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integrated adsorption sites
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Abstract

Adsorptive reactors represent a promising application of the multifunctional reactor concept for process intensification. The deliberate
manipulation of concentration and temperature profiles resulting from the integration of an additional adsorptive functionality with hetero-
geneous catalytic activity can be impeded significantly by mass transfer limitations. If the multifunctionality is extended down to the particle
level by using a multifunctional catalyst design the mass transfer bottleneck can be circumvented. Structured multifunctional catalyst particles
offer an additional degree of freedom in reactor design. The enhancement in performance from multifunctional catalysts with integrated
adsorption sites was evaluated for two reaction systems of industrial relevance using a rigorous dynamic model. Significant improvements
were found when mass transfer limitations were present and a simple design procedure is presented for selecting the optimal particle structure
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. Introduction

The integration of multiple process functions in multi-
unctional reactors, e.g. through the combination of heteroge-
eous catalytic reactions and separation processes, has been
tudied extensively over the last few years as a promising
eans of process intensification[1]. Apart from the better

nown processes of reactive distillation, membrane reactors
nd chromatographic reactors the potential available through

he integration of an additional unit operation into a chemical
eactor has been demonstrated for the concept of adsorptive
eactors in a variety of interesting applications, e.g. Claus pro-
ess[2], steam reforming[3–5], methanol-synthesis[6,7],
ehydrogenations[8,9]. Generally, the incorporation of an
dsorptive functionality is a particularly effective means of
eliberately manipulating concentration profiles in an expedi-
nt manner. In the case of an integrated adsorptive removal of
reaction (by-)product an enhanced conversion for equilib-

ium limited reactions can be achieved. Similarly, unwanted

consecutive reactions can be suppressed improving se
ity if the desired intermediate is removed by adsorption.

Whenever more than one functionality is to be incor
rated into a reactor the spatial distribution of the funct
alities can be exploited as an additional design parame
optimise reactor performance. So far the structured d
bution of individual functionalities within adsorptive rea
tors has been carried out solely on the reactor scale, e
the non-uniform spatial distribution of adsorbent and cata
particles along a fixed-bed[10].

However, the inter- and intra-particle mass transfer
impose a serious constraint on the utilisation of the syn
potential offered by adsorptive reactors, since the mani
tion of concentration profiles depends strongly on the m
transfer between the two functionalities. This fact is refle
in the strict criteria for compatible reaction and adsorp
rates if the application of adsorptive reactors is to be fea
[2]. If the functionalities are integrated at the particle le
an intensification of the mass transfer between the va
functional sites can be expected.

Furthermore, microstructuring offers an additional de

∗ Corresponding author. Tel.: +49 231 755 4347; fax: +49 231 755 2698.
E-mail address:wulf.dietrich@bci.uni-dortmund.de (W. Dietrich).

of freedom in the design of a multifunctional reactor, since
the functionalities can be expediently structured within the
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Nomenclature

ci bulk phase concentration (mol/m3)
cp,i particle concentration (mol/m3)
c0,i reactor inlet concentration (mol/m3)
Dax axial dispersion coefficient (m2/s)
Deff,i effective pore diffusion coefficient

Deff,i =Diε/τ (m2/s)
Di molecular diffusion coefficient (m2/s)
fp,ads adsorbent volume fraction of multifunctional

particle
fp,cat catalyst volume fraction of multifunctional

particle
fx,ads adsorbent particle fraction in conventional re-

actor
fx,cat catalyst particle fraction in conventional reac-

tor
k rate constant, water–gas shift reaction

(mol/bar2 m3 s)
keff,i effective mass transfer coefficient (m/s)
kfilm,i external particle mass transfer coefficient (m/s)
k1 forward reaction rate constant, Claus reaction

(mol/bar1.25m3 s)
k2 reverse reaction rate constant, Claus reaction

(mol/bar m3 s)
Keq equilibrium constant, water–gas shift reaction
KF,i Freundlich constant ((mol/m3)0.25)
Ki Langmuir constant, water–gas shift reaction

(bar−1)
L reactor length (m)
pi partial pressure (bar)
qi adsorbent loading (mol/m3)
r radial coordinate (m)
rV,ads,i adsorption rate (mol/m3 s)
rV,cat,i reaction rate (mol/m3 s)
Rp particle radius (m)
St Stanton number
t time
tcyc cycle time (s)
�trel relative cycle time enhancement (%)
u superficial gas velocity (m/s)
Vp particle volume (m3)
x axial coordinate (m)
X conversion

Greek letters
ε reactor void fraction
εp particle porosity
Φ Thiele modulus
ν stochiometric coefficient
τ particle tortuosity factor

Subscripts
ads adsorbent particle
cat catalyst particle

hom multifunctional particle with homogenous
(uniform) structure

opt multifunctional particle with optimal structure

particles thus providing a tool for the direct manipulation
of intra-particle concentration and temperature profiles. The
deliberate exploitation of adsorption phenomena in hetero-
geneous catalyst is by no means an unknown concept, and
has been utilised previously in automotive exhaust catalysis,
for instance, to maintain suitable oxygen levels in three-way
catalysts or to remove nitrogen oxides from diesel exhausts
through periodic lean-rich operation.

In this work the potential of multifunctional catalysts with
integrated adsorption sites is evaluated in comparison to the
corresponding ‘conventional’ adsorptive reactor configura-
tion. Model parameter studies have been carried out using
an appropriate dynamic simulation for two equilibrium reac-
tions in order to identify the areas in which multifunctional
catalysts might be used to advantage and to quantify the at-
tainable gains in reactor performance.

2. Multifunctional adsorptive catalysts

Under certain conditions, i.e. in the case of fast reactions
or low intra-particle mass transfer rates, the potential syn-
ergy offered by the integration of an additional adsorptive
functionality in a multifunctional reactor is diminished by
mass transfer limitations and thus lack of driving force. If
t the
p nc-
t tween
t of
t irect
a tion
p

ium-
l efits
p ted
a m
r rds
t the
r

ad-
s ed,
w rted
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b ation
o ng a
h ional
c also
r pro-
c ity. In
he principle of multifunctionality is extended down to
article level a more intimate spatial integration of the fu

ionalities can be achieved. The decreased distance be
he different functional sites results in an intensification
he intra-particle mass transfer and thus offers a more d
nd effective manipulation of the intra-particle concentra
rofiles.

In the case of conversion enhancement for an equilibr
imited reaction via adsorptive product removal, the ben
rovided by multifunctional catalysts can be easily illustra
s depicted inFig. 1. For a simple bimolecular equilibriu
eaction the thermodynamic equilibrium is shifted towa
he product side according to Le Chatelier’s principle if
eaction (by-)product C is adsorbed.

In a multifunctional particle the component C can be
orbed directly in the same particle in which it is form
hile in a ‘conventional’ arrangement C has to be transpo

rom the catalyst particle via the bulk fluid phase into a ne
ouring adsorbent particle. As a result a lower concentr
f the product is achieved at the catalyst surface yieldi
igher rate of reaction compared to a simple monofunct
atalyst particle. The more direct local product removal
esults in an increased driving force for the adsorption
ess and thus better utilisation of the adsorbent capac



W. Dietrich et al. / Chemical Engineering Journal 107 (2005) 103–111 105

Fig. 1. Schematic comparison of the coupling of reaction and adsorption and the resulting concentration profiles for conventional and multifunctional
particles.

addition the bulk phase concentration of C is diminished, so
that the integrated functionalities at the particle scale lead
to steeper concentration profiles in the reactor and there-
fore yield sharper breakthrough curves for both the adsorbed
component and unconverted reactants permitting longer cy-
cle times in adsorptive reactor operation. For a given reactor
volume and reactant flow rate an extended cycle time is equiv-
alent to a higher space–time-yield.

The integration of two different catalytic functionalities
within bifunctional particles and the influence of the intra-
particle distribution of the catalytic activities on reactor per-
formance was investigated as early as in the 1960s and 1970s
[11,12]. However, the deliberate integration of adsorptive and
catalytic functionalities in a single particle has so far attracted
little attention. Only the use of bifunctional catalytic materi-
als serving as both adsorbent and catalyst has been reported
in a few instances. For example, esterification reactions in a
liquid chromatographic reactor using the ion exchange resins

both as adsorbent and catalyst were investigated by Kawase et
al. [13] and Silva and Rodrigues[14]. In this contribution we
focus more generally on catalyst systems consisting of dis-
tinct functionalities, which can be structured in an expedient
manner within a ‘catalyst’ particle.

Microscale distribution is hardly an entirely new approach
in chemical engineering[15]. The non-uniform distribution
of the adsorptive and catalytic functionalities inside a multi-
functional particle promises an additional degree of freedom
in the design and optimisation of adsorptive reactors. Both the
composition, i.e. the overall fraction of each ‘activity’, and
the spatial distribution of the individual activities at the par-
ticle and reactor level become available as additional design
parameters.

The optimal distribution of a single and two different cat-
alytic activities in a particle has been investigated previously
under steady-state conditions. For a single catalytic activity
the optimal particle structure, i.e. the relative location of the

idered
Fig. 2. Selection of structure variants cons
 in the optimisation of the particle microstructure.
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activity within the particle, is determined by the reaction ki-
netics as well as by the mass transfer rate of the reactants. For
certain reaction kinetics, analytical solutions of the optimi-
sation problem can be derived[15]. For the combination of
two different catalytic activities catalysing different reactions
in a multi-step synthesis within a single particle it has been
demonstrated that an optimisation of the activity profiles al-
lows a significant increase in both overall reaction rate and
selectivity[16]. In contrast to these “steady-state” studies the
emphasis in our own research is on multifunctional catalysts
with integrated adsorption sites for the conversion enhance-
ment of equilibrium limited reversible reactions. Due to the
inherent unsteady-state nature of adsorption processes, the
theoretical analysis of these multifunctional catalysts has to
be carried out under transient conditions.

Based on the dynamic simulation model developed in this
work, the structure of such multifunctional catalysts has been
optimised by following a simplified iterative procedure. A
discrete set of particle structures (Fig. 2) was selected a priori
to provide a representative spectrum of possible arrangements
for two different functionalities and taking the manufacturing
feasibility for such particles into consideration. Proceeding
from the highest degree of integration – a homogenous or
uniform mixture of adsorptive and catalytic functionalities –
the volume fractions have been separated progressively and
d
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• a non-ideal plug flow of the bulk fluid phase is assumed
with axial backmixing being lumped in an axial dispersion
coefficient,

• the gas phase behaviour obeys the ideal gas law,
• heat effects were neglected and the reactor is operated

isothermally.

3.1. Particle model

Inside the particles the mass transfer is described using
an effective pore diffusion model and the contribution of the
adsorption and reaction rates is weighted according to the
volume fractions of the corresponding functionalities in each
local particle volume element resulting in the following ex-
pression for the particle mass balance (1):

εp
∂cp,i

∂t
= Deff,i

(
∂cp,i

∂r

2

r
+ ∂2cp,i

∂r2

)

− (1 − εp)(fp,adsrV,ads,i − fp,catrV,cat,i) (1)

The boundary conditions for the particle mass balance are
derived assuming a linear concentration profile in the particle
boundary layer (2) and symmetric profiles within the particles
(3)
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iscretely until core-shell arrangements are attained (Fig. 2).

. Modelling

A two phase dispersion model with internal pore di
ion describing the dynamic behaviour of a fixed-bed
orptive reactor with multifunctional catalyst as well as f
enchmark with separate catalyst and adsorbent particle
een developed. The spatial distribution of the functiona
ithin the multifunctional catalyst particles was described
ording to the volume fraction of each functionality, wher
ll possible particle structures could be accounted for.
odel development was based on the following genera

umptions:

the contribution of adsorption and reaction to the p
cle mass balance can be described by the relative vo
fractions of each functionality which are a function of
radial position,
the fluid in the particle pores and the internal adsor
and catalyst surface is in equilibrium,
the adsorption process was assumed to be only mass
fer limited,
the physical structure of the particles can be idealise
porous spheres with a uniform pore structure indepen
of the functionality distribution,
particle size and structure were averaged for all part
(multifunctional and conventional) in order to permit a
rect comparison of different particle and reactor confi
rations,
-

film,i(ci − cp,i|r=Rp) = Deff,i
∂cp,i

∂r

∣∣∣
r=Rp

(2)

∂ci

∂r

∣∣∣∣
r=0

= 0 (3)

Conventional’ particles consisting solely of adsorbent or
lyst can be described using the same model by simply s

he volume fraction of the corresponding functionality eq
o 1.

.2. Reactor model

The particles are incorporated in a fixed-bed reacto
rated under the same conditions for multifunctional
onventional particles. A one-dimensional axial disper
odel is used to describe the reactor fluid bulk phase
he third term on the right-hand side of Eq.(4) accounts fo

he mass transfer from the fluid bulk phase to the par
urface, whereas in the case of the conventional bench
dsorptive reactor the mass transfer to adsorbent and ca
articles respectively, has to be distinguished by weigh

he corresponding contribution according to the corresp
ng volume fractions of the particles in the fixed-bed (5)

∂ci

∂t
= −

(
u
∂ci

∂x
+ ci ∂u

∂x

)
+Daxε

∂2ci

∂x2

− (1 − ε) 3

Rp
kfilm(ci − cp,i|RP) (4)
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ε
∂ci

∂t
= −

(
u
∂ci

∂x
+ ci ∂u

∂x

)
+Daxε

∂2ci

∂x2

− (1 − ε) 3

RP
(fx,adskfilm(ci − cp,ads,i|RP)

+ fx,catkfilm(ci − cp,cat,i|RP)) (5)

Assuming the additivity of fluid volumes, the overall mass
balance is derived by summing up all component mass bal-
ances (4) as follows (6):

∑
i

ci
∂u

∂x
=
∑
i

(1−ε) 1

VP

∫ RP

0
rV,j(r)(1 − εp)4πr2 dr

+
∑
i

(1−ε) 1

Vp

∫ RP

0

∂qi,ads(r)

∂t
(1−εp,ads)4πr

2 dr

(6)

The reactor boundary conditions have been set assuming
closed vessel behaviour[17]

u(ci(x = 0, t) − c0,i) = Dax
∂ci(x = 0, t)

∂x
(7)

∂ci(x = L, t)

∂x
= 0 (8)
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particle being allocated in such a manner so as to obtain an
equivalent volume increment grid. This procedure ensured
on one hand a meaningful comparison of particle configu-
rations with different functionality arrangements, and on the
other hand a better numerical resolution of the particle mass
balances by using incremental control volumes of equal size
[18].

3.4. Model parameters—test systems

Simulation studies were carried out for two test systems
– the Claus process and water–gas shift reaction – in the first
case a by-product is adsorbed and in the latter a reactant is
desorbed, both resulting in a conversion enhancement of the
equilibrium reaction according to Le Chatelier’s principle.
For the Claus process (10) the reaction kinetics over a�-
Al2O3-catalyst were described with a power law expression
(11) [2]

2H2S+ SO2 � 3

n
Sn + 2H2O, �Hads= −108 kJ/mol(10)

rV,i = νi(k1pH2Sp
0.25
SO2

− k2pH2O) (11)

and for the water–gas shift reaction (12) a
Langmuir–Hinshelwood approach was used (13)[19]
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fx,cat
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CO2

H2

H2O
t the outset of each reaction cycle the reactor contain
nert component

i(x, t = 0) = 0, cp,i(r, t = 0) = 0 (9)

.3. Numerical solution

The model was implemented in Aspen Custom Mode®

ith a modular model structure and solved using the me
f lines. The spatial domain was discretised using fou
rder orthogonal collocation on 25 finite elements for
eactor length axis and on eight elements over the pa
imension, with the finite elements on the radial axis of

able 1
odel parameters and correlations used in the case studies

All systems

ε 0.4
εp 0.5
T 250◦C
p 1.013 bar
Di Fuller, Schettler, Giddings, 1966
kfilm Wakao, Funazkri, 1978
Dax Wakao, 1984

Claus process

Reactor feed composition
pH2S 0.1 bar pC

pSO2 0.05 bar p

pN2 0.85 bar p

p

O+ H2O � H2 + CO2, �Hads= −40.6 kJ/mol (12)

V= k(pCOpH2O − pH2pCO2/Keq)

(1+KCOPCO+KCO2pCO2 +KH2pH2 +KH2OpH2O)2
(13)

n both cases water vapour was adsorbed on a 3A
ite with the adsorption equilibrium being described us

Freundlich-type isotherm (14)[2]

H2O = KF,H2OC
0.75
H2O, �Hads= −30.5 kJ/mol (14)

Claus process Water–gas shift rea

4.92 mm[2] 3.5 mm
1 m 0.5 m
0.06 m 0.1
0.02,. . ., 0.1 m/s 0.02,. . ., 0.1 m/s
0.43[2] 0.5

gas shift reaction

H2O in feed No H2O in fee

0.058 bar 0.069 bar
0.058 bar 0.069 bar
0.714 bar 0.852 bar
0.17 bar 0.01 bar
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The adsorption step was assumed to be instantaneous result-
ing in the following expression for the adsorption rate:

rV,ads,H2O = ∂qH2O

∂t
= ∂qH2O

∂cH2O

∂cH2O

∂t
(15)

The model parameters required were obtained from literature
or calculated using empirical correlations as summarised in
Table 1. In order to permit a consistent comparison of dif-
ferent particle configurations with one another and with a
conventional adsorptive reactor, both the particle structure
and the mass transfer characteristics have been averaged for
adsorbent and catalyst and assumed to be independent of the
distribution of the functionalities inside the multifunctional
particles. In all cases the total adsorbent and catalyst fractions
have been kept constant in order to study the mass transfer
intensification independently.

Based on the parameter values reported in the literature,
particle size and reaction rate were varied somewhat to inves-
tigate the influence of the ratio of reaction rate and internal
diffusion as well as the ratio of convective and intra-particle
mass transfer on the performance of multifunctional cata-
lysts.

4. Simulation results and discussion

sults
a tems,
t e the
s tions
a s the
h that
a

Φ

a lated
a icle,
e ction
i the
p

S

The reactor performance was quantified using the cycle time
prior to the breakthrough point of unconverted reactant for a
given reactor volume compared to a conventional adsorptive
reactor operation.

For both test systems different multifunctional particle
configurations were evaluated based on the relative cycle time
enhancement in comparison to a conventional adsorptive re-
actor.

4.1. Claus process

The single stage Claus process, an adsorptive reactor con-
cept proposed by Elsner et al.[2], was taken as a reference
system for the potential application of multifunctional cata-
lysts. In this example, the reaction cycle was terminated when
a total sulphur conversion of 99.5% corresponding to current
environmental standards was exceeded

XS,tot = (cH2S(x = L) + cSO2(x = L))V̇ (x = L)

(cH2S(x = 0) + cSO2(x = 0))V̇ (x = 0)
≤ 0.005

(18)

For the standard reaction conditions (set 1 inTable 2) the
application of multifunctional catalysts yielded only a slight
improvement (7.5%) in the attainable reaction cycle time.
U any
m ns-
f has
n e. If
i nced
t lysts
i n
n ared
t ass
t re-
d turn
r e by
c
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t ty of
t le
i ent
c alyst
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a

T
S

icle stru
In order to be able to generalise the simulation re
nd compare the operating conditions for both test sys

wo dimensionless numbers were used to characteris
ystem. The Thiele modulus (15), evaluated for the condi
t the inlet of a conventional adsorptive reactor, quantifie
ighest ratio of reaction to the internal mass transfer rate
rises,

= Rp

3

√
rV(c0)

Deffc0
(16)

nd the Stanton number for mass transfer (16), calcu
ssuming parabolic concentration profiles within the part
xpresses the ratio of the mass transfer rates for conve

n axial direction to the diffusion from the bulk phase into
article

t = 3keffL

Rpu
with keff =

(
1

kfilm
+ Rp

5Deff

)−1

(17)

able 2
ummary of simulation results for the Claus process

Parameter set Φ St tcyc,conv.(s) Optimum part

1 0.45 316.5 1397 C2
2 0.8 174.9 1110 B2
3a 2.6 174.9 1620 B1
4a 2.6 41.3 1235 B1
5 4.02 83.7 1215 C1
6 12.96 18.6 1105 C1

a SeeFig. 2.
nder the conditions chosen, the system exhibits hardly
ass transfer limitation (Φ= 0.45) and thus the mass tra

er intensification offered by multifunctional catalysts
o significant effect on the overall reactor performanc

ntra-particle mass transfer limitations are more pronou
he performance enhancement with multifunctional cata
mproves dramatically (Table 2). Especially for lower Stanto
umbers, i.e. longer characteristic diffusion times comp

o the hydrodynamic residence times, the intensified m
ransfer in multifunctional catalyst particles significantly
uces the bulk phase adsorbate concentration, which in
esults in less axial spreading of the breakthrough curv
onvection (Fig. 4).

At higher Thiele modulus values the reaction zone in
he particles becomes restricted to an area in the vicini
he surface (Fig. 3) and the core of the multifunctional partic
s not utilised, thus diminishing the cycle time improvem
ompared to a conventional system. However, if the cat
nside a multifunctional particle is distributed to give a hig
ctivity towards the centre (structure D1 inFig. 2) the reaction

cturea tcyc,opt (s) �trel,opt (%) (tcyc,opt− tcyc,hom)/tcyc,hom(%)

1502 7.5 0.8
1406 26.9 0.8
1880 16.1 1.6
2787 125.7 4.1
1502 23.6 3.6
2704 144.7 26.4
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Fig. 3. Particle H2O concentration and reaction rate profiles for Claus reaction, effect of catalyst distribution.

zone can be distributed more uniformly over the particle and
thus both the particle utilisation and the cycle time can be
improved (Fig. 3).

Generally the objective in optimising the particle struc-
ture is to achieve a maximum reaction rate while ensuring
the compatibility of reaction and adsorption rates. Since the
adsorption rate is always mass transfer limited this requires
an integration of the two functionalities that is as intimate as
possible. By varying the relative location of the catalyst the
reaction rate can be influenced as described above for the case
of fast reactions. It has to be noted that up to a Thiele modulus
value of 4 the homogenous distribution of the functionalities
exhibits nearly optimal performance (Table 2).

4.2. Water–gas shift reaction

For the water–gas shift reaction two different feed compo-
sitions were investigated—complete steam supply (no steam
in feed) and make-up of steam consumption via desorption.
In the first case the reaction mixture was already in chemical
equilibrium upon entering the reactor and further reaction re-
quired water vapour desorption, while in the latter case the
water vapour desorption had to precede the reaction. A min-
imum CO conversion of 90% was used as a criterion for the
termination of the reaction cycle.

ycle
t nton

numbers (Table 3). The low catalyst utilisation associated
with the steep particle profiles occurring at high Thiele mod-
uli could be compensated by arranging the catalyst inside a
multifunctional particle in the same way as for the Claus re-
action (Fig. 5). The two operation modes considered yielded
basically similar results, whereas the effect of the mass trans-
fer intensification is greater for the complete desorptive water
vapour dosage, since the amount of water vapour desorbed
is considerably larger. Thus it can be concluded that for a
single equilibrium reaction the conversion enhancement by
adsorptive product removal and desorptive reactant enrich-
ment shows the same potential for performance enhancement
using multifunctional catalysts and similar particle structures
are found to be optimal.

4.3. Guidelines for the application of structured
adsorptive catalysts

A significant advantage of multifunctional catalysts com-
pared to the conventional adsorptive reactor configuration
can be found only at low Stanton numbers, when moder-
ate to strong mass transfer limitations prevail. The marginal
gains for small particles and at high hydrodynamic residence
times will in most cases not suffice to justify the increased
expense and effort entailed in the preparation of more com-
p li a
s ul-

T
S

)

As was found for the Claus reaction, a considerable c
ime enhancement could be only obtained at lower Sta

able 3
ummary of simulation results for the water–gas shift reaction

Parameter set Φ St tcyc,conv.(s

Desorptive resupply of H2O (H2O in reactor feed)
1 1.17 294 1415
2 2.13 95.6 1140
3 4.27 31 1223
4 8.54 7.1 1500

Complete desorptive supply of H2O (no H2O in reactor feed)
1 1.17 423 2015
2 2.13 191 1858
3 4.27 55.5 1680
4 8.54 16.5 1160

a SeeFig. 2.
lex multifunctional catalysts. At elevated Thiele modu
tructured arrangement of the functionalities within the m

Optimum structurea tcyc,opt.(s) �trel (%)

A 1445 2.1
C1 1230 7.9
C1 1500 22.6

C1 1840 22.7

C1 2060 2.2
C1 2030 9.3

C1 2185 30.1
C1 2130 83.6
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Fig. 4. Axial H2O concentration profiles for Claus reaction.

Fig. 5. Particle reaction rate profiles for water–gas shift reaction with (left) and without (right) H2O in feed, effect of catalyst distribution.

tifunctional particles offers an additional improvement of the
reactor performance through the deliberate manipulation of
the intra-particle concentration profiles.Fig. 6 summarises
the simulated cycle time improvements as a function of Thiele
modulus and Stanton number, providing a rough guide as to
the appropriate application window for multifunctional cat-
alysts with integrated adsorption. Since the main advantage
of multifunctional catalyst is found at low Stanton numbers
this concept offers an effective means for the reduction of
the residence times in adsorptive reactors, e.g. for reaction
systems involving unstable components.

Based on the simulation results obtained in this study a
simple design procedure valid for the conversion enhance-
ment both by product-adsorption and reactant-desorption can
be formulated (Fig. 7). A maximum degree of integration,
i.e. maximum intensification of the mass transfer between
the different functional sites, is obtained if the two function-
alities are arranged as homogenously as possible, while the
relative position of the catalyst volume fraction can be used
to adapt the reaction and mass transfer rates. In multifunc-
tional catalysts a given catalytic activity is distributed over a
larger number of particles, which results in a lower average

the ads
Fig. 6. Application window of multifunctional catalysts for
 orptive conversion enhancement of equilibrium limited reactions.
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Fig. 7. Rules for the selection of the optimum structure of multifunctional
catalysts with integrated adsorption sites.

activity per particle and less steep profiles compared to con-
ventional “pure” catalyst particles. This dilution effect pro-
vides a better catalyst utilisation (higher effectiveness factor)
and an increased overall reaction rate, especially for fast re-
actions. Furthermore, in a structured multifunctional particle
poorly used catalyst could be replaced by adsorbent result-
ing in an increased adsorptive capacity and thus an extended
cycle time.

5. Conclusions

The simulation results have demonstrated that multifunc-
tional catalysts can serve as an appropriate tool for the cir-
cumvention of mass transfer limitations and thus offer an
improved utilisation of both functionalities. The improved
mass transfer between catalyst and adsorbent also allows an
increase of the particle size or reduced residence times com-
pared to a conventional adsorptive reactor design. The com-
patibility of adsorption and reaction rates, which is a crucial
criterion for the feasibility of adsorptive reactors[4], is fa-
cilitated by multifunctional catalysts and thus the operating
window for adsorptive reactors can be augmented by their
use. The selection of the optimal structure of multifunctional
adsorptive catalysts according toFig. 7is straightforward and
i

unc-
t ta-
l nu-
f other
m ing
l case
s on an

extended model are required to cover thermal effects occur-
ring in multifunctional catalyst particles for concentrated re-
action systems with high heats of reaction. The performance
enhancement found for a single reversible reaction suggests
similar or even greater improvements for more complex reac-
tion schemes, e.g. increased selectivity for consecutive side-
reactions, and holds promise for further investigations of mul-
tifunctional catalysts with integrated adsorption sites. The
macrostructuring of multifunctional catalyst particles along
the length of a fixed-bed, to provide locally optimised dis-
tributions of the functionalities within the particles, together
with chronological variation of operating parameters, such
as pressure, during the course of the reaction cycle can be
exploited to expand the horizons of the technique and further
enhance performance through additional degrees of freedom
in process design. For more complex non-linear adsorption
and reaction kinetics and equilibria one might expect advan-
tages from intra-particle concentration profile manipulation
above and beyond those resulting from simple mass transfer
intensification.
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