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Abstract

The present paper reviews three-dimensional random network models of catalyst support structures. Multicomponent
diffusion in the individual pores of the network is described by the dusty-gas approach. In contrast to previous publications,
the present network model can be applied to any common reaction kinetics. This becomes inevitable in order to make
three-dimensional network models applicable to practical problems in the industry. The present model is closely connected to
measurable quantities which may be obtained by standard equipment. Examples of pore structure optimizations with respect
to various optimization criteria are given. Investigations of depositions within the pores by percolation theoretical methods
are described. Results of simulations are compared to measurements in a single-pellet diffusion reactor. The importance of
surface diffusion is stressed. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction and molecular dynamics [11] complement the quan-
tum chemical tools. Strategies to model catalytic re-
Although some books on ‘catalyst design’ have al- actions in terms of elementary chemical reactions that
ready been published (see e.g. [1,2]), there is only a occur on the catalytic surface and their relation with
modest progress in catalyst design from the first prin- each other and with the surface during a catalytic cy-
ciples. When modeling phenomena in catalyst parti- cle are given by Dumesic et al. [12] (see also Boudart
cles, one has to solve a variety of difficult problems, [13]). Further progress can be expected by employing
like multicomponent diffusion in porous media, sur- model systems which incorporate a support but still
face diffusion, description of porous structures, mod- allow the use of methods from surface science [14].
eling of the active centers, adsorption, reaction and In the present paper, multicomponent diffusion and
desorption of reactants and products. At present, only reaction within porous catalyst supports will be de-
experimental surface science methods (see e.g. So-scribed. Krishna [15], Krishna and Wesselingh [16],
morjai [3], Woodruff and Delchar [4]) in combination — and Taylor and Krishna [17] give an outline of multi-
with the methods of experimental kinetics (see e.g. component diffusion modeling.
Christoffel [5], Anderson and Dawson [6], Mills and Firstly, one has to describe the porous struc-
Lerou [7], and Kapteijn and Moulijn [84]) and theo- ture of the support and its change with time.
retical chemistry (see e.g. van Santen [8,9], van San- Three-dimensional random networks will be used
ten and Neurock [10]) will give reliable results. Meth-  for this purpose. This type of model describes the
ods of statistical physics like Monte Carlo approaches voidage as interconnected pores with a random dis-
tribution of pore sizes. In principle, any shape of
* E-mail addresskeil@tu-harburg.de (F.J. Keil) pores can be used (e.g. cylindrical, slit-type). The
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pore size distribution can be obtained experimen- Boudart and Djéga-Mariadassou [23], among others.
tally from either nitrogen sorption measurements or Much kinetic data may also be found in Somorjai's
mercury porosimetry. These measurements can bebook [3]. Why the Langmuir—Hinshelwood kinetics
evaluated by a variety of methods. Other approachesworks so well in practice had led to controversies in
are statistical mechanical techniques or reconstruction the literature [24]. The same holds for the concept of
calculations from diffusion experiments in a diffusion turnover frequency (TOF) in heterogeneous catalysis
cell. The pore walls can be smooth, irregular or even [25]. Boudart [26] gives a review of this approach,
fractal. The distribution of pore radii can also be the and Ribeiro et al. [27] discuss guidelines for experi-
result of optimization calculations according to given mental work in heterogeneous catalysis that will help
optimization criteria like, for example, maximum to improve the reproducibility of measurements of
production or maximum operation time. turnover rates. Weller [28] considers many aspects of

Secondly, multicomponent diffusion has to be cal- heterogeneous kinetics.
culated. The common procedure is to employ the One should bear in mind that a good fit of ex-
dusty-gas model that has been developed by Masonperimental data to a Langmuir—Hinshelwood equation
and his co-workers [18]. This model combines molec- does not mean that this equation reflects the real mech-
ular diffusion, Knudsen diffusion, viscous flux, and, anism of the reaction. This might be the case only by
in principle, surface diffusion. The dusty-gas model accident.
is suitable for any model of the porous structure. The In the present paper, a network model will be de-
fundamentals of surface, configuration and anoma- scribed which allows the application of any common
lous diffusion are still under investigation. Mole- type of reaction kinetics. This becomes quite inevitable
cular dynamics and Monte Carlo approaches are thein order to make three-dimensional network models
preferred methods of calculation for these transport applicable to practical problems in industrial catalyst
mechanisms. design.

Thirdly, the reaction has to be modeled. The general
procedure is the fitting of experimental data to a set of
rate equations, mostly the of Langmuir—Hinshelwood- 2. Modeling of porous catalyst supports
or Eley—Rideal-type [19]. As has been demonstrated
in a book written by Mezaki and Inoue [20], 98 Surface area and pore structure are two important
commercial heterogeneous reactions out of 100 re- properties of catalyst supports. Gas reactions catalyzed
actions compiled followed a Langmuir—Hinshelwood by solid materials occur on the exterior and mainly
or a Eley—Rideal rate equation. The reason for this interior surfaces of the porous catalyst support. The
extraordinary success of the two approaches is not specific rate of reaction is a function of the accessi-
clear in detail. As is well known, contrary to the as- ble surface area. The greater the amount of accessible
sumptions of the Langmuir—Hinshelwood approach, internal surface area, the larger is the amount of reac-
the adsorption sites are quite different, and vari- tant converted per unit time and unit mass of catalyst.
ous types of lateral interactions occur between the A second factor is the porous structure which com-
adsorbed species. The lateral interactions betweenprises properties like pore size distribution, connec-
the adsorbates may not be isotropic, the surface tivity and shape of pores. These factors influence the
may reconstruct, and the reaction itself may cause selectivity of reactions. Owing to possible deposition
non-trivial correlations to arise in the distribution of molecules, for example carbon deposition, the pore
of adsorbed species. Contrary to these phenomenastructure may change as a function of time. Finally,
the Langmuir—-Hinshelwood rate equation assumes athe accessibility of the pores will drop to zero, such
random distribution of non-interacting reactants. The that the pellet will be catalytically inactive. Proper de-
kinetics of an elementary surface reaction may not sign of the porous structure may extend the operating
bear a simple relationship to the stoichiometry of the time of a catalyst.
reaction, when there are lateral interactions between Wheeler [29] was one of the first to have considered
adsorbed molecules. Examples of these phenomenaa pore model. He proposed that the mean ragiaumd
are reviewed by Kang and Weinberg [21], Masel [22], the lengthL of pores in a pellet are determined in such
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Fig. 1. Parallel pore model (a) straight, (b)

a way that the sum of the surface areas of all the pores
constituting the system of pores is equal to the BET
surface area, and that the sum of the pore volumes
is equal to the experimental pore volume. After some
calculations, one obtains for the average pore radius
and the average pore length the following equations:

=28 -y ®
9
L= «/E? )

The termVy presents the specific pore volun$g,is
the BET specific surface areaa pore wall roughness
factor, vy the pellet porosityVp is the total volume of
the catalyst pellet an§, the external surface area of a
catalyst particle. The model providesndL in terms
of experimentally determinable quantities. The pore

surface area determined by adsorption measurements

is not a unique value but depends heavily on the mod-
els used for the data evaluation. It is generally agreed
upon that the nitrogen BET method of measuring the
surface area of solids is based on Langmuirian as-
sumptions that are totally unacceptable. Various other
methods for the evaluation of pore surface data were
developed [30,43]. Current developments in this field
are discussed in the Characterization of Porous Solids
(COPS) meetings, the results of which are published
in the series Studies in Surface Science and Catalysis
[31]. One should bear in mind that different methods
of data evaluation give different pore surfaces and pore
radii distributions, as expected.

In the sixties, some other pore models were created.
Slightly more realistic than the Wheeler model are
tortuous capillaries (see Fig. 1b). The random-pore
model by Wakao and Smith [81] was originally devel-
oped for pellets containing a bidisperse pore system,
such as alumina. It is supposed that the pellets consist

tortuous pores, (c) micro/macropore model.

of an assembly of small particles. When the particles
themselves contain pores (micropores), there exists
both a macro and a micro void-volume distribution.
The voids are not imagined as capillaries but more
as an assembly of short void regions surrounding and
between individual particles. The drawback of this
model is the absence of connections between pores.
In fact, it is a refined version of a parallel pore model.
A similar model was developed by Mann and Thom-
son [32] (see Fig. 1c). A progress was made by the
model of Johnson and Stewart [33] which employs
randomly oriented capillary axes and are cross-linked
(see Fig. 2). Similar models were also used by Feng
and Stewart [34]. In the eighties, Bethe lattices were
introduced by Beeckman et al. [35], Beeckman and
Froment [36], and Reyes and Jensen [37] (see Fig. 3).
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Fig. 2. Pore model by Johnson and Stewart [33].
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Fig. 3. Bethe lattice (a) coordination numbés 3, (b) a possible
corresponding pore structure.
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In these models, no closed loops and fixed connec-
tivity are employed. A considerable progress could
be achieved by employing random networks. Sharratt
and Mann [82] were the first to have extensively stud-
ied the properties of these models in connection with
diffusion and reaction phenomena. This type of model

describes the voidage as interconnected pores with a

random distribution of pore sizes (e.g. pore radii for
cylindrical pores). The pore size distribution can be
obtained experimentally from either nitrogen sorption
measurements or mercury porosimetry. Of course,
one has to take into consideration the limitations
mentioned above. A different approach is the recon-
struction of the pore radii distribution by employing

diffusion measurements in a Wicke—Kallenbach cell
(see Keil and Schreiber [38]). A further very important

property is the mean coordination number (connectiv-
ity) of the pores. This number may be obtained from
the evaluation of the hysteresis of the BET adsorp-
tion/desorption curve (Seaton [39], Liu et al. [40]) or

the hysteresis of the mercury porosimetry curve [41].
Furthermore, one can use digital image processing
for finding the connectivity [42,98]. For this purpose,

the support is impregnated by a low-melting point

alloy (e.g. Woods metal). After cooling down, the

solidified samples are carefully sectioned and pol-
ished to reveal a visualization of the penetrated pores.

From special technigues, one can obtain the connec-

tivity. As has been found by Hollewand and Gladden
[44,45], one should differentiate between distinct but
interconnected micro- and macropore networks, to
provide a realistic representation of a bimodal porous
network. On account of the preparation process, they
consist of microporous particles with macropores
among them. In Fig. 4a, a two-dimensional cut and
a three-dimensional bimodal pellet are presented. In
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Fig. 4. Catalyst support manufactured by compression of micropar-
ticles (a) two-dimensional cut, (b) three-dimensional view.

F.J. Keil/ Catalysis Today 53 (1999) 245-258

- I

Fig. 5. Cubic random pore models, (a) two-dimensional random
micro/macropore network, (b) the macropore network spans the
entire network, (c) three-dimensional micro/macropore network,
the macropores span the entire network.

Fig. 5a, two- and three-dimensional random cubic
networks are given. There is a considerable difference
between Fig. 5a and Fig. 5b. In Fig. 5a, the micro-
and macropores are randomly distributed, whereas in
Fig. 5b, the more realistic case is presented where
the macropores cover the entire network. In case of
carbon deposition, the network in Fig. 5b will be
active for a longer time compared to the network in
Fig. 5a. Random three-dimensional pore networks are
advantageous in several respects:

1. The effect of connectivity of the pore space is
taken into account.

Any type of network can be employed (e.g. regu-

lar, irregular, Voronoi [46]).

. Any pore size distribution and any pore geometry,
e.g. cylindrical or slit-like pores, can be used.

. It is possible to model local heterogeneities, e.g.
spatial variation in mean pore size. This is an im-
portant point, as Hollewand and Gladden [47] de-
tected by pulsed gradient spin echo NMR (PGSE
NMR), that the pellets are quite heterogeneous.
This fact is also known from measurements in
single-pellet diffusion cells.

. Any distribution of catalytic active centers may be
taken into account. Due to various impregnation
and reduction methods, the distribution of active
centers will be different. This causes different dif-
fusional fluxes inside the pore network.

. Percolation phenomena can be described. Deac-
tivation processes can be modelled by percola-

2.
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tion approaches (see e.g. Sahimi and Tsotsis [48]) —
An introduction to percolation theory is given by /
Stauffer and Aharony [49]. [~

7. The pore walls can be smooth, irregular or even ———— ‘
fractal. There is some evidence that the pore Walls\k{)‘)‘("" l/ £
are fractal. Details can be found in the books by == »
Avnir (Ed.) [54] and Rothschild [55].

8. Fitting parameters like tortuosityy can be ;
avoided. Tortuosity is an ill-defined correction ko
factor which contains all model deficiencies. Its
relation to the geometric structure of the pore Fig. 7. Trace of a particle in a macropore connected to a micropore.
system is not clear, and the factor is not a con-

stant under reactive conditions. Aris [95] states: a) b)
“When models are made of the configuration of Macropores Micro/Mesopores
the pore structure can be related to some other A B AT
geometrical parameter but in general it is a fudge HH fj; & f_t;_ L
factor of greater or less sophistication”. A HH AT
One has to bear in mind that, in lattice-based mod- — o Lﬂ% e % -
els, diffusion and reaction phenomena are limited to H R T
the lattice framework. In order to remove this limi- @ @ 3@@51% HHH ik
tation, Drewry and Seaton [50], among others, have Eaffan:ietapgealianatats

modeled porous catalysts as randomly sized and lo- , , , _
cated spheres representing the support and active sites,'9- & Mapping of an irregular two-dimensional pore structure
. s onto a regular cubic grid.

Pores, pore size distributions, and pore networks are

idealizations of the real cavities in the catalyst sup-

ports. A two-dimensional cut of a possible real support are reflected several times until they penetrate the nar-

is presented in Fig. 6. Hesse [51] discussed the influ- row pore which prolongs the diffusion path.

ence of the pore length, especially for very short pores, Jerauld et al. [52] and Winterfeld et al. [53] have

on the transport resistance. Small Knudsen numbersshown that, as long as the average coordination num-

(ratio of the pore diameter to the mean free path of ber of a topologically-disordered system is equal to

molecules) lead to an increase in the transport resis-the coordination number of a regular network, the

tance. A typical situation is presented in Fig. 7. A nar- transport properties of the two systems are essentially

row pore is connected to a wide pore. The molecules identical. A mapping of a disordered structure onto
a regular one is shown in Fig. 8. More details about
porous structures are given by Dullien [56], Adler [57],
Sahimi et al. [58], Keil [59] and Mann [43,60].

In the model presented below, a three-dimensional
random cubic network of interconnected cylindrical
pores was taken. The pore walls were assumed to
be smooth, but the mathematical model can be used
for other networks also, like Voronoi grids. Fractal
walls can also be employed and different pore ge-
ometries can be taken as well. The pore radii are
randomly distributed over the network so as to meet a
predetermined overall distribution function obtained
from nitrogen adsorption measurements. A randomly
generated macropore network was introduced which

Fig. 6. Two-dimensional cut of a real catalyst. extends throughout the entire pellet augmented by
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These phenomena cannot be described by the Fick
formulation of diffusion. Within the pores, we may
distinguish three different types of diffusion mecha-
nisms:

e Molecular diffusion: this type becomes significant
for large pore sizes and high system pressures;
here, molecule—molecule collisions dominate over
molecule—wall collisions.

e Knudsen diffusion: this mechanism becomes pre-

3 s parpclch dominant when the mean free path of the molecular

Solid walls (catalyst) species is much larger than the pore diameter such
that molecule—wall collisions become important.

Fig. 9. Dusty-gas model and a two-dimensional cut of some pores. ¢ gyrface diffusion: this type describes the move-

ment of physisorbed and chemisorbed molecular or

a micropore network. The network size was from  atomic species along the pore wall surface. At

30 x 30 x 30 to 80x 80 x 80 nodes. elevated pressures, this mechanism contributes con-

siderably to the total flux, as was already observed
by Feng and Stewart [64].
In microporous media, the so-called ‘configura-

3. Diffusion and reaction tional diffusion’ occurs. Details are, for example,

given by Karger and Ruthven [65], Bell et al. [66], or

Multicomponent diffusion in porous media is de- Keil et al. [67].
scribed by the so-called dusty-gas model [15-17,83]  Within the pores of a sorbent, one has, in general, a
and is based on the Stefan—Maxwell approach for di- combination of the three diffusion mechanisms men-
luted gases which is an approximation of Boltzmann'’s tioned above. The total flux of any species is obtained
equation. The pore walls are (see Fig. 9) considered by combining the separate contributions. The combi-
as consisting of giant molecules (‘dust’) distributed nation can be visualized by an electric analogue circuit
in space. These dust molecules are treated as aas presented in Fig. 10.
pseudo-specias+ 1 in then-component gaseous mix- In the following section, a model developed by
ture. The dust particles are kept fixed in space, and areRieckmann and Keil [68—70] will be given. The basic
treated like a gas component in the Stefan—Maxwell features of the model are as follows:
equations. Multicomponent diffusion shows some D TV . s
peculiarities which do not occur in binary diffusion. I =3+ +J;
These phenomena were discovered by Toor [61] and
were experimentally confirmed by Duncan and Toor Surface

. . Molecular flux

[62]. Toor assigned the following names to these diffusion

curious phenomena:

e Osmotic diffusion: the diffusion of a component R v S
takes place despite the absence of a constituent driv- Ji @D Ji Ji
ing force.

e Reverse diffusion: the diffusion of a component Konvective
takes place in a direction opposite to its driving flux

. . Knudsen

force; which means that the components flow in the diffusion

direction opposite to their concentration gradients.

This effect was also shown by molecular dynamics ‘ I J

[63]. i tot
o Diffusion barrier: a component diffusion flux is O o 15 Electric circuit analogue of diffusive, convective and

despite the existence of a large driving force. surface diffusive fluxes.
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1. Multicomponent diffusion has been modeled
according to the dusty-gas approach.

2. Multicomponent diffusion and reaction occur in
a random three-dimensional network of intercon-

nected pores with a predefined average connec-

tivity and distribution of pore radii, whereby any
type of network and pores can be employed. An
average connectivity of the pores up to 6 can be
selected. In practice, most catalyst supports
exhibit connectivities between 3 and 6.

3. Percolation phenomena like pore clogging, owing
to deposition of carbon or other molecules, can
be studied. For this purpose, the network can be
investigated by the Hoshen—Kopelman algorithm
[71]. With the aid of this algorithm, one can, for
example, obtain the accessible surface within the
network.

coordinate of the porey the pressurelN the number
of components, and, the pore radius. The viscous
flux is given by the following expression:

\Vi Ctot
JV =— 8n ZRwa (6)
with
N
Ctot = ZC,’ (7)
i=1

The expressioZ is the compressibility factor; the
dynamic viscosityR the gas constant, the tempera-
ture, andcy: the total concentration.

The surface diffusion was modeled according to
Krishna [72]:

de(c) 2
4. Different distributions of active centers can be J°=—D%@c) . (8)
studied. P
5. In contrast to previous work, any common type Wwith the surface diffusivity according to
of reaction kinetics may be applied. This is the s . .51
most important aspect of the model. In order to b>e) =BT ©)
make three-dimensional networks applicable to _%g) fori £ j
practical problems in the chemical process in- Bs(c) lDi' N o () (10)
=5 Y g 2E fori = j
dustry, they have to be suitable for any system DS h—il DS
of rate equations. Recently developed numerical
techniques have led to a considerable reduction of . .\ _ <. bi (c) 11
. Lij(e) = dij + (11)
computer memory requirements for such calcula- 1 — Biot(c)
tions. N
The mass transport in the single pores is descnbede Zei (12)

according to the dusty-gas model as a sum of diffusive,
viscous and surface fluxes (see Fig. 10):

J=JP+ 4V 4+ s (3)

The first term on the right hand side represents the
flux due to molecular and Knudsen diffusion:

_10c
7 =—(D (p, e )
—D"—fj fori # j
D —
Dij(rp’c) - A+ZN x5 for i = ] (5)
DK NZ+ Din ()

The termx; represents the mole fraction of com-
ponenti, D;; the binary molecular diffusivity of com-
ponentsi andj, D}} the Knudsen diffusivity of com-
ponenti, ¢ the vector of concentrationg; the length

The term#; represents the fractional surface oc-
cupancy of component, DS. the countersorption

Stefan—Maxwell diffusivity,Dl.S the surface diffusiv-
ity of component, andc; the concentration of active
centers (adsorption sites).

Chemical reactions occur within the pores. Any
system of common rate equations (power law equa-
tions, Langmuir-Hinshelwood or Eley—Rideal equa-
tions, and others), can be included. Therefore, one
finally obtains the following differential material
balance for a single pore in axial direction:

d—J — vzr(c, T)=0 (13)
dw p

The expressiow is the stoichiometric matrix and

r the system of rate equations. The other terms have
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the same meaning as given above. For isothermal con-of the Schur complement method is explained which
ditions, the temperaturd, is constant. Finally, one leads to a global convergence of the Newton Algo-
obtains for each single pore following the system of rithm. In the Schur complement approach, the New-

second-order differential equations ton iteration quite often does not converge due to the
2 ) strong nonlinearity of the systems of equations, caused
0= _RT-> (c. dior E . dctOt) by the reaction equations. Therefore, a globalization
8n dw? * dw dw technique, a subspace search with damped vectors,
d combined with a homotopy method, was developed
—(DP@e)t- 5 = —(DPen™ — that guarantees convergence in nearly all cases. In or-
w dw dw . . .
der to cover the entire range of Thiele moduli, the
2 outer dimension of the network has to be similar to the
Cl IS 1 d G(C) 2C[ . . . .
—— - (D>(¢)) 5 — — actual pellet size used in operation. Taking a random
"p w "p network of, for example, 108 100x 100 nodes with
o d s o1, 900 a realistic outer dimension and a pore size distribution
((D>(e)™) o . .
dw dw like in a real catalyst, leads to a volume ratio of micro-
2 to macropores which is orders of magnitude different
—v.—-r(cT) (14) from the real one. The same holds for the cross molar

’
g fluxes into the pores and porosity of the pellet. Pereira

In the three-dimensional pore network, the single ;.4 Beeckman [73] have used an ‘exchange term’ in
pores are connected at the nodes of the network. NO heir macro-micropore model for the fluxes from the
adsorption or chemical reaction is assumed to take micronores into the macropore. Therefore, one has to
place at the nodes. The fluxes of each of the speciesg.gje the fluxes in the following manner:
that enter a node must be equal to the fluxes leaving the

node. At the inner nodes of the network, an equation Tu =7 ~ VM.cat (17)
similar to Kirchhoff’s law holds: M et et

Jur2, = 15 1%
kz k p.k ( ) Jm _ Jm,net m,cat (18)
kel Vm,net

wherel represents all the pores that are connected at Ju m are the fluxes within the macro- and micro-
nodek, andJ are the fluxes entering or leaving that pores, respectivel\/m m.cat are the pore volumes of
node. On the outer surface of the network, a boundary the macro- and micropores of the real catalyst support,
layer is assumed. The flux from the bulk phase into a whereas/m m net are the corresponding values for the
single pore is network. This scaling implies a locally homogeneous
ellet structure. If these scalings are omitted, a correct
J=FBeo—cs (16) Eore structure optimization wiﬁJ not be obtained [74].
The termp is the mass transfer coefficient which The following parameters are employed in the
may be different for each component. Multicomponent model presented above:
effects may be included. The concentration vectgrs e Pore radii distributions which may be taken from ni-
andcs are for bulk phase and surface, respectively.  trogen adsorption or mercury porosimetry measure-
For each pore of the network, a set of Eq. (14), for  ments. As already mentioned above, the pore radii
each inner node of the network, Eq. (15), and for the  distribution one obtains depends on the method of
outer nodes, Eqg. (16) have to be solved. This is done data evaluation, which themselves imply different
simultaneously for the entire network. The model Eqs.  pore structure models (see e.g. Zgrablich et al. [75],
(14)-(16) were solved by a finite difference scheme. Conner et al. [76]).
The numerical solution is quite difficult. Special tech- e Connectivity found by the method of Seaton [39].
nigues like the Schur complement method were em- e Kinetic rate expressions from measurements in a
ployed which reduces the computer storage require- Berty reactor or any other suitable type of reactor
ments considerably. In the paper [70], an extension [84]. The intrinsic rate equations have to be found.
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e Transport parameters like binary diffusivities ob- demetallation, which shows first-order dependence
tained from correlations, e.g. according to Chapman on the intermediate concentration and second-order
and Enskog, augmented by mixing rules (see e.g. dependence on the hydrogen pressure. The reaction
Reid et al. [77]). scheme is as follows:

e Fugacities and compressibility factors were calcu- ;.
lated with the aid of equations of state, for example, A‘,{%B*C (19)
the Soave equation. ) )

The model presented is closely connected to mea- Pereira and Beeckman [96] and Pereira [97] have
surable quantities, which may be obtained by standard €mployed a simplified pseudo-first-order kinetics:
devices. Also, different network models may be found , _

) . . =kCa (20)

in the literature (see e.g. Sotirchos and Burganos [78],

Deepak and Bhatia [79], Reyes and Iglesia [80]). wherek is the first-order rate constant afx is the
feed metal concentration. For systems of first-order

4. Applications calculations, analytic solutions for the fluxes may be

obtained by, e.g. Laplace transformation, although

The model presented above and some simplifica- the calculations become quite tedious for complicated
tions for first-order reactions were applied to different reaction schemes. The solutions for kinetics (19) and
problems in chemical reaction engineering. First, the (20) are given in Rieckmann et al. [88]. During the
optimization of a hydrodemetallation (HDM) catalyst process of demetallation, the pores get more and more
will be presented (Keil and Rieckmann [74,85]). Cat- plugged and the diameters of diffusing molecules
alytic HDM of crude oil was used for optimization ~come close to the diameters of pore radii. This leads
of the pore structure of catalyst supports. Crude oil to a so-called hindered diffusion which has been dis-
contains small quantities of nickel and vanadium in cussed by Deen [89]. The diffusivities were calculated
the form of porphyrins, in which the metal atom is according to Spry and Sawyer [90]:
surrounded by four pyrrole-type rings, and a wide 4
variety of organometallic complexes. Representa- py = Do, (1_ M) (21)
tive concentrations in the atmospheric residue are Tp

6-114 ppm nickel and 30-400 ppm vanadium. During where D, is the bulk diffusivity, rmo the radius of
the demetallation proceSS, the metals are depOSitedthe diffusing molecule aan the pore radius at a cer-
on the catalyst in the form of sulfides. These sulfides t3in timet. The details of the models are given in the
cause irreversible fouling. The deposits are also active papers [74,85,88]. The models were employed for the
demetallation catalysts but have an activity of only optimization of the pore structure of the support ac-
about 80% of the fresh catalyst. As the deposits cat- ¢ording to a performance index, which was the mole

alyze demetallation, the pores become more and morefiow of the product over a certain period of time:
filled with deposits, and finally, they will be blocked.

Agrawal and Wei [86,87] have investigated kinetics 1
of the HDM reaction of nickel(ll) and vanadyl(IlV) ¢
etioporphyrin | over the CaO-MoffAl,O3 catalyst

in a high-pressure liquid-phase flow reactor. They where Nawt is the total flux of metal-bearing
have found that three major steps are involved. The molecules into the pellet\t; are the time increments,
first step is hydrogenation to intermediates with a andt the total operating time. Independent variables
first-order dependence on the metal etioporphyrin Were the radii of micropores, and the microporosity
concentration in the solution and a first-order depen- ém. These values were bound as follows:

dence on _hydrogen pressure. The second reactio_n iSZSA <rm < 150 A 005 < & < 0.65 23)
the reversible dehydrogenation of the concentration
of intermediates in solution with zero-order depen-  As the radii of macropores have far less effect upon
dence on hydrogen pressure. The third reaction is thethe result, only the micropores have been taken as in-
irreversible hydrogenolysis of the intermediates and dependent variables. The total porosity of the pellet

n
> NatwrAt; = MAX! (22)

i=
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Fig. 11. Optimization of an HDM catalyst [74]. gg] 12. Deposition profiles at different times in an HDM pellet
was kept fixed at 0.7. In Eg. (22), the mole flow into In the HDM process, after each time step, the pore

the pellet is maximized. This is equivalent to a max- radii of the network decrease because of the deposits.
imum demetallation over a given period of time. The Parts of the network may be no more accessible from
optimization was done with the aid of the COMPLEX the outer surface. To identify these isolated pore clus-
method by Box [90]. Other routines, like, e.g. the se- ters and to calculate the accessible pore space, the
guential quadratic programming could also have been network was analyzed by means of percolation theory
used. In Fig. 11 [74], an example for the optimum [88]. The clusters of certain sizes are counted and sum-
(rm,opt) structure of a demetallation catalyst, which can marized, pellet spanning clusters are detected and the
be produced by using suitable templates, a controlled clusters in contact with the bulk phase are identified
sol—gel process and certain tempering techniques, isby the Hoshen—Kopelman algorithm [49,71]. In Fig.
given. Pore structure optimizations improve the per- 12, the deposition profiles inside the pellet at differ-
formance of catalysts considerably. Hegedus [91] em- ent times are presented. The kinetics of Eq. (19) were
ployed the random pore model of Wakao and Smith used. These metal deposition profiles can be studied
[81] to optimize the pore structure of automobile ex- experimentally by X-ray spectroscopy [87]. The simu-
haust catalysts. A further example of computer-aided lations agree with measurements. In Fig. 13, the acces-
design of catalyst support pore structures has beensible pore volume is presented as a function of time.
given by Pereira et al. [92]. A model of monolith-type After an initial decrease, the mole fluxes and the ac-
catalysts has been used together with an optimization cessible pore volume remain nearly constant for a long
procedure to maximize the steady-state diffusion con- period of time. They drop to zero as the macropores get
trolled catalytic performance after 1000 h of operation clogged. This happens after about a year and a half, in
in the presence of poisons. Beeckman and Hegedusaccordance with industrial experience. Therefore, the
[93] have developed a model to describe the reduc- present model allows, based on the experimental data
tion of NO with NHz in simulated power plant stack mentioned above, the prediction of the catalyst oper-
gases, over the internal surfaces of monolith-shapedating time. This feature of the model makes it useful
catalysts of the vanadia—titania type. The model indi- in catalyst support design. A further example of a cok-
cated that up to 50% improvement in the volumetric ing was investigated in connection with the dehydro-
activity of these catalysts would be possible if they genation of 1-butene to butadiene [68] and a coking
could be prepared with the computed optimum pore reaction [69] described by Beyne and Froment [94].
structure. Beeckman and Hegedus have found thatcer- To test the performance of the network model
tain grades of silica could be engineered to satisfy the described above, the computations with this model
calculated pore structure requirements. were compared to experimental results obtained in a
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Vp,ace(Vp 101(0) The adsorption constantk, were measured by a
1.0 chromatographic method and fitted to an Arrhenius
formula:
0,8
’ Eads
K(T) = K%%xp(| —== 26
(1) = Koexp( 12 (26)

0,6 =
The surface diffusivities range from 19 to
10~ " m?/s (see Satterfield [99]). For propane, the sur-

0,4 1 . s . .
face diffusivities,DS, were varied from 8.1% 10~°

0,2
x [Mol%] concentration profiles

0,0 T T T T T T T T

0 100 200 300 400 500 84 simulation —
t[d] DCP

6 -

Fig. 13. Normalized accessible pore volume vs. time, 10 different L4 170°C

network realizations are presented, depositions at the pore mouths ol N measurements 1,5 bar

can be observed. H,DCP =10

HCI

24

single-pellet diffusion reactor [70]. As an example, propane

the selective hydrogenation of 1,2-dichloropropane to od ¢

propane and hydrochloric acid was employed: . 10 network realizations

O,b O,IZ 0,I4 O,IG 0,|8 1,IO
HgCsClo + 2Hy, — CsHg + 2 HCI (24) center normalized pellet length U™

Fig. 14. Calculated concentration profiles and measured center

The intrinsic kinetics was determined with the aid . entrations [70].

of a Berty reactor. The kinetics could be fitted to a

Langmuir-Hinshelwood rate expression. By employ- x[mol-%]
ing the experimental data as described in Section 2,
a very good agreement between experiment and sim- DCP

ulation could be obtained. No further readjustments 5 -
of parameters were made. In Fig. 14, calculated con-
centration profiles and measurements are presented.
No surface diffusion was taken into account in Fig.

14. The measurements coincide with the calculations, Propane i
except for hydrochloride. Hydrochloride could not be | o—

measured properly as it adsorbed strongly onthecol- 2 4 f—rceoo o ——Q——u
umn in the chromatograph. In Fig. 15, the results of | O;;;@:Ti?/@;{ég
the computations of the pellet center concentrations %l—(f;—*; == + T
are shown as a function of pressure. In Fig. 15, the sur- ¢ T —
face diffusivities were included. The model developed L5 2,0 2,5 3,0 3.5 4,0
by Krishna [72] was employed (see Egs. (8)—(12)). p [bar]

The surface coverages were modeled according to the

Langmuir isotherm: Fig. 15. Calculated center concentrations for various surface dif-

fusion coefficients compared to measurements [70] at°@80
H,:DCP = 10x DS/DP =0 (M), 1x 103 (@), 1.5x 102 (4),
Kp (25) 2.0x 1073 (¥), 3.0x 10°3 (#), 6.0x 10-3 (+), and experimental

0 =
1+Kp data (J).
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Fig. 16. Diffusive, convective and surface diffusive contributions to the total flux into a catalyst pellet in which methanol synthesis occurs,

(a) hydrogen, (b) methanol.

to 8.17x 10~"m?/s, which corresponds to 1/1000 changes during the reaction, the convective contribu-
to 1/10 of the molecular diffusivity of propane, re- tion, especially for hydrogen, is quite high. The flux

spectively. The surface diffusivity of dichloropropane of hydrogen passes mainly through the macropores.
was set equal to 1/1000 of its molecular diffusivity For methanol, the diffusive transport dominates. An
(1.934x 10~2m?/s), and for hydrochloride, equal to  important point should be stressed. The transport in
1/1000 (3.18< 10-9m?/s). The cross-surface diffu- micro- and macropores is, for methanol, nearly the

sivities were calculated according to same. It is quite often assumed that, under stationary
S s conditions, the transport in the macropores dominates.
Dj; =/ D;D37; (27) They are called ‘transport pores’. This is correct un-

der nonreactive conditions, but not in case of chemical
reactions. Here, the micropores contribute equally to
the flux.

The total number of active centers in a catalyst
support is about 78 centers/crh (see Boudart and
Djéga-Mariadassou [23]). Therefore, in the present
calculations, a concentration of the active centes,
of 1.6x 10~®>mol/m? was employed. A very good 5. Conclusions
agreement between measurement and calculation
could be obtained for a ratio @%/D° of 1.5x 103, It has been demonstrated that three-dimensional

which corresponds to a surface diffusivity for propane random networks can contribute considerably to the
of 1.22x 108 mP/s, a very reasonable value. If the gesign of optimum porous structures. These models
Surface diﬁusion iS Omitted, the m0|e fraCtion Of have to include a proper description Of mu'ticompo_

propane is too high for higher pressures. This devi- nent diffusion and general systems of rate equations.
ation is due to the stronger adsorption of propane at |nyestigations by percolation theoretical approaches
elevated pressure. The more polar dichloropropane give insight into deactivation phenomena owing to

adsorbs strongly even at low pressures. This examplethe deposition of material. These models, combined

clearly demonstrates that the surface diffusion has to with some experimental data, have predictive power.
be included into the model. This was already observed

by Feng and Stewart [34], and has been confirmed in

many other examples. Acknowledgements
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