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Abstract

A vast number of surface science experiments provide a detailed qualitative picture of the mechanisms governing the catalytic dehydro
genation of ethylbenzene (EB) to styrene (St) over unpromoted iron oxide. Values of kinetic and energetic parameters for adsorption anc
desorption are also available. We present a methodology of kinetic modelling based upon this knowledge, aimed at producing an accurat
prediction of the behaviour of the technical catalysts including, deactivation and regeneration. This paper contains a detailed kinetic mode
and the procedure followed for determining the kinetic parameters.
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1. Introduction transient effects occurring under normal operating condi-
tions. Therefore, such standard kinetic models have clear
The power of microkinetic modellinfl] of a catalytic practical restrictions. They are not suitable for describing
process based on data obtained from surface science studiethe catalytic behaviour, except at a certain stationary state.
has already been demonstrated for ammonia syntfiesi$ With these methods model-based process optimisation and
as reviewed irff5]. The catalyst in this system can be con- assessment of the potential of novel reactor concepts be-
sidered invariant. However, including gas—solid interactions come infeasiblg8,11,12] The shortcomings of available
in catalytic reaction processes usually results in a change ofkinetic models definitely affect the progress in engineering
state of the catalyst. In most cases these solid-state transforef the styrene process. Clearly, it is infeasible to resolve the
mations are connected with catalyst deactivation. mechanism of the process by studying the behaviour of the
A typical example is the potassium-promoted iron oxide real catalyst under practically relevant conditions. The goal
catalyst used for styrene synthesis through dehydrogenatiorof analysing individual aspects isolated under well-defined
of ethylbenzene. It is known that the styrene catalyst under- conditions led to a surface science approach. This approach
goes significant changes during its lifetime. This involves relies on detailed conversion measurements and analyses
physical degradation, formation of carbonaceous deposits,of gas—surface interactions for monocrystalline model sur-
and an inherent phase change of®e(hematite) under re-  faces[13-20] Details of the experimental setup and of the
action conditions towards g4 (magnetite), which exhibits  inetic measurements are presentedl®-21] The most
only a minor catalytic activity[6,7]. Nevertheless, kinetic  comprehensive set of experimental data so far is available
expressions published by several grolgpslO]neglectthese ¢4, gpitactically grown single crystal films (SCFs) of iron ox-
ide representing a generic model of the real catalyst. These
~* Corresponding author. Fax: +49/711-6412242. experiments provide intrinsic reaction rates that are not com-
E-mail address: kolios@icvt.uni-stuttgart.déG. Kolios). promised by diffusional limitations; time-resolved informa-
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tion on the changes in the film composition in the reaction considered as a mixture of hematite and magnetite, depend-

atmosphere; kinetic and equilibrium parameters for the ad- ing on the oxygen content. The feed components water and

sorption of individual components of the reaction mixture on ethylbenzene, as well as styrene, adsorb at the surface. Ther-

the model surface. mal desorption mass spectroscopy (TDS) confirms the exis-
The available information allows for the postulation of tence of the respective surface spe¢ieq. The adsorption-

a qualitative mechanistic model of ethylbenzene dehydro- desorption equilibrium is described by the following stoi-

genation over iron oxides. chiometric equations (adsorption: Eq%)—(3);, desorption:
However, the final goal is to translate this information Egs.(4)—(6):

into technical conditions. A model-based approach is used

to bridge the gap between the observations made on ideaIEB+ — EB, 1)
surfaces and the behaviour of real catalysts. The chosen apst 4+ * — Sf, (2)
proach is based on the standard modelling procedure applied . .

in chemical reaction engineering: the task is mainly to com- HO 4+ — H0, 3)

pute a set of parameters of the kinetic reactor model such thata5 1 on iron oxide and coke:

simulation results resemble the measured values as closely .

as possible. The novelty of the present contribution lies in EB° — EB + 7, (4)

the struct_ure of the model and the experimental basis usedSt* S St+7, )

for adjusting the free model parameters.
The underlying mechanistic catalyst model is introduced H,O" — H,0 + ", (6)

in Section2 and the model equations in SectiBnFinally,

parameterisation and validation of the model are discussed

in Section4.

each on iron oxide and coke.

Only vague information exists on the conversion of ad-
sorbed ethylbenzene to styrene. Dehydrogenation of EB via
H-abstraction by basic surface oxygen located at defect sites
2. Catalyst model has been propos_e{ﬂiG], which \(vou_ld leave tW(_) OH groups

at the surface. Direct recombinative desorption efiglin-

The primary goal of our approach is a mechanistic tuitively_not the most likely pa_lth fpr hydrogen removal. An
description of the relevant physico-chemical gas—solid- altérnative would be desorption in the form 0p®l under
interactions during dehydrogenation of ethylbenzene to CONSUmption of surface oxygen. Reoxidation could be pos-
styrene over iron oxide, thus the derivation of a mecha- sible by dissociative adsorption of water or oxygen added to

nistic catalyst model. The model is represented by a set of € feed (Mars—Van Krevelen mechanism). However, it has
stoichiometric equations describing the main reaction, the been shown that this stoichiometric reaction would result in

redox processes, and coke formation on the catalyst surface@ MUch faster substrate reduction than actually obsgijed
ince the actual mechanism is unknown so far, the dehydro-

Side reactions towards benzene and toluene are neglecteds . )
The overall activity of the surface includes the contribu- 9€nation of ethylbenzene to styrene is formally regarded as a

tion of clean iron oxide and coked areas. The model is Single-step surface reaction (Edj). The hydrogen formed
based on the following assumptions: overall conversion is 'S @ssumed to be directly released to the gas atmosphere:
split up into individual steps of a_dsorption, surface ref_;\ction, EB" — St + Hy, 7
and desorption; gas—solid reactions related to formation and
gasification of coke and phase transformation of iron oxide ©n iron oxide and coke.
are considered as single-step reactions. Styrene is indicated as the precursor of coke formation
Fig. 1shows the considered reaction steps. The surface is[22,23] (Ed. (8)). According to[22], the carbonaceous de-
assumed to be inhomogeneous, consisting of areas of cleafPosits are of a polyaromatic nature, with g¢iratio of 0.5:
iron oxide and those covered by coke. The iron oxide layer is St — coke+ 2Hs, ®)
St on iron oxide and coke.
Our own analyses with Auger electron spectroscopy sug-
gest a graphitic structure of the carbonaceous surface layer.
/ The redox reactions of the iron oxides are formally de-
il scribed by Eqs(9) and (10) Hydrogen oxidation or water
dissociation as the reverse reaction is taken into account im-
plicitly through their linear dependency on E8) and (10)
This is justified by the high rates of these reaction steps:
Fig. 1. Schematic representation of the mechanistic model of ethylbenzenegFeZo?) + Hz = 2F&04 + H20, ©)
dehydrogenation over iron oxide. 4Feg04 + O — 6Fe0s3. (10)
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Sk_c{f:h_ of ) reactor model: three monolayersdg is the total surface area given by the
microreactor homogeneous phases
geometry of the catalyst sample.
27777 [IDE> 0 The iron oxide surface is assumed to be a pseudo-
i ! homogeneous solid since oxygen is known to have a high
@ Y < mobility in the lattice at reaction temperatuf24]. Con-
= Jads version of hematite to magnetite is described through a
ol ’ /] e uniform, continuous depletion of oxygen, and the reverse
*f? ' ~ Jges reaction by a similar addition of oxygen. Accordingly, the
T e iron oxide surface model is represented through a pseudo-
l component varying continuously between magnetite and
@ hematite. The fraction of each oxide is back-calculated from
Are.o / ' i the oxygeriiron ratio of the pseudo-homogeneous phase.
ANNN\\ o - Acoke F; Molar balances of the lattice elements yield the hematite
Tk fraction:
Fig. 2. Reactor model underlying the kinetic modelling. Left: sketch of 3No — 4Nke
the microreactor developed for kinetic measurem¢gh@. Right: reactor XFe03 = m, NEe = coONnst, (13)

model indicating the phases considered.
where Nge is the constant number of moles of iron in the

Removal of coke by gasification in a water vapour- Catalyst sample and/o is the number of moles of lattice
or oxygen-containing atmosphere completes the reaction®Xygen, which is variable. The activity of the iron oxide is

scheme: variable, depending on the hematite and magnetite content.
The balance equations are expressed in moles. The un-
coke+ 8H,0 — 8CO+ 10H;, 11) knowns of the systenv, the number of moles of each com-
coke—+ 50, — 8CO+ 2H,0. (12) ponent, are coupled through mass exchange térms
The balances of gaseous components are calculated as
de 0 ads des reac
3. Model equations T:F]’_ ZJ ZJ +ZVUJ

The kinetic reactor used for conversion measurements i €{(J,s), (k,S)»P}-
over monocrystalline model surfaces is described?2it.
Its design is intended to establish a stagnation point flow
pattern in the chz?\mber above the catalyst sample._ A sim- dN s Jads des sz LI e (k).
ple continuous stirred tank reactor (CSTR) model is used df
to describe the setup in the present cont&ig.(2). This is
justified by the low conversions obtained during the kinetic ~ The solid-phase balances are calculated as
measurements (max. 10%), producing only slight changes dn,
in the composition of the reaction mixture. This assump- —— = Zv, SIS i e{(,s), (k,s), p}
tion is also consistent with the observed uniform surface
composition during conversion experiments. Furthermore,
constant temperature and pressure are assumed. Hence, the j € {He, H,0, EB, St, H», O,, CO},
model consists of dynamic mass balances of the gaseous, ad-
sorbed, .and _solid—phase componeqts. Two parallel reagtion k e (EB*, St*, Hy0%),
paths with different rates are considered for the reactions
(1)—(8) over coke and iron oxide, as discussed in the pre-

The balances of adsorbed species are calculated as

vious section. s € {Fe:O,, cokg, p e {Fe0s, Fe304}.
The total surface areas covered by coke and iron oxide  The palance of the solid pseudo-component iron oxide is
are given by expressed in terms of number of moles of lattice oxygen.

The constant-pressure condition of the gas phase yields
an expression of the outlet molar flow in terms of the feed
stream and the mass exchange streams:

Acoke= Ncokedcoke  dcoke = CONSt,

Afe,0, = Ao — Acoke. Ao = CONSt, e

whereacoke Specifies the molar surface density of the coke =0=F

layer. Its thickness on the deactivated catalyst was estimated

0 d Jd
to be about 10 A by Auger electron spectroscopy. Assum- = F— ZZ T s"‘ ZZ es"‘ szt Jfreac
ing the atomic density of graphite, this corresponds to about ks



A. Schille et al. / Journal of Catalysis 231 (2005) 172-180 175

All exchange and conversion streams must be expressedu; = ,ulo(po, T)+ RT In(ay),
as functions of the unknowns to obtain a well-defined sys- {az =1, | = Fe,03, F&0y,

tem.
. . . a; = pi/po, [ =H20,Hz, Oy

Adsorption and desorption streams are defined for EB, pi/p
St, and HO according to stoichiometric Eqél)—(6) For Finally, the individual interactions on hematite and mag-
all other components they are explicitly set to zero. netite must be replaced by a single mass exchange term for

Adsorption is assumed to be nonactivated and nondisso-the balance equations. A lever arm rule applies for the over-
ciative, with sticking coefficients; , equal to unity: all interactions of the gas phase with the iron oxide surface:

i adydegreac__ ;adydegreac
Ja?S: #1207,5(1 — Oy)A;, m,Fe, Oy =JImFe0; *Fe03
25 2e RTM )Y :
) Jads/des/reac(l _y )
j € {EB, St H,0}, s e {FeO0s, Fe304, coke, + S Fes0, Fey03)s
m = {EB, St H,0, EB*, St*, H,O"}.
Zk Nk,s Nk,s

O = nfat ,  Nis = A, s

nS =const, ke {EB¥, St*, HyO*}, 4. Parameter determination and discussion

wheren$2 is the maximum surface concentration of compo-

nents on the surfaces. [m_7] the ;espective valpes fohr EB, . catalyst model shown ifrig. 1 includes in total 31 para-
St, and HO on a mag'netlte surtace were Fierlved theoretl- eters as introduced in the previous section. Some of them
cally and compared with experimental findings. We assume 15 harameters, i.e., the frequency factors and energies for

equal maximum surface concentrations for all components desorption of EB, St, and4® from hematite and magnetite)

on magnetite and on hematite. . are directly measurab[@6-18]
Desorption kinetics are derived from thermal desorption The desorption energy of ethylbenzene over carbona-

Ima_ss spectrospopy (TDS) and can be described by the fol;gq, o species is directly determined from recent measure-
owing expression. ments[26]. The respective parameter values for styrene are

The overall set of physico-chemical interactions of the

des__ (—EYS/RT) derived based on the assumption of identical frequency fac-
Jk = fr € ks ngsAs, . R . .
s o o tors and slightly higher activation energy than for ethylben-
k € {EB", St', H0"}, s € {Fe;03, Fe304, cokd. zene, similar to the findings on different iron oxide surfaces
The reaction steps postulated in E¢&—(12)are con- [17]..The parameters of water desorption f.rom coke are dg—
sidered as single-step reactions. Accordingly, the reactiontérmined analogously. The set of desorption parameters is
streams are written as follows: summarised ifable 2 .
gasification reactions involving gas-phase components: The parameter vallues determined for pure components
also hold for the reactive system under the assumption of in-

1_ 1
8o 10 o ETRG- )

j €{H20,0,}, s e{coke,

Aspj, significant multicomponent interactions of adsorbed species.
This is justified by the low surface coverage under the con-
ditions of the conversion experimerjfit].
surface reactions involving adsorbed species: The remaining 13 parameters have been adjusted to con-
eac 0 —EF/R(E_Ly) ver;ion experiments in .the kinetic reaclb@—Zl} Three test .
Jis =kp e T Ty (A, series have been considered for parameter fitting: nonoxida-
k € (EB*, St*}, s € {Fe03, Fe30a, coke. tive dehydrogenation over an initially clean magnetite sur-
face Fig. 3); nonoxidative dehydrogenation over an initially
clean hematite surfacéig. 4); oxidative dehydrogenation
over an initially clean hematite surfadeig. 6).

Finally, the fluxes related to the phase transformation of
either iron oxide to the other by reduction and oxidation are

derived based on the principle of nonequilibrium thermody- The conversion measurements have been performed

namics[25]. According to this principle, equilibrium com- mainly at a temperature of 870 K and a total pressure of 1 bar

position of the F?_O system in the solid phase is d.ete.rmined[7'19]. Experimental data at varying temperatures have been
by the composition of the gas atmosphere. The kinetics fol- acquired so far for the subsystemBid. 5). The available

!OW linear driv?ng for_ce relations, where the_ ghemical a.ffin- experimental data are gas-phase concentrations measured
ity of the reaction X, is assumed to be the driving forf25]: by gas chromatography (GC) and data from off-line surface

X analyses. The surface analysis data are labelled in the con-
J %= (— ZLMTq>xp, version diagramsTable 1summarises the iron oxide frac-
q tions derived from Auger electron spectroscopy (AES) and
p € {Fe03, Fes04}, ¢ € {H2, Oy, low-energy electron diffraction (LEED). The surface frac-
X, = Z g, | € {FexOs, Fe304, Ha0, Ha, Oy); tion covered by coke is determined by AES and temperature-

; programmed oxidation (TP()9]. These experimental data
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a) 1, H,0, EB over Fe,0, a) 1, c H,0, EB over Fe,O,
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Fig. 3. Experimental basis of subsystem 1 for adjusting the parameters of Fig. 4. Experimental basis of subsystem 2 for adjusting the parameters of
the kinetic model (symbols) and simulation results (lines). (a) Evolution the kinetic model (symbols) and simulation results (lines). (a) Evolution
of conversion with time of pure dehydrogenation over a surface initially of conversion with time of pure dehydrogenation over a surface initially
consisting of magnetite. (b) Surface composition and coverage by carbon consisting of hematite. (b) Surface composition and coverage by carbon
deposits over time. Condition$: = 870 K, ptot = 1 bar, pyy,0 = 3400 Pa, deposits over time. Condition&: = 870 K, ptot = 1 bar, py,0 = 3400 Pa,

pEB = 340 Pa, He carrier gag, = 25 x 108 Nm3/min. pEB = 340 Pa, He carrier gag, = 25 x 108 Nm3/min.

H20, EB over Fe203

form the basis for fitting the unknown parameters of the ki- 12 M
netic model stated above. - v experimental upper bound *
We apply a stepwise parameter fitting procedure, which § 10— % 21;;'::;@ ower bound
addresses the different subsystems. The advantage of thisg |
strategy is that only a reduced number of interactions are g’ X
active at the same time and artificial cross-correlations be- & °[
tween parameters can be avoided. i
The starting point of the parameter fitting is the behaviour 810 550 ' o5 ‘ 500

of a water—ethylbenzene feed over magnetite model catalysts
(Fig. 9. All interactions related to the hematite surface are _ _ o
inactive. Furthermore, no phase change takes place, as ncf ig. 5. Experimental basis of subsystem 2 for adjusting the parameters of
. . . . ._the kinetic model and simulation results. Temperature dependent initial
oxygen Is present. The Change In conversion over time IS conversion of pure dehydrogenation on a clean hematite surface. Con-
attributed to coke formation. Surface analysis by AES and ditions: ptot = 1 bar, PH,0 = 3400 Pa,pgg = 340 Pa, He carrier gas,
TPO clearly indicates complete coverage of the surface with vy = 25 x 1076 Nm3/min.
coke (labels B and H)L9]. The evolution of conversion with

time and the buildup of carbon deposits allows for deter-

mination of the Values.OkEB.*’F%O“’ kst Fey0u kEB*’C.Oke' Iron oxide composition and degree of surface coverage by carbonaceous

kSt*,coke- andkHZOﬁOke‘ Fig. 3 indicates the decrease in con- deposits (both from surface analysis) and measured conversion over epitac-

version directly related to the increasing surface COVerageﬂcany grown, mono.crysta”ine surfaces at 870 Kot = 1 bar, PH,0 =

by coke. The steady-state conditions at the end of the exper-3400 Papgg = 340 Pa, He carrier gas, = 25 x 10~8 Nm3/min.

iment correlate with the activity of the carbon deposits only.
Next, a water—ethylbenzene feed over hematite is consid-

temperature [K]

Table 1

Identifier Iron oxide composition Coke deposition Conversion

. . i . Xre,03 (0)  XFe30, (5) Ocoke (-) Xes ()
ered Fig. 4). Processing this data set provides the values OeZO 3 1830“ Cgoe T
of the parameterksy Fe,05: kFe,03,H,» ANAKFe;0,,H, - MoTE- 0.0 10 10 095
over, conversion measurements over hematite at differentc 10 0.0 00 9.0
temperatures are available for the determination of activation D 0.50-065 035-050 05-08 -
reac 1 — | —| —
energyErs: e 0, and Fhe pre-exponential factb.gg.;*’pezos E < 8-82 Q15 _ 822 95 > %g 065
on hematiteFig. 5depicts the measured conversion at three ' : :
> 0.80 <0.20 <05 —

different temperatures along with the simulated values.
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Table 2
Stoichiometric equations considered and parameters for corresponding rate equation
Desorption Surface frs 7Y E,?is (J/mol) Reference
EB" > EB+ " Fe0s3 1x 1012 64 x 103 [16]
Fe304 1x 102 86 x 10° [16]
Coke 5x 1014 65 x 103 [26]
st — st+” Fe03 5x 10'2 73x 10° [16]
Fe3Oq4 3x 10 118x 10° [16]
Coke 5x 1044 70x 103 [26]
H,0" — Hy0 + Fe03 1x 1018 63 x 103 [18]
Fe304 1.0 x 1052 65 x 103 [17]
Coke 1x 1012 50 x 103 [26]
Surface reaction Surface k? NC! E;.?f‘Ct(J/moI) Reference
EB" — St + Hy Fe,03 2.1x10? 1.6 x 10° this work
Fe304 k(870 K) =9.07x 103571 this work
Coke k(870K =153 x 10° s 1 this work
St — coké + 2Hy FeOs3 k(870 K)=1.08 x 10t 571 this work
Fe304 k(870K =1.42x 101571 this work
Coke k(870K) =1.70x 10t s71 this work
Gas—solid—-reaction k(T) (mol/(s cnf) Reference
Coké + 8H,0 — 8CO+ 10H, k(870 K) =1.42x 10713 this work
Coké + 50, — 8CO+ 2H,0 k(870K =1.76 x 10~° this work
Phase transformation Lp1 (mol2 K/(J5s)) Lpo2 (mol2 K/(J5s)) Reference
3Fg03 + Hy — 2Fe304 + HoO 15x 10713 1.0 x 107 this work
4Fe304 + Op — 6Fe03 1.0x 10717 13x 10713 this work

2 (cn?/s) due to second order relatigf®S= 73 (nk,s )?).

Y
~
-
N

Finally, the addition of oxygen to the process is consid-
ered Fig. 6). Starting from hematite, all interactions become
active and allow for the determination of the remaining para-
meters ko, coke: kFe,03,0,, aNdkre0,,0,. The complete set
of the model parameters is summarisedadmle 2

Fig. 7 presents an energy diagram displaying activation
energies of the steps occurring during transformation from

-
o
T

conversion [%]
n
L ]

H,0, EB, O, over Fe,O,

= experimental

— simulated

ethylbenzene to styrene. The adsorption energies of ethyl-
benzene and styrene are experimentally verified. The esti-
mated value of the apparent activation energy of the conver-
sion of adsorbed ethylbenzene to styrene (E£)j.is thermo- 0)1.0

dynamically consistent.
The kinetic model is validated by application of the dy- __
namic response of the system to a step-change of the feedg
©

|
100
time [min]

| J
150 200

___________________________________
- - Fe,0,
—— carbon coverage

upper limits
lower limits

composition. The experiment starts with a fresh hematite 'h
model catalyst and a feed stream of water, ethylbenzene, and™
oxygen. After 120 min the oxygen supply is interrupted for

0.4

0.2

30 min.Fig. 8shows excellent agreement between the mea-
sured and simulated conversion.
We conclude that the catalyst model and the used para-

1 |
O.Cb 50

100

time [min]

150 200

meter set adequately describe the behaviour of the styrené:ig' 6. Experimental basis of the complete system for adjusting the pa-

synthesis process over ideal, monocrystalline surfaces tha

rameters of the kinetic model (symbols) and simulation results (lines).
t(a) Evolution of conversion with time of dehydrogenation in presence of

are free from mass transport limitations. The model also oxygen over a surface initially consisting of hematite. (b) Surface compo-
describes the observed catalyst deactivation, taking into ac-sition and coverage by carbon deposits over time. Conditibrs:870 K,
count transformations of the catalyst phase and the forma-Ptot =1 bar, pn,0 = 3400 Pa,pgg = 340 Pa,po, = 190 Pa, He carrier
tion of carbonaceous deposits. The validity of the set of pa- 925V = 25x 10~° Nm?/min.
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Fig. 7. Energy diagram of activation energies for the overall transformation

EB(g)
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St(g)_

124 kJ/mol

AHp =

from ethylbenzene to styrene on hematite.

QD
=~

12

10

conversion [%]

o N A O

Fig. 8. Validation experiment for the kinetic model (symbols) and simula-

HZO, EB, 02 over Fe203

= experimental
simulated

| J
50 100 150 200
time [min]

——- Fe,0,
carbon coverage

50 100 150 200
time [min]

tion results (lines).,: switching off oxygen in the feedt: switching on
oxygen in the feed. Conditiong: = 870 K, ptot = 1 bar, py,0 = 3400 Pa,

PpEB = 340 Pa,po, = 190 Pa, He carrier gag, = 25 x 10-% Nm3/min.

5. Conclusions and outlook

A mechanistic model for the dehydrogenation of ethyl-
benzene to styrene over single crystal iron oxide films is
derived and parameterised based on a combined surface sci-
ence and chemical engineering approach. The experimental
data used for parameter fitting originate from TDS measure-
ments in ultrahigh vacuum and conversion measurements
in a microreactor. The conversion measurements comprise
the transient behaviour of increasingly complex subsets of
the considered reaction system. In addition, off-line surface
analysis by LEED, AES, and TPO provides insight into sur-
face composition and coverage by carbon deposits.

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

Sensitivity analysis provides a compact and simplified
picture of the significance of the model parameters for the
residual of the optimisation problem. Sensitivity diagrams
display the dependence of a characteristic on the significant
parameters. The characteristic is usually a quantity of prac-
tical relevance derived from the state variables of the model,
such as conversion, yield or selectivity. However, the se-
lection of the characteristic and its normalisation imposes

rameters is confirmed by the fact that parameters derived fora certain arbitrariness on sensitivity analysis. To reduce ar-
independent subsystems could be adopted unchanged for theitrariness to a minimum, the sensitivity analysis presented
description of the full system. Aa posteriori confirmation
of the chosen stepwise approach is given by the sensitivity characteristic. The residual vector of the optimisation prob-
analysis with respect to the adjustable parameters presentetem underlying the parameter fitting procedure includes in-
in Appendix A

in the following uses the norm of the residual vector as a

formation on ethylbenzene conversion, coke coverage, and
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Fig. 9. Sensitivity diagrams corresponding to the three steps of parameter fitting procedure.

hematite fraction of the iron oxide surface. These quantities is computed over the measurement interval of an experimen-
are used as characteristics in the following analysis. The sen-tal run:

sitivity is generally defined as follows: fong
en

|Si,j ()| dt.

OF,

(@i (KT + Akj. 1) = @i (K )R =
: fend — fbegin

w0 ®; (K", 1) Ak; thegin

®; = {XeB, Ncoke XFe,05} Fepresents the characteristic and Fig. 9displays the sensitivity diagrams corresponding to
k; the adjustable parameter. The characteristic is obviously the three experimental series used for parameter fitting (cor-
time dependent. Therefore, the mean value ofRhenorm responding td-igs. 3, 4, and b The sensitivities of the three
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characteristics are included in each diagram. The parame-p
ters adjusted to the respective experimental run are indicatedy
by a star. Clearly, the model is sensitive with respect to the

parameters assigned to each subsystem.

Appendix B. Nomenclature

N number of moles of a component (mol)

Nre number of moles of iron in the catalyst sample;
6.55 x 1078 mol

J component mass exchange terms (fapl

F flow (mol/s)

nSt molar surface specific concentration of adsorbed
species; 3323 x 10~12 mol/cn?

acoke Molar surface area of carbonaceous deposits;
1.143x 10° cn?/mol

Ao total surface area; 0.50 ém

A surface area (cf)

p partial pressure of gas-phase component (Pa)

T temperature (K)

R general gas constant/(dnol K))

M molar mass of gas-phase componeringgl)

o sticking coefficient of gas-phase component in ad-
sorption relation; all equal to 1.0 (-)

® surface coverage (-)

E activation energy (dnol)

f frequency factor of surface species in desorption re-
lation (s71)

k© frequency factor of surface reactiorm {3

To threshold temperature in surface reaction relation;
773.0 (K)

L frequency factors in phase transformation relation
(molPK/(Js))

v stoichiometric coefficient of redox reactions of the
iron oxides (-)

m chemical potential of component in phase transfor-
mation relation (Jmol)

X molar fraction of iron oxide (mgimol)

Subscripts

j gas-phase component

k adsorbed species

s surface species

i surface reaction

I specie participating in redox reaction

A. Shiile et al. / Journal of Catalysis 231 (2005) 172-180

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

Superscripts

0 inlet

gas gas phase
ads adsorption
des desorption
reac reaction
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