon measurement repetition. A mooéopind and extensive study would
reveal all these remaining interrogatives. Nevdeg®we the present research was not
devoted to the chemical characterization of catslgad SEM- as well as TEM-analysis
gave insight to important information regarding teerface morphology and Pt-
distribution of the catalysts under study.
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D Pore and strut size distributions of the sponges
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Figure 7.3: Inner pore- and strut size distributiohceramic sponges with 80 % porosity. Sponges with
85 % porosity show similar distributions of one ardémagnitude (inner pores).
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E Diffusion in gases at moder ate pressur es

Prediction of diffusion coefficients has been subf great interest in the last century
due to the importance of gaseous diffusion in aewdriety of chemical processes.
Fuller et al. [8] proposed a quite reliable metlimdthe prediction of binary gas-phase
diffusion coefficients based on the Stefan-Maxwelid sphere model and the principle
of additive atomic volumes. The parameters of threetation given were obtained from
a non linear least square analysis of 153 diffebemary systems, including 340 actual
data points. The equation selected by the authons the least square analysis reads:

10° TV [ﬁ} +}Jm
D, = M, M (7.15)
i +oF)
with
Dag binary gas-phase diffusion coefficient I8
T : temperature K]
pressure [N/fh
Mi : molar mass of componeinin the mixture [g/mol]
U, : diffusion volume [-]

The 1.75 temperature dependence represents a aomspreoalue giving reasonable
agreement for most binary systems. Observed vdlueshe power dependence on
temperature lie in the range 1.6 — 1.8. Optimizaldies for diffusion volumes of simple
molecules and atomic diffusion volumes to be appledditively can be found
elsewhere [8,9].
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F The Buckingham-Theorem

The /7-Theorem, or Buckingham-Theorem asserts that amptaie physical relation
2= f(X e X)) (7.16)

can be represented as one substituting between af sBmensionless independent
products of the measures of the influencing quast[tLO]:

Z=XXp 0. . XXF(I1,1,,...[1,)) (andm=n-K (7.17)

WhereZ is the desired dimensional physical quantity 2pdre the result influencing
data. F is a dimensionless function of the independent edisipnless product
combinations of the datd. The exponents; are real numbers fulfilling the constraint:

XX O, X ] 2[Z] (7.18)

Furthermore, another considerable advantage adileettrough the use of this theorem
is the reduction of the arguments in the dimens®mlifunction F, as displayed in eq.
(7.17), which is the case when the first subXetq) of arguments iri (eq. (7.16)) has
physical parameters with independent dimensioasfrom which no dimensionleg%
product can be defined. The mathematical prooheffundamental theorem described
above can be found elsewhere [10,11].
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G Correlation matrix and confidence intervals of the general
correlation

Table 7.4 and Table 7.5 show the correlation matfixhe fitted parameters and the
values for the parameters with their confidenceridls, respectively. The non linear
square optimization of the parameters in the cdséh® general correlation, that

includes the influence of the pore anisotropy, deel the same accuracy and very
similar correlation of the parameters as the emglicorrelation.

Table 7.4:  Symmetric correlation matrix C of thesfirmated parameters of the general correlation
for the prediction of mass transfer coefficiente@famic sponges.

A B P q

A 1 -0.727 0.066 0.675
B - 1 -0.489 -0.035
p - - 1 -0.385
q - - - 1

Table 7.5:  Estimated parameters and confidencevate of the general correlation for the prediction
of mass transfer coefficients of ceramic sponges.

Parameter Value Confidence
interval (95 %)
A 0.81 +0.04

B 0.47 +0.01
p 0.84 +0.02
q 0.43 +0.12
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3984 — 3990.

G. Incera Garrido, F. C. Patcas, G. Upper, M. TiBK, Yilmaz, B. Kraushaar-
Czarnetzki, Supercritical deposition of Pt on SpCoated AJOs; foams: Phase
behaviour and catalytic performanc&ppl. Catal. A 338 (2008) 58 — 65.

G. Incera Garrido, F. C. Patcas, S. Lang, B. KraaslCzarnetzkiMass transfer and
pressure in ceramic foams: A description for déf@r pore sizes and porositjes
manuscript accepted in Chem. Eng. Sci. (2008).

Presentations in conference proceedings:

Oral presentations

G. Incera Garrido, F. C. Patcas, S. Yilmaz, B. khaar-Czarnetzkifhe CO oxidation
over structured catalyst packings: a comparisomoaims, honeycombs and bea83th
German Conference on Catalysis, March 19-21, 20@8mar, Germany.

G. Incera Garrido, F.C. Patcas, G. Upper, M. T&kKraushaar-Czarnetzkictivity,

mass transfer and pressure drop of ceramic foanmgtionalized by supercritical
platinum deposition 7th International Exhibition-Congress on ChemiEalgineering
and Biotechnology, Achemasia, May 14 — 18, 2007jirgg People’'s Republic of
China.

G. Incera Garrido, S. Lang, F.C. Patcas, B. KraaiskzarnetzkiMass transfer- and
pressure drop properties of catalytic sponge stited German Conference on
Reaction Engineering (Jahrestreffen Reaktionstéghhlay 18 — 20, 2008, Wirzburg,
Germany.

Poster presentations

G. Incera Garrido, F. C. Patcas, G. Upper, M. Tk, Kraushaar-Czarnetzki,
Preparation of Pt/SnO2 catalysts for CO-Oxidati@omparison between conventional
and supercritical Pt depositiordOth Annual Conference of German Cataysts, March
14-16, 2007, Weimar, Germany.
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Related studies (student works):

Beatriz Gonzalez PresmanéX, supported catalysts for the CO oxidation at nmatke
temperaturesdiploma thesis, University of Karlsruhe (TH), 800

Heinz Tristan GundCharakterisierung und Stoffibergangseigenschafiem AbOs-
Schwammstrukturesemester work, University of Karlsruhe (TH), 2007

Sebastian Lang, Stoffubergangs- und Druckverlusteigenschaften Wasaher
Schwammstrukturemliploma thesis, University of Karlsruhe (TH), 200
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I Used symbols and abbreviations

A empirical solubility constant of a mixture [-]
A pre-exponential parameter in dimensionless coroglat []

A total are of substande [m?]

B empirical solubility constant of a mixture [-]
B exponent in Reynolds number (Re) []
Bos, magnetic fields [T]

C relative correlation matrix []
Ci relative covariance element (i,j) in the correlatioatrix [-]
Ccoo system inlet CO concentration [mofm
Ccoiin reactor inlet CO concentration [moffm
Ccoout outlet CO concentration [molfin
Cb drag coefficient []

Cr friction factor (< @), external flow [-]
Co heat capacity [J/(gK)]
D,d diameter [m]
dp inner pore diameter [m]

d; strut diameter [m]
dw wall thickness (honeycomb) [m]
Dy tube diameter [m]
Dp mean pore diameter [m]
Dn hydraulic diameter [m]
Das molecular diffusion coefficient [ffs]
Dax axial dispersion coefficient [f1s]
Dpt platinum dispersion degree [-]
E deposition degree []
Ea activation energy [kJ/mol]
Fq dimensionless geometrical function []
Fg.aA dimensionless geometrical function including thesaimopy [-]

f friction factor [-]
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viscous constant [Pas/nf]
inertial constant [P&f/m’]
magnetic gradient in the directibn [T/m]
heat transfer coefficient [W/GrK)]
trade-off index (mass transfer / pressure drop) 1 [-
macroscopic angular momentum -S[J
Chilton-Colburn heat- and mass transfer factors 1 [-
jacobian matrix [-]
diffusive flux density of molecules [mol/(m?-s)]
volumetric rate coefficient based on the bulk vadum [sY
mass transfer coefficient gas/solid [m/s]
rate coefficient of reaction relative to Pt *tgees)]
viscous permeability parameter Im
inertial permeability parameter [m]
wave vector [1/m]
length [m]
mass [kg]
parameter irfg [-]
molecular weight of substance of substance [g/mol]
magnetization [J/T]
parameter irfg [-]
absolute molar flux of component [mol/s]
number of experimental points for mathematical niage [-]
Avogadro constant [mol™]
pressure [Pa]
pressure drop [Pa]
solid perimeter [m]

hydrogen peaks (Hthemisorption)
parameter irFg a

parameter irfFg a

[-]
[-]
[-]
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q

v

Sgeo

Wi

Xco

X

Ya

Greek letters
4

14
lco

&

< XN 3

Q D o

Sy

heat flux density

recycle flow rate ratio

bulk volume based reaction rate
geometric surface area per bed volume
specific surface area of substamnce
temperature

superficial velocity

flow rate

volume

variance-covariance matrix
weight fraction of componenmt
carbon monoxide conversion
frictional fraction (¢/cp)

molar fraction of substand®

surface tension
gyromagnetic ratio

CO adsorption capacity
total porosity

outer- or hydrodynamic relevant porosity
contact angle

dynamic viscosity

thermal conductivity
kinematic viscosity

angular frequency

density

root mean square deviation
shear stress

darcy friction factor

tolerance of the parameter fitting
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[W/m?|
[]
[mol(s)]
’Ihm(bed)]
[m?/g]
[°C]
[m/s]
[m¥/s]
[m’]

[]
[-]

[]
[-]
[-]

[N/m]
[rad/E]

[mol/g]
[]

[]
[]
[Pas]
[Wi(n)]
[m?/s]
[s"]
[kg/m’]

[m]
[N/m?]
[]

[]
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Dimensionless groups

U, [L
D

ax

Bo=

¢ =4p D
AL p P

_h
Cpu)mJO

EPr2/3

Lg=2LX, [l—lg[Pr[—FI)_—h

_k,[D

St=-"m

Abbreviations

Bodenstein number

Hagen number

Chilton-Colburn mass transfer factor

Chilton-Colburn heat transfer factor

Lévéque number

Nusselt number

Prandtl number

Reynolds number

Sherwood number

Schmidt number

Stanton number

AARD absolute average relative deviation
BET Brunauer-Emmett-Teller

CC cubic cell

cov covariance of parameters

COD cyclooctadien

CPSI channels per square inch

CSTR continuous stirred tank reactor
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Dev
EDX
GHSV
MRI
NDIR
NMR
PFR
PPI
PROX
PTFE
RMSD
sc
SCF
SEM
SFRD
STP
TEM
TPD
TTKD
Var
var
XRF

deviation

energy dispersive x-ray

gas hourly space velocity

magnetic resonance imaging

non dispersive infrared

nuclear magnetic resonance

plug flow reactor

pores per inch

preferential oxidation
polytetrafluoroethylene

root mean square deviation
supercritical

supercritical fluids

scanning electron microscopy
supercritical fluid reactive deposition
standard temperature and pressure
transmission electron microscopy
temperature programmed desorption
tetrakaidecahedron

experimental error variance
variance of the parameter

x-ray fluorenscence
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