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Abstract

A vast number of surface science experiments provide a detailed qualitative picture of the mechanisms governing the catalytic
genation of ethylbenzene (EB) to styrene (St) over unpromoted iron oxide. Values of kinetic and energetic parameters for adso
desorption are also available. We present a methodology of kinetic modelling based upon this knowledge, aimed at producing a
prediction of the behaviour of the technical catalysts including, deactivation and regeneration. This paper contains a detailed kin
and the procedure followed for determining the kinetic parameters.
 2005 Elsevier Inc. All rights reserved.
Keywords: Microkinetic model; Dehydrogenation; Ethylbenzene; Styrene; Iron oxide; Deactivation; Coking; Solid phase transformation

tudie

n-
ons
e o
sfor

ide
ation
der-
es
sits
-

c

ndi-
lear
ing
tate.
and
be-

e
ing
the

f the
oal

ned
oach
lyses
sur-
he

able
x-
1. Introduction

The power of microkinetic modelling[1] of a catalytic
process based on data obtained from surface science s
has already been demonstrated for ammonia synthesis[2–4]
as reviewed in[5]. The catalyst in this system can be co
sidered invariant. However, including gas–solid interacti
in catalytic reaction processes usually results in a chang
state of the catalyst. In most cases these solid-state tran
mations are connected with catalyst deactivation.

A typical example is the potassium-promoted iron ox
catalyst used for styrene synthesis through dehydrogen
of ethylbenzene. It is known that the styrene catalyst un
goes significant changes during its lifetime. This involv
physical degradation, formation of carbonaceous depo
and an inherent phase change of Fe2O3 (hematite) under re
action conditions towards Fe3O4 (magnetite), which exhibits
only a minor catalytic activity[6,7]. Nevertheless, kineti
expressions published by several groups[8–10]neglect these
* Corresponding author. Fax: +49/711-6412242.
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transient effects occurring under normal operating co
tions. Therefore, such standard kinetic models have c
practical restrictions. They are not suitable for describ
the catalytic behaviour, except at a certain stationary s
With these methods model-based process optimisation
assessment of the potential of novel reactor concepts
come infeasible[8,11,12]. The shortcomings of availabl
kinetic models definitely affect the progress in engineer
of the styrene process. Clearly, it is infeasible to resolve
mechanism of the process by studying the behaviour o
real catalyst under practically relevant conditions. The g
of analysing individual aspects isolated under well-defi
conditions led to a surface science approach. This appr
relies on detailed conversion measurements and ana
of gas–surface interactions for monocrystalline model
faces[13–20]. Details of the experimental setup and of t
kinetic measurements are presented in[19–21]. The most
comprehensive set of experimental data so far is avail
for epitactically grown single crystal films (SCFs) of iron o

ide representing a generic model of the real catalyst. These
experiments provide intrinsic reaction rates that are not com-
promised by diffusional limitations; time-resolved informa-
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tion on the changes in the film composition in the react
atmosphere; kinetic and equilibrium parameters for the
sorption of individual components of the reaction mixture
the model surface.

The available information allows for the postulation
a qualitative mechanistic model of ethylbenzene dehy
genation over iron oxides.

However, the final goal is to translate this informati
into technical conditions. A model-based approach is u
to bridge the gap between the observations made on
surfaces and the behaviour of real catalysts. The chose
proach is based on the standard modelling procedure ap
in chemical reaction engineering: the task is mainly to co
pute a set of parameters of the kinetic reactor model such
simulation results resemble the measured values as cl
as possible. The novelty of the present contribution lie
the structure of the model and the experimental basis
for adjusting the free model parameters.

The underlying mechanistic catalyst model is introdu
in Section2 and the model equations in Section3. Finally,
parameterisation and validation of the model are discu
in Section4.

2. Catalyst model

The primary goal of our approach is a mechanis
description of the relevant physico-chemical gas–so
interactions during dehydrogenation of ethylbenzene
styrene over iron oxide, thus the derivation of a mec
nistic catalyst model. The model is represented by a se
stoichiometric equations describing the main reaction,
redox processes, and coke formation on the catalyst sur
Side reactions towards benzene and toluene are negle
The overall activity of the surface includes the contrib
tion of clean iron oxide and coked areas. The mode
based on the following assumptions: overall conversio
split up into individual steps of adsorption, surface react
and desorption; gas–solid reactions related to formation
gasification of coke and phase transformation of iron ox
are considered as single-step reactions.

Fig. 1shows the considered reaction steps. The surfa
assumed to be inhomogeneous, consisting of areas of
iron oxide and those covered by coke. The iron oxide laye
Fig. 1. Schematic representation of the mechanistic model of ethylbenzene
dehydrogenation over iron oxide.
lysis 231 (2005) 172–180 173
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considered as a mixture of hematite and magnetite, dep
ing on the oxygen content. The feed components water
ethylbenzene, as well as styrene, adsorb at the surface.
mal desorption mass spectroscopy (TDS) confirms the e
tence of the respective surface species[17]. The adsorption-
desorption equilibrium is described by the following st
chiometric equations (adsorption: Eqs.(1)–(3); desorption:
Eqs.(4)–(6)):

EB + * → EB* , (1)

St+ * → St* , (2)

H2O + * → H2O* , (3)

each on iron oxide and coke;

EB* → EB + * , (4)

St* → St+ * , (5)

H2O* → H2O + * , (6)

each on iron oxide and coke.
Only vague information exists on the conversion of

sorbed ethylbenzene to styrene. Dehydrogenation of EB
H-abstraction by basic surface oxygen located at defect
has been proposed[16], which would leave two OH group
at the surface. Direct recombinative desorption of H2 is in-
tuitively not the most likely path for hydrogen removal. A
alternative would be desorption in the form of H2O under
consumption of surface oxygen. Reoxidation could be p
sible by dissociative adsorption of water or oxygen adde
the feed (Mars–Van Krevelen mechanism). However, it
been shown that this stoichiometric reaction would resu
a much faster substrate reduction than actually observed[7].
Since the actual mechanism is unknown so far, the dehy
genation of ethylbenzene to styrene is formally regarded
single-step surface reaction (Eq.(7)). The hydrogen formed
is assumed to be directly released to the gas atmospher

EB* → St* + H2, (7)

on iron oxide and coke.
Styrene is indicated as the precursor of coke forma

[22,23] (Eq. (8)). According to[22], the carbonaceous de
posits are of a polyaromatic nature, with a H/C ratio of 0.5:

St* → coke+ 2H2, (8)

on iron oxide and coke.
Our own analyses with Auger electron spectroscopy s

gest a graphitic structure of the carbonaceous surface la
The redox reactions of the iron oxides are formally

scribed by Eqs.(9) and (10). Hydrogen oxidation or wate
dissociation as the reverse reaction is taken into accoun
plicitly through their linear dependency on Eqs.(9) and (10).
This is justified by the high rates of these reaction steps:
3Fe2O3 + H2 → 2Fe3O4 + H2O, (9)

4Fe3O4 + O2 → 6Fe2O3. (10)
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Fig. 2. Reactor model underlying the kinetic modelling. Left: sketch
the microreactor developed for kinetic measurements[19]. Right: reactor
model indicating the phases considered.

Removal of coke by gasification in a water vapo
or oxygen-containing atmosphere completes the reac
scheme:

coke+ 8H2O → 8CO+ 10H2, (11)

coke+ 5O2 → 8CO+ 2H2O. (12)

3. Model equations

The kinetic reactor used for conversion measurem
over monocrystalline model surfaces is described in[21].
Its design is intended to establish a stagnation point fl
pattern in the chamber above the catalyst sample. A
ple continuous stirred tank reactor (CSTR) model is u
to describe the setup in the present context (Fig. 2). This is
justified by the low conversions obtained during the kine
measurements (max. 10%), producing only slight chan
in the composition of the reaction mixture. This assum
tion is also consistent with the observed uniform surf
composition during conversion experiments. Furtherm
constant temperature and pressure are assumed. Henc
model consists of dynamic mass balances of the gaseou
sorbed, and solid-phase components. Two parallel rea
paths with different rates are considered for the react
(1)–(8) over coke and iron oxide, as discussed in the p
vious section.

The total surface areas covered by coke and iron o
are given by

Acoke= Ncokeacoke, acoke= const.,

AFexOy = A0 − Acoke, A0 = const.,

whereacoke specifies the molar surface density of the co

layer. Its thickness on the deactivated catalyst was estimated
to be about 10 Å by Auger electron spectroscopy. Assum-
ing the atomic density of graphite, this corresponds to about
lysis 231 (2005) 172–180

he
-

three monolayers.A0 is the total surface area given by t
geometry of the catalyst sample.

The iron oxide surface is assumed to be a pseu
homogeneous solid since oxygen is known to have a
mobility in the lattice at reaction temperature[24]. Con-
version of hematite to magnetite is described throug
uniform, continuous depletion of oxygen, and the reve
reaction by a similar addition of oxygen. Accordingly, t
iron oxide surface model is represented through a pse
component varying continuously between magnetite
hematite. The fraction of each oxide is back-calculated f
the oxygen/iron ratio of the pseudo-homogeneous pha
Molar balances of the lattice elements yield the hema
fraction:

(13)xFe2O3 = 3NO − 4NFe

NO − NFe
, NFe= const.,

whereNFe is the constant number of moles of iron in t
catalyst sample andNO is the number of moles of lattic
oxygen, which is variable. The activity of the iron oxide
variable, depending on the hematite and magnetite cont

The balance equations are expressed in moles. The
knowns of the systemN , the number of moles of each com
ponent, are coupled through mass exchange termsJ .

The balances of gaseous components are calculated

dNj

dt
= F 0

j − Fj −
∑

s

J ads
j,s +

∑
s

J des
j,s +

∑
i

νi,j J
reac
i ,

i ∈ {(j, s), (k, s),p}.
The balances of adsorbed species are calculated as

dNk,s

dt
= J ads

k,s − J des
k,s +

∑
i

νi,kJ
reac
i , i ∈ {(k, s)}.

The solid-phase balances are calculated as

dNs

dt
=

∑
i

νi,sJ
reac
i , i ∈ {(j, s), (k, s),p},

j ∈ {He,H2O,EB,St,H2,O2,CO},

k ∈ {EB∗,St∗,H2O∗},

s ∈ {FexOy,coke}, p ∈ {Fe2O3,Fe3O4}.
The balance of the solid pseudo-component iron oxid

expressed in terms of number of moles of lattice oxygen
The constant-pressure condition of the gas phase y

an expression of the outlet molar flow in terms of the fe
stream and the mass exchange streams:

dNgas

dt
= 0⇒ F
= F 0 −
∑

k

∑
s

J ads
k,s +

∑
k

∑
s

J des
k,s +

∑
i

∑
j

νi,j J
reac
i
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All exchange and conversion streams must be expre
as functions of the unknowns to obtain a well-defined s
tem.

Adsorption and desorption streams are defined for
St, and H2O according to stoichiometric Eqs.(1)–(6). For
all other components they are explicitly set to zero.

Adsorption is assumed to be nonactivated and nondi
ciative, with sticking coefficientsσj,s equal to unity:

J ads
j,s = pj

(2πRT Mj)1/2
σj,s(1− Θs)As,

j ∈ {EB,St,H2O}, s ∈ {Fe2O3,Fe3O4,coke},

Θs =
∑

k nk,s

nsat.
s

, nk,s = Nk,s

As

,

nsat.
s = const., k ∈ {EB∗,St∗,H2O∗},

wherensat.
s is the maximum surface concentration of comp

nents on the surfaces. In[17] the respective values for EB
St, and H2O on a magnetite surface were derived theor
cally and compared with experimental findings. We assu
equal maximum surface concentrations for all compon
on magnetite and on hematite.

Desorption kinetics are derived from thermal desorpt
mass spectroscopy (TDS) and can be described by the
lowing expression:

J des
k,s = fk,se

{−Edes
k,s /RT }

nk,sAs,

k ∈ {EB∗,St∗,H2O∗}, s ∈ {Fe2O3,Fe3O4,coke}.
The reaction steps postulated in Eqs.(7)–(12) are con-

sidered as single-step reactions. Accordingly, the reac
streams are written as follows:
gasification reactions involving gas-phase components:

J reac
j,s = k0

j,se
{−Ereac

j,s /R( 1
T

− 1
T0

)}
Aspj ,

j ∈ {H2O,O2}, s ∈ {coke},
surface reactions involving adsorbed species:

J reac
k,s = k0

k,se
{−Ereac

k,s /R( 1
T

− 1
T0

)}
nk,sAs,

k ∈ {EB∗,St∗}, s ∈ {Fe2O3,Fe3O4,coke}.
Finally, the fluxes related to the phase transformation

either iron oxide to the other by reduction and oxidation
derived based on the principle of nonequilibrium thermo
namics[25]. According to this principle, equilibrium com
position of the Fe–O system in the solid phase is determ
by the composition of the gas atmosphere. The kinetics
low linear driving force relations, where the chemical affi
ity of the reaction,X, is assumed to be the driving force[25]:

J reac
p =

(
−

∑
q

Lp,q

Xq

T

)
xp,
p ∈ {Fe2O3,Fe3O4}, q ∈ {H2,O2,

Xq =
∑

l

νl,qµl, l ∈ {Fe2O3,Fe3O4,H2O,H2,O2};
lysis 231 (2005) 172–180 175

µl = µ0
l (p0, T ) + RT ln(al),{

al = 1, l = Fe2O3,Fe3O4,

al = pl/p0, l = H2O,H2,O2.

Finally, the individual interactions on hematite and ma
netite must be replaced by a single mass exchange term
the balance equations. A lever arm rule applies for the o
all interactions of the gas phase with the iron oxide surfa

J
ads/des/reac
m,FexOy

= J
ads/des/reac
m,Fe2O3

xFe2O3

+ J
ads/des/reac
m,Fe3O4

(1− xFe2O3),

m = {EB,St,H2O,EB∗,St∗,H2O∗}.

4. Parameter determination and discussion

The overall set of physico-chemical interactions of
catalyst model shown inFig. 1 includes in total 31 para
meters as introduced in the previous section. Some of t
(12 parameters, i.e., the frequency factors and energie
desorption of EB, St, and H2O from hematite and magnetite
are directly measurable[16–18].

The desorption energy of ethylbenzene over carbo
ceous species is directly determined from recent meas
ments[26]. The respective parameter values for styrene
derived based on the assumption of identical frequency
tors and slightly higher activation energy than for ethylb
zene, similar to the findings on different iron oxide surfa
[17]. The parameters of water desorption from coke are
termined analogously. The set of desorption paramete
summarised inTable 2.

The parameter values determined for pure compon
also hold for the reactive system under the assumption o
significant multicomponent interactions of adsorbed spec
This is justified by the low surface coverage under the c
ditions of the conversion experiments[14].

The remaining 13 parameters have been adjusted to
version experiments in the kinetic reactor[19–21]. Three test
series have been considered for parameter fitting: nonox
tive dehydrogenation over an initially clean magnetite s
face (Fig. 3); nonoxidative dehydrogenation over an initia
clean hematite surface (Fig. 4); oxidative dehydrogenatio
over an initially clean hematite surface (Fig. 6).

The conversion measurements have been perfor
mainly at a temperature of 870 K and a total pressure of 1
[7,19]. Experimental data at varying temperatures have b
acquired so far for the subsystem 2 (Fig. 5). The available
experimental data are gas-phase concentrations mea
by gas chromatography (GC) and data from off-line surf
analyses. The surface analysis data are labelled in the
version diagrams.Table 1summarises the iron oxide fra
tions derived from Auger electron spectroscopy (AES)

low-energy electron diffraction (LEED). The surface frac-
tion covered by coke is determined by AES and temperature-
programmed oxidation (TPO)[19]. These experimental data
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Fig. 3. Experimental basis of subsystem 1 for adjusting the paramete
the kinetic model (symbols) and simulation results (lines). (a) Evolu
of conversion with time of pure dehydrogenation over a surface initi
consisting of magnetite. (b) Surface composition and coverage by ca
deposits over time. Conditions:T = 870 K,ptot = 1 bar,pH2O = 3400 Pa,

pEB = 340 Pa, He carrier gas,V = 25× 10−6 Nm3/min.

form the basis for fitting the unknown parameters of the
netic model stated above.

We apply a stepwise parameter fitting procedure, wh
addresses the different subsystems. The advantage o
strategy is that only a reduced number of interactions
active at the same time and artificial cross-correlations
tween parameters can be avoided.

The starting point of the parameter fitting is the behavi
of a water–ethylbenzene feed over magnetite model cata
(Fig. 3). All interactions related to the hematite surface
inactive. Furthermore, no phase change takes place, a
oxygen is present. The change in conversion over tim
attributed to coke formation. Surface analysis by AES
TPO clearly indicates complete coverage of the surface
coke (labels B and F)[19]. The evolution of conversion with
time and the buildup of carbon deposits allows for de
mination of the values ofkEB∗,Fe3O4, kSt∗,Fe3O4, kEB∗,coke,
kSt∗,coke, andkH2O,coke. Fig. 3 indicates the decrease in co
version directly related to the increasing surface cover
by coke. The steady-state conditions at the end of the ex
iment correlate with the activity of the carbon deposits o

Next, a water–ethylbenzene feed over hematite is con
ered (Fig. 4). Processing this data set provides the val
of the parameterskSt∗,Fe2O3, kFe2O3,H2, andkFe3O4,H2. More-
over, conversion measurements over hematite at diffe
temperatures are available for the determination of activa

reac
energyEEB∗,Fe2O3
and the pre-exponential factorkEB∗,Fe2O3

on hematite.Fig. 5depicts the measured conversion at three
different temperatures along with the simulated values.
lysis 231 (2005) 172–180
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Fig. 4. Experimental basis of subsystem 2 for adjusting the parameters of
the kinetic model (symbols) and simulation results (lines). (a) Evolution
of conversion with time of pure dehydrogenation over a surface initially
consisting of hematite. (b) Surface composition and coverage by carbon
deposits over time. Conditions:T = 870 K,ptot = 1 bar,pH2O = 3400 Pa,

pEB = 340 Pa, He carrier gas,V = 25× 10−6 Nm3/min.

Fig. 5. Experimental basis of subsystem 2 for adjusting the parameters of
the kinetic model and simulation results. Temperature dependent initial
conversion of pure dehydrogenation on a clean hematite surface. Con-
ditions: ptot = 1 bar, pH2O = 3400 Pa,pEB = 340 Pa, He carrier gas,

V = 25× 10−6 Nm3/min.

Table 1
Iron oxide composition and degree of surface coverage by carbonaceous
deposits (both from surface analysis) and measured conversion over epitac-
tically grown, mono-crystalline surfaces at 870 K,ptot = 1 bar,pH2O =
3400 Pa,pEB = 340 Pa, He carrier gas,V = 25× 10−6 Nm3/min.

Identifier Iron oxide composition Coke deposition Conversion

XFe2O3 (–) XFe3O4 (–) Θcoke (–) XEB (–)

A 0.0 1.0 0.0 3.5
B 0.0 1.0 1.0 0.95
C 1.0 0.0 0.0 9.0
D 0.50–0.65 0.35–0.50 0.5–0.8 –
E 0.05–0.15 0.85–0.95 > 0.8 –

F < 0.05 > 0.95 1.0 0.95
G > 0.80 < 0.20 < 0.5 –
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Table 2
Stoichiometric equations considered and parameters for corresponding rate equation

Desorption Surface fk,s (s−1) Edes
k,s

(J/mol) Reference

EB* → EB + * Fe2O3 1× 1012 64× 103 [16]
Fe3O4 1× 1012 86× 103 [16]
Coke 5× 1014 65× 103 [26]

St* → St+ * Fe2O3 5× 1012 73× 103 [16]
Fe3O4 3× 1011 118× 103 [16]
Coke 5× 1014 70× 103 [26]

H2O* → H2O + * Fe2O3 1× 1013 63× 103 [18]
Fe3O4 1.0× 10−5a 65× 103 [17]
Coke 1× 1012 50× 103 [26]

Surface reaction Surface k0
j,s

(s−1) Ereact
j,s

(J/mol) Reference

EB* → St* + H2 Fe2O3 2.1× 102 1.6× 105 this work
Fe3O4 k(870 K) = 9.07× 103 s−1 this work
Coke k(870 K) = 1.53× 105 s−1 this work

St* → coke* + 2H2 Fe2O3 k(870 K) = 1.08× 101 s−1 this work
Fe3O4 k(870 K) = 1.42× 10−1 s−1 this work
Coke k(870 K) = 1.70× 101 s−1 this work

Gas–solid–reaction k(T ) (mol/(s cm2) Reference

Coke* + 8H2O → 8CO+ 10H2 k(870 K) = 1.42× 10−13 this work
Coke* + 5O2 → 8CO+ 2H2O k(870 K) = 1.76× 10−9 this work

Phase transformation Lp,1 (mol2 K/(J s)) Lp,2 (mol2 K/(J s)) Reference

3Fe2O3 + H2 → 2Fe3O4 + H2O 1.5× 10−13 1.0× 1017 this work

4Fe O + O → 6Fe O 1.0× 10−17 1.3× 10−13 this work

id-
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3 4 2 2 3

a (cm2/s) due to second order relationJdes
k,s

= Jdes
k,s

((nk,s )2).

Finally, the addition of oxygen to the process is cons
ered (Fig. 6). Starting from hematite, all interactions becom
active and allow for the determination of the remaining pa
meters,kO2,coke, kFe2O3,O2, andkFe3O4,O2. The complete se
of the model parameters is summarised inTable 2.

Fig. 7 presents an energy diagram displaying activa
energies of the steps occurring during transformation f
ethylbenzene to styrene. The adsorption energies of e
benzene and styrene are experimentally verified. The
mated value of the apparent activation energy of the con
sion of adsorbed ethylbenzene to styrene (Eq.(7)) is thermo-
dynamically consistent.

The kinetic model is validated by application of the d
namic response of the system to a step-change of the
composition. The experiment starts with a fresh hema
model catalyst and a feed stream of water, ethylbenzene
oxygen. After 120 min the oxygen supply is interrupted
30 min.Fig. 8shows excellent agreement between the m
sured and simulated conversion.

We conclude that the catalyst model and the used p
meter set adequately describe the behaviour of the sty
synthesis process over ideal, monocrystalline surfaces
are free from mass transport limitations. The model a

describes the observed catalyst deactivation, taking into ac-
count transformations of the catalyst phase and the forma-
tion of carbonaceous deposits. The validity of the set of pa-
t

Fig. 6. Experimental basis of the complete system for adjusting the pa-
rameters of the kinetic model (symbols) and simulation results (lines).
(a) Evolution of conversion with time of dehydrogenation in presence of
oxygen over a surface initially consisting of hematite. (b) Surface compo-
sition and coverage by carbon deposits over time. Conditions:T = 870 K,

ptot = 1 bar,pH2O = 3400 Pa,pEB = 340 Pa,pO2 = 190 Pa, He carrier

gas,V = 25× 10−6 Nm3/min.
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Fig. 7. Energy diagram of activation energies for the overall transforma
from ethylbenzene to styrene on hematite.

Fig. 8. Validation experiment for the kinetic model (symbols) and sim
tion results (lines).↓: switching off oxygen in the feed;↑: switching on
oxygen in the feed. Conditions:T = 870 K,ptot = 1 bar,pH2O = 3400 Pa,

pEB = 340 Pa,pO2 = 190 Pa, He carrier gas,V = 25× 10−6 Nm3/min.

rameters is confirmed by the fact that parameters derive
independent subsystems could be adopted unchanged f
description of the full system. Ana posteriori confirmation

of the chosen stepwise approach is given by the sensitivity
analysis with respect to the adjustable parameters presente
in Appendix A.
lysis 231 (2005) 172–180
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5. Conclusions and outlook

A mechanistic model for the dehydrogenation of eth
benzene to styrene over single crystal iron oxide film
derived and parameterised based on a combined surfac
ence and chemical engineering approach. The experim
data used for parameter fitting originate from TDS meas
ments in ultrahigh vacuum and conversion measurem
in a microreactor. The conversion measurements com
the transient behaviour of increasingly complex subset
the considered reaction system. In addition, off-line surf
analysis by LEED, AES, and TPO provides insight into s
face composition and coverage by carbon deposits.

A stepwise procedure has been applied to determine
parameters of the kinetic model following the order of
conversion experiments. An excellent agreement betw
modelling and experimental results is attained. The res
confirm that the behaviour of the single crystalline surf
can be described with a continuum model as a func
of macroscopic variables (catalyst composition, gas-ph
composition, surface coverage). Hence, the model is c
patible with commonly used reactor models in chemical
gineering and can be regarded as the first step towards u
ing the knowledge gained from analyses of the ideal sys
under well-defined conditions to understand and model t
nical catalysts. In a next step the focus will be on model
porous catalysts and assessing whether they can be des
adequately by the superposition of the above kinetic mo
valid for the single crystal surface, and an adequate
model accounting for diffusional transport.
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Appendix A

Sensitivity analysis provides a compact and simplifi
picture of the significance of the model parameters for
residual of the optimisation problem. Sensitivity diagra
display the dependence of a characteristic on the signifi
parameters. The characteristic is usually a quantity of p
tical relevance derived from the state variables of the mo
such as conversion, yield or selectivity. However, the
lection of the characteristic and its normalisation impo
a certain arbitrariness on sensitivity analysis. To reduce
bitrariness to a minimum, the sensitivity analysis presen
in the following uses the norm of the residual vector a
d
characteristic. The residual vector of the optimisation prob-
lem underlying the parameter fitting procedure includes in-
formation on ethylbenzene conversion, coke coverage, and
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ities
sen

en-
Fig. 9. Sensitivity diagrams correspondi

hematite fraction of the iron oxide surface. These quant
are used as characteristics in the following analysis. The
sitivity is generally defined as follows:

Si,j (t) = (Φi(k
ref
j + �kj , t) − Φi(k

ref
j , t))kref

j

Φi(k
ref
j , t)�kj
Φi = {XEB,Ncoke, xFe2O3} represents the characteristic and
kj the adjustable parameter. The characteristic is obviously
time dependent. Therefore, the mean value of theR1-norm
the three steps of parameter fitting procedure.

-
is computed over the measurement interval of an experim
tal run:

S̄i,j = 1

tend− tbegin

tend∫
tbegin

|Si,j (t)|dt.
Fig. 9 displays the sensitivity diagrams corresponding to
the three experimental series used for parameter fitting (cor-
responding toFigs. 3, 4, and 5). The sensitivities of the three
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characteristics are included in each diagram. The para
ters adjusted to the respective experimental run are indic
by a star. Clearly, the model is sensitive with respect to
parameters assigned to each subsystem.

Appendix B. Nomenclature

N number of moles of a component (mol)
NFe number of moles of iron in the catalyst samp

6.55× 10−8 mol
J component mass exchange terms (mol/s)
F flow (mol/s)
nsat.

s molar surface specific concentration of adsorb
species; 332.23× 10−12 mol/cm2

acoke molar surface area of carbonaceous depo
1.143× 109 cm2/mol

A0 total surface area; 0.50 cm2

A surface area (cm2)
p partial pressure of gas-phase component (Pa)
T temperature (K)
R general gas constant (J/(mol K))
M molar mass of gas-phase component (g/mol)
σ sticking coefficient of gas-phase component in

sorption relation; all equal to 1.0 (–)
Θ surface coverage (–)
E activation energy (J/mol)
f frequency factor of surface species in desorption

lation (s−1)
k0 frequency factor of surface reaction (s−1)
T0 threshold temperature in surface reaction relat

773.0 (K)
L frequency factors in phase transformation relat

(mol2 K/(J s))
ν stoichiometric coefficient of redox reactions of t

iron oxides (–)
µ chemical potential of component in phase trans

mation relation (J/mol)
x molar fraction of iron oxide (mol/mol)

Subscripts

j gas-phase component
k adsorbed species
s surface species

i surface reaction
l specie participating in redox reaction
lysis 231 (2005) 172–180

-p iron oxide reactant of redox reaction
q gas-phase reactant of redox reaction

Superscripts

0 inlet
gas gas phase
ads adsorption
des desorption
reac reaction
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