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Abstract

Styrene synthesis over iron oxide model catalysts was studied by combining UHV characterization methods with in situ conversion
measurements in a microflow reactor undetiséa reaction conditions. Both unpromotedJ&g and K-promoted model catalysts show a
similar high starting activity while that of B®;, is clearly lower. Water limits and K promotion slows down deactivation by coking and
oxide reduction. The deactivation can be prevented and the higH yiéid preserved by adding a sthamount of oxygen to the feed. Both
the presence of P& and intermediate adsorption strength for ethylbenzene and styrene are essential for high conversion yields.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction evidence for the existence of KFe@hich, in line with a
) proposal of Hirandg5], was interpreted as essential for high

The dehydrogenation of ethylbenzene (EB) to styrene uctiyity. Kinetic studies on model catalysts at pressures in the
(St) [1] is one of the 10 most important organic catalytic mpar range showed similar apparent activation energies for
processes by which presently more than 23 million tons of ysassium promoted and unpromoted iron oxide catalysts.
St are produced per yeg2]. The dehydrogenation occurs  |; yas therefore proposed that potassium only increases the
at ~ 870 K in the presence of overheated steam over iron n,mber of active sites, but does not change their nd€]re
oxide-based catalysts: Potassium stabilizes the catalyst against redudfi6hand
CgH10— CgHg + Ha. 1) suppor_ts the removal of cokeQI&C_)3. is pelieved to represent

the active center for carbon gasificatifi11,12] Benzene

The main precursors of the technical catalyst are hematite g toluene as the main side products may be formed at dif-
(Fe203) and the promoter potassium carbonate@ks) ferent siteg5,6,13} Experiments on unpromoted £@3 in
which are mixed and calcined. Small amounts of other metal tne |ow- and medium-pressure range gave clear evidence

oxides like CpOs are added as structural promoters to stabi- that defective surfaces are more active than well-ordered
lize the catalyst morphology and prevent sintering. Promo- ones[14,15]

tion of iron oxide with potassium enhances the reactivity of  The reaction is run in presence of overheated steam in
iron oxide by an order of magnitude and reduces the for- aycess, which is believed to rewe coke that deactivates the
mation of carbor]aceous surface deposits (here shortly Ca"edcatalyst, to supply heat for the endothermic dehydrogenation
coke) that deactivate the catalyfls3-5] reaction \ H = 124 kJ mot %), to prevent reduction of the

~ In order to understand the kinetics of the dehydrogena- oyjge catalyst, and to act as a diluent in order to shift the
tion reaction{4,6] the catalyst function and the deactivation reaction equilibrium toward the product sif.

process[7-9], many studies have been carried out on the  The catalyst deactivates slowly and needs to be replaced
technical catalyst. A study onétcatalyst structure and com-  after apout 2 years. Since this is a costly process, the deac-
position under reaction conditions by Muhler ef@l8]gave  {jyation was studied extensively. The main reasons for deac-
tivation are coke deposition, which was found to be higher
* Corresponding author. Fax: +49 30-84134401. in the case of thg unpromoted cqtalyst, Iqss or redigtribu-
E-mail addressranke@fhi-berlin.mpg.de (W. Ranke). tion of the potassium promoter during reaction, reduction of
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the catalyst by the hydrogen formed during the reaction and evaporated onto this surface by resistively heating a tung-

physical degradation of the cataly8t16].
All attempts to prevent the coplex deactivation process
[17] have concentrated on dewping the catalyst material

sten wire with an iron wire wrapped around it. As described
in more detail in[18], 10—20 nm thick Fg04(111) films
are prepared by repeated cycles of iron deposition at room

by adding more promoters or by supporting the catalyst in temperature and subsequent oxidation for about 10 min at

order to improve its performance. Comparatively little is

950 K in 5x 10~' mbar oxygen partial pressure ge&(111)

known about the reaction mechanism on an atomic scale,is transformed intax-Fe0O3(0001) films by oxidation for
about the chemical transformations which happen during the 15 min at oxygen pressures above 0.1 mbar at 1050 K. The

reaction, or about the real active phase during reaction.

different phases of iron ode exhibit different LEED pat-

Our approach is to bridge the pressure and material gapterns, which makes it easy to distinguish them and to check

between reactivity studies ltrahigh vacuum (UHV) and

that single-phased films were prepared. The sharpness of

real catalysis by combining surface science methods for LEED spots and the background serve as a qualitative mea-

model catalyst characterizatidd8] with in situ activity

sure for surface domain size and defect density. However,

measurements under realistic reaction conditions. Using aeven surfaces yielding sharp spots and low background usu-

stagnation point microflow reactfit9] and pre- and postre-

ally still contain defects which cannot be analyzed using a

action surface analysis, we try to understand the structure,simple display LEED optics.

the composition-reactivity correlations, and the chemical
transformations which occur under the course of reaction.
In this work we present investigations on the dehy-
drogenation reaction of EB to St, first over single crys-
talline iron oxide model catalyst films of the composition
Fe304(111) anda-Fe03(0001), then over promoted films
of the general composition KE®, with different potassium
content andvr, y adjusting correspondingly. The reactions

Promoted iron oxide thin films (KR®, ) are prepared by
deposition of potassium at room temperature from an SAES
getter source on the E@4(111) or FeO3(0001) iron oxide
thin films, followed by annealing up to 950 K in vacuum
or in 1 x 10~% mbar oxygen. For high potassium contents,
deposition-annealing or deposition-oxidation cycles were re-
peated and the annealing tpaerature was lowered. A mea-
sure for the near-surface concentration of potassium is the

were performed under near-technical process conditionsAuger peak intensity ratidk /Ire. Most films are well or-

with different feed compositions.

2. Experimental
2.1. Instrumentation

The experiments are performed in an UHV chamber with
a base pressure of 18 mbar. It contains standard facili-

dered. Usually, LEED shows the periodicity of the close-
packed oxygen layers in the film (see, e.qg., the pattern before
reaction inTable 3 A, which we call quasi-k 1-structure)
which is half that of the surface periodicity of §@&4(111).

This means that the arrangement of the surface iron atoms
which in FgO4 determine the surface periodicity is dis-
torted and has no long-range order. Only for one special
composition, a long-range ordered phase with-a2super-
structure with respect to the surface structure af®z€111)

ties for sample cleaning and is equipped with a back-view is observed. It was assigned to aA-ferrite-type film

display optics for low-energy electron diffraction (LEED),
a cylindrical mirror analger for Auger electron spec-

Ky Fe2034(0001) (¢ ~ 0.67) [21-23] In the Auger spec-
trometer used here, its Auger intensity ratidig Ire = 2.7.

troscopy (AES) measurements, and a mass spectrometerilms with higher K content Ik /Ire > 3) have no long-
High pressure oxidation treatment and reaction experimentsrange order. LEED shows no spots and a high background
are performed in a preparation cell, which can be separatedintensity. According td22,23], such films are covered by a

from the analysis chamber by atgaalve after sample trans-
fer. Using a laser heating systed9], up to 1100 K can
be reached in 1 mbar oxygen and up to 900 K in a flow

of He at 1 bar. Temperature-programmed oxidation (TPO)

experiments were performeadter reaction experiments by
transferring the sample badk the analysis chamber and
heating to 1000 K in 10° mbar oxygen. TPO removes car-
bon deposits from the sam®#4] but reoxidation, although

thermodynamically favored, lgnetically hindered and does

disordered KFe@layer.
2.3. The reactor

Fig. 1 shows the used microflow react¢t9]. It is
constructed on a 70-mm o.d. flange which carries the
feedthroughs for the thermocouple and for two fiber rods
which are used for coupling in laser radiation for sample
heating. Two flexible capilldes are connected to the re-

not occur even within extended periods at this low oxygen actor cap, one for admissioof the reactant gas mixture

pressurg20].

2.2. Preparation of model catalyst thin films

and one as product gas outlet. When the reactor cap is re-
tracted, the sample on a sapphire support can be inserted.
When the cap is closed, the arrangement represents a stag-
nation point reactor with a total volume of only about 4 ml.

A clean Pt(111) surface is prepared by cycles of argon Due to the small distance between sample and cap (typi-

ion bombardment (1 keV) and annealing to 1300 K. Iron is

cally 1 mm), the gas volume in contact with the sample is
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1 Table 1
9] Partial pressures and molar ratios of reactive gases in the gas feed for the
2 used standard reaction conditichs
:/ 3 Reaction p Molar ratios
6 / conditions (mbar)
Normal p(EB)=33 EB:H,O
p(H20) =33 1:10
+—> Reductive p(EB)=33 -
4 Oxidative p(EB) =33 EB:H,O:0,
p(Hp0) =33 1:10:0.5
p(O2) =17
@ The rest to the working pressure of 1 bar is He. The standard reaction
5 7 temperature is 870 K, the standard total flow 25 miTin
H 11. Postreaction characterization by AES, LEED; if neces-
e sary removal of coke by TPO cycle(s), followed by AES
——  GC-Ms He+HO and LEED.
1cm He+EB
He+O, In order to make sure that the catalytic reaction really

starts on the surface as characterized before in UHV, the
conditions during sample heating (step 5) which takes about
20 min were considered carefully. #&&; samples which
were oxidized before ip(O2) > 0.1 mbar were heated in
an atmosphere of Hed®:0, ~ 38:1.6:1 (molar ratios) at

a total flow rate of about 20 mImirt. Fe3sO4 was heated
with only H2O in the He flow since it turned out that water

Fig. 1. Single-crystal flow reactor, schematically. (1) Reactor body, (2) sap-
phire sample support, (3) sample, (4jractable reactor cap, (5) coupling
for laser radiation, (6) thermocoupfeedthrough, (7) flexible capillary for
reactant gases, (8) flexible capillary for product gases.

much smaller £ 0.05 ml). Under typical flow conditions :
(p = 1 bar, 25 mImir), the contact time is about 0.12's. prevents further reduction of E@4. KFe, O, samples were

The sample is heated from kiatl by radiation from two ~ heated in a He flow without any admixture. Back-transfer of
diode laser stacks with a total power of maximum 100 W, @ FeOz sample after this heat up and cool down without re-
under flow conditions. EB and4® flow is achieved by con- ~ characteristic LEED pattern. During cool down after the re-
ducting He carrier gas through saturators at 303 Kisaad- ~ action (step 9), the flow of He was maintained uffilvas
mitted from a 20% @in He gas supply. Product analysis is P€low 500 K. Heating up again a sample in He after cool
with an ion-trap mass analyzer (GC-MS). The used setup is activity as before cool down. The standard reaction condi-
optimized for separation andalysis of EB, St, toluene, and ~ tions are listed inable 1

benzene but not suitable for smaller hydrocarbons, fog,CO
CO and H.
The standard reaction experiment consists of the follow-
ing steps:
1. Sample preparation in UH\pre-reaction characteriza-
tion by LEED and AES,
. Sample transfer under vacuum into the reactor,

N

vacuum,

. Backfilling the reactor chamber withpNp = 1 bar),

. Sample heating during flow of He, if wanted with ad-
mixture of HO and/or Q,

. After reaching thél}ea¢ H20 and/or Q are stopped (if
wanted), EB is admitted, GC-MS is started,

. Reactivity measurement at 870 K, EB in He, if wanted
with admixture of HO and/or G,

. Stop of EB, HO, O,

. Cooling in He tol' < 500 K,

10. Evacuation and back-transfer to UHV,

(20>

[e¢]

. Preheating the reactor cap to 400 K and outgassing in

The measured quantities are GC peak areas. Under typ-
ical reaction conditions, the sum of the peak areas of all
aromatics (EB, St and sometimes traces of toluene, ben-
zene) is~ 95% of the EB peak area without reaction (e.g.,
at low temperature). The missing 5% go thus into prod-
ucts which we cannot detect like,8,, CO, CQ, and H.

The highest observed conversions werd0% so that the

EB peak area corresponds in all cases to more than about
85% of the admitted EB. In view of the uncertainties of the
EB flux and the sample area which enter the determination
of an absolute rate, we neglect the missing 15% and refer the
conversion yieldy in percentage to the main EB peak area
as measured. The conversion rates presented below are then
calculated from the yield according to

rem2sh) =[F x y (%) x 10?]/A = 6.54 x 10"y (%),
(2)
with the EB flux F = 3.27 x 10'® moleculess! and the

model catalyst ared = 0.5 cn?. Rates are always given in
St moleculescm?s 1,
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Fig. 2. Time dependence of the Stwersion rate at 870 K, normal condi-
tions, EB and HO in the feed, over (ay-Fe,03(0001) and (b) F§O4. The
labels A—C give the positions where splecharacterization was performed
(seeTable 2.

The oxide films are completely closed but on the side

sition, Ic/Ire= 3.4 (C inTable 2. After TPO, LEED shows
that the oxide is reduced to §@4. For one sample, an ex
situ surface analysis (transfer in air) by scanning tunneling
microscopy (STM) was performed after reaction without a
preceding TPO cycle. The owigation over a distance of
500 nm had increased from typically 5 nm (clean surface)
to about 15 nm (after reaction) which, however, still repre-
sents a quite smooth surface.

The reaction was repeated twice on a freshly prepared
catalyst and was interrupted after different periods. In the
high rate region (A inFig. 2aand Table 2 the catalyst is
covered by a small amount of cole/Ire = 1.1 and the
ratio Io/Ire has decreased. After one TPO cycle, LEED
shows that the catalyst still consists of,Eg but the spots
are more diffuse and the background is more intense. After
50 min (B inFig. 2aandTable 2 the carbon deposits have
increasedc/Ire = 3.6. Three TPO cycles are necessary to
remove them. Then the surface exhibits overlapping LEED
patterns of both F&3 and FgO4. We believe that the near-
surface region of the catalyst had been reduced to disordered
Fe304, while reordering and phase separation into @
and FegO4 domains occurred during the TPO experiments
which include heating. The deactivation is thus related either
to carbon deposition or to reduction of the surface layer to
Fe304 to a depth determined by oxygen diffusion or to both.

Fig. 2b shows that the initial conversion on the unpro-
moted FgOy catalyst is lowery~ 1.5 x 10, Within about
45 min it deactivates to the same final rate aBim 2a and
is coked,/c/Ire = 5.0. LEED after TPO shows that the sur-
face still exhibits the F#04 pattern, but also here the spots
are weaker and the background is stronger, indicating an in-
creased defect concentration (Dliable 2. The final state is

of the sample along its circumference, uncovered Pt might the same as when starting withJ8®. In both cases, there is

exist. Although Pt effectively dehydrogenates EB, it does
not contribute to St production. It was sho\{2#] that St is

bound so strongly that it does not desorb. Already at 400 K,
adsorbed St polymerizes, followed by dehydrogenation. Be-

yond~ 700 K, it is completely dehydrogenated and a closed

coke film with essentially graphitic properties has formed.
The conversion rate on a sample incidentally contami-

nated by SiG was below~ 0.1 x 10'° cm=2s~1, which is

the detection limit of our GC. This represents the upper limit

of the blind activity of the reactor.

3. Results
3.1. Unpromoted model catalyst
3.1.1. Dehydrogenation am-Fe;O3(0001) and

Fes04(111) in presence of steam
Fig. 2ashows that the initial conversion rate for St pro-

duced from EB dehydrogenation on the unpromoted cata-

lyst FeOs is relatively high~ 4 x 10®, and drops within
~ 70 min to a final rate of- 0.5 x 10'°. Post reaction char-
acterization using AES revesatelatively strong coke depo-

an increase in the intensity ratig/Ire which we attribute
to the presence of some oxygen in the carbon deposits on
the catalyst surface. Since the final activity is the same on a
completely coked sample (see next section), we believe that
it represents the activity of carbon deposits on the catalyst
surface.

These results show that the high starting activitlig. 2a
is related to clean BE©3 which exhibits a higher activity
than FgO4. Assuming a site density of.2 x 101 cm=2,
the density of surface unit cells on #23, the turnover fre-
quency TOF for the initial high rate~(4 x 10°) is ~ 10
St molecules per site and per second which is a reasonable
value for a good catalyst.

3.1.2. Dehydrogenation aa-Fe,O3(0001) without steam

Fig. 3shows the corresponding conversion measurement
without water in the feed (reductive conditions, Jable J).
The initial conversion rate for F®3 is as high as with water
in the feed and also the decreds very similar. Post reac-
tion characterization by AES (F imables 2 and Bshows
only carbon and not any signals from iron or oxygen. The
carbon layer is so thick that it takes more than 10 TPO cy-
cles before substrate signals start to reappear, in this case
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Table 2
LEED patterns ad intensity ratios of the main Auger peaks of carbon, oxygen, and iron before and after different treatments for the unpro@gteadd-e
Fe304 model catalysts

Catalyst, LEED Phase from Auger intensity ratios Label in
treatment pattern LEED Ee O/Fe Figs. 2,3
Fe O3 before reaction g FeO3 0 35 -
11 32 A
Fe,Og after reaction with After 3 TPO cycles: FgO4 3.6 4.0 B
EB + Hy0 34 38 C
Fe304 before reaction . Fe304 0.0 29 -
Fe304 after reaction with After 4 TPO cycles: FgOy, 5.0 35 D
EB + Hy0 disordered
Fe,Og after reaction with EB No pattern ) 20 E
oo? - F
FeyOg after reaction with After 1 TPO cycle: FgOgs, 0.8 34 G
EB+ H2O + Oo disordered

& Only carbon visible in AES.

a strong decrease in thlg/Ire ratio from 3.5 to 2.0 and
strong cokinglc/Ire = 5.3.

Comparison of EB dehydrogenation with and without
steam reveals the role of water in the reaction. Since the ini-
tial rate in both cases is the same, water is obviously not in-
volved in the rate-determining step of the reaction. However,
it prevents the pileup of carbon deposits and limits the reduc-
tion of the FeOs to FesO4. This agrees with experiments on
powder catalystf3—8,13]and with thermodynamid25].

Also the final rate is the same in both cases. Since the
surface in the case of reaction without water was completely
covered by carbon, we believe that the final rate-d.5 x
10' is characteristic for catalysis by carbon deposits.

o
1
o

Fe,0,

r (10" st s'em?)

t(r;1in)

3.1.3. Dehydrogenation ai-Fe;O3(0001) in the presence
of steam and oxygen

Fig. 4ashows the conversion rate for St on unpromoted
Fe,Os after dosing oxygen to the feed (oxidative conditions,
from Pt. No LEED pattern of any of the iron oxide phases is seeTable 1. The initial high rate~ 6 x 10'° can be main-
seen. Instead, the pattern of the Pt(111) substrate is visibletained and no significant deaction with time is observed.
Since a closed-Fe03(0001) film reappeared after reoxida- Postreaction characterizatieshows that the surface is al-
tion, iron was obviously not lost but was reduced t8 Bad most free of carbonc/Ire = 0.8, and thelp/ Ire ratio is not
formed metallic clusters or had alloyed with the Pt substrate. changed. After TPO, LEED shows that the film consists of
The reaction was repeated on a freshly prepared catalyst andinreducedy-Fe,O3(0001). However, the high background
interrupted after 50 min (E iRig. 3andTable 9. AES shows and broadness of the spots indicate a high defect concentra-

Fig. 3. Time dependence of the St conversion rate at 870 K over
a-Fe03(0001) under reductive conditions (EB withoup® in the feed).
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Table 3

LEED patterns ad intensity ratios of the main Auger peaks of potassium, oxygen, cadmhiron before and after different treatments for the preahot

KFe, O, model catalysts

KFe, O, catalyst treatment Auger intensity ratios LEED patterns
K/Fe O/Fe C/Fe Before After
(A) EB + H20 Before reaction 2 3.0 0
After reaction 19 28 21
(B) EB + H,O Before reaction ) 2.3 0.0
After reaction o7 27 30
(C) EB+ H>0O Before reaction 3 27 0 Not measured
After reaction 18 25 0.5
(D) After reaction and Before reaction b b b Not measured
15 min in O After reaction 03] 26 44
EB+ H,0
(E) EB+ H20 Before HBO treatment B 2.7 0.0 Not measured
After 15 min in H,O 12 29 0.0
(F) EB+ H20 + Oz Before reaction D 20 0.0
After reaction 090 19 0.6

@ Ik /Ire measured after TPO (for the separation of K from C).
P No AES measurement after reactivation.

tion (G in Table 2. The experiment was repeated and the

sion rate is the same as on unpromoted@zeshown for

oxygen concentration varied. The dependence of the steadycomparison, but deactivation is much slower and postreac-

state rate on @concentration (after an equilibration time of
~ 60 min) is shown irFig. 4h

Admission of oxygen prevents the reduction opBeg to
Fe304 by consuming the B produced during the dehydro-
genation reaction or by reoxing the catalyst surface. It
also burns off carbon deposits formed during reaction. Ad-
dition of higher Q concentrations (2EB > 1) causes a
considerable increase of total oxidation of EB.

3.2. Promoted iron oxide Kk©, model catalyst

3.2.1. Dehydrogenation on KF®, in presence of steam
and the effect of potassium content

Fig. 5ashows the conversion rate on a K, catalyst
with Ik /Ire = 2.2, a K content slightly lower than for the
K-B"-ferrite with ordered 2< 2 surface. The initial conver-

tion characterization after 4 h on stream shows less coke
(Ic/Ire = 2.1, Ain Table 3. After coke removal by TPO,
AES reveals a moderate decrease in the potassium content to
Ik /Ire=1.9. Since the composition within the catalyst film
equilibrates quickly at reaction temperature, this decrease
represents K depletion in the whole film and is observable
only because of the limited amount of potassium in the thin
film catalyst. LEED after TPO cycles shows the same quasi-
1 x 1 pattern as before reaction, but the spots are very weak
and the background high, indicating a high defect concentra-
tion.

When the initial K content is lower I /Ire = 0.9,
Fig. 5b B in Table 3 the starting conversion rate is higher
but the deactivation rate is faster. AES after reaction shows
more carbon deposit$d/Ire = 3.0) and a similar moderate
decrease in the potassium contenfg@/re = 0.7.
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Fig. 4. (a) Time dependence of the St conversion rate at 870 K over Fig. 5. Time dependence of the Ginversion rate at 870 K over KE®,

a-Fe03(0001) under oxidative conditions (EBpB, and Q in the feed).
(b) Dependence of the steady-state rggeafter 60 min reaction on theO
concentration it terms of the CEB molar ratio.

In Fig. 6, the accumulation of carbon deposits during
reaction is compared for an unpromoted and a promoted
catalyst with relatively high K contentl /Ire = 2.8). The
experiment was interrupted at different times for AES mea-
surements and continued afterward. The steady-state level
on the promoted catalyst is lower and only reached after a
longer time on stream. Postré@an characterization after
TPO again shows a loss of potassiufR Alre = 1.8). This
confirms the role of potassium in preventing or removing
carbon deposits, thus slowing down deactivation by coking.
It has been proposed that coke is removed in a reaction cycle
in which oxidic K and BHO form KOH which reacts further
with carbon to form KCO;s. The carbonate decomposes, re-
leases CQ, and leaves K-oxides behilid,8,11,12]

3.2.2. The effect of steaming KF®, catalysts

In the industrial process, a deactivated catalyst is reac-
tivated by running the reactor with steam only in the feed.
Fig. 7ashows the conversion rate on KF®, catalyst with a
similar K content as ifrig. 5a(/k / Ire = 2.3). After reaction,
the carbon deposits are loig/Ire = 0.5 and the potassium
content has moderately decreasedi@/re = 1.8 (C in Ta-
ble 3. After characterization, # catalyst was transferred

normal conditions, EB and 40O in the feed. (a)k /Ire = 2.2; comparison:
FeyOg3 as inFig. 2a (b) Ik /IFe = 0.9.

4- Fe,O,
O O
Ic/lee |
2 —

I [

I
0 200 ¢ (min) 400

Fig. 6. Time dependence of émm buildup over unpromoted @3 and
potassium-promoted Kk®y, Ik /Ire = 2.8.

15 min with only water and no EB in the feed gas. Then the
normal EB flux was introduced again and the rate measured.
Fig. 7bshows that the initial conversion rate is now higher,
but the deactivation rate is fast®ostreaction characteriza-

back to the reactor and the experiment was continued fortion with AES shows strong cokind¢/Ire = 4.4). Both the
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Fig. 8. Time dependence of the St cersion rate at 870 K, oxidative con-
ditions (EB, B0, and @ in the feed) over KFgO, (Ik/IFe=1.0).

the reaction temperature. Bhib the likely mechanism of re-
moval in our studies.

In order to check the removal of carbon deposits by
steaming, the corresponding 15-min treatment in water was
repeated on a carbon-covered promoted catalyst. In fact,
AES after steaming shows not any carbon deposits. Thus,
0 0 i 100 t (min) 200 300 steaming removes coKé,6—8] but this is accompanied by

the removal of nonnegligible amounts of potassium from the
Fig. 7. Time dependence of the Stwersion rate at 870 K, normal condi- ~ catalyst’s potassium reservoir. Therefore, the overall lifetime
tions, EB and HO in the feed, over (a) KR®, (Ik /Ire = 2.2). (b) After of the catalyst is appreciately decreased by each steaming
15 min of reactivation in HO without EB. treatment.

From the fact that K loss is slower in presence of EB
and its reaction products, we conclude that carbon must be

increased initial conversion rate and the faster deactivationinvolved in the formation of a protection layer. This could
are characteristic for a catalyst with low initial K content like be a thin layer of carbonaceous deposits but we consider it
that of Fig. 5b(B in Table 3. In fact, AES after TPO shows more likely that a potassium containing species with lower
a strongly decreased potassium contgt/re = 0.6 (D in vapor pressure is formed. A candidate is again the carbon-
Table 3. In order to substantiate further that enhanced K ate KxCOgz [7,8]. As described above, the presence of coke
loss is caused by “regeneration” in steam, a clean promotedopens the possility of KOH to form carbonate instead of
catalyst (k /Ire = 2.8) was analyzed with AES analysis di- €vaporating thus decreasing the rate of K removal.
rectly before and after the corresponding steam treatment.
The data (E inTable 3 confirm clearly that K loss during  3.2.3. Dehydrogenation on KF®, in presence of steam
steaming is faster than in the presence of EB and its reactionand oxygen
products. The influence of adding oxygen to the feed (oxidative
The continuous decrease of the K content during reaction, conditions, Table 1) on the conversion rate and the deacti-
the enhanced depletion by steaming, and the faster deactivavation behavior is presented Fig. 8 for a catalyst with a
tion for samples with lower K content prove that the loss fairly low K content, I /Ire = 1.0. The initial conversion is
of potassium from the active near-surface region is the ma- high, increases slightly to the highest value observed so far,
jor reason for the decay of the long-term catalytic activity and remains on this level. The behavior is similar to that of
as pointed out in studies on real cataly{®k In real cata- the unpromoted catalyst in presence of (Big. 49. AES
lyst pellets, phase separation into a deep lying K-rich phaseafter reaction indicates only a small loss of potassium, only
not accessible for the reactantslamK-depleted outer shell  a small amount of carbon deposits/ Ire = 0.6, and an al-
was identified as one deactivation process. This cannot bemost unchangedo/ Ire ratio (F in Table 3. It seems that
simulated in our thin film model catalysts. As a second path Oy not only supports removal of coke but also stabilizes the
for K-depletion, removal in form of gaseous KOH was pro- potassium, possibly by stabilizing e,&0s coverage layer.
posed[11]. KOH has a vapor pressure of about 0.1 mbar at LEED after TPO shows that the film still exhibits the same

r (1015 St s cm'2)
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quasi-1x 1 pattern but also here, the enhanced background This would be a simple stoichiometric reaction which
indicates an increased defect concentration. could be prevented by admission of O

1
3.2.4. Dehydrogenation on KF®, without steam 2F&04 + 302~ 3F@0s. (4)
The reaction under reductive condition&ble 2 with Since our starting films are about 10-20 nm thick, a
only EB (and He) in the feed was run on a promoted cata- simple estimation yields the amount of Gberated when
lyst with Ix /Ire = 1.2 andlo/Ire = 2.5. Surface character-  the whole film is reduced to E®4. Comparison with the
ization by AES after 45 min showed the usual K decrease amount of styrene formed (which equals the amount of

(Ix /Ire = 0.8) and a moderate coke depositiofg (Ire = formed H) within the high rate region ifrig. 2a(~ 15 min
0.7) but almost no decrease fi/ Ire. In contrast, O deple-  with rate of 4x 10*® molecules 51 cm~2) shows that styrene
tion was clear on the unpromoted catalyst (ETable 2. production is at least by a factor of 700 higher. The dehy-

This demonstrates that the potassium promoter in fact pre-drogenation reaction of ethylbenzene to styrene over clean
vents reduction of the iron oxide, possibly by strengthening FeOgz is thus essentially catalytid he stoichiometric reac-
the Fe—O bongB,10,26] The conversion does not decrease tion (3) may be a side reaction.
quickly or dramatically when the water in the feed is stopped ~ The equilibrium thermodynamics of the Fes-®1,—H>O
after some hours from reaction in EB and water. This sup- system has been investigated experimentally by M@ah
ports the interpretation that deactivation goes along with K For the reaction temperature of 870 K,2Bg is reduced
depletion while coking anyway is not a serious problem on in presence of Bl Without HO, this proceeds to metal-
the promoted catalyst, at least on the relatively short time lic Fe® while the presence of #0 limits reduction to
scale investigated here. FesO4. The hydrogen produced during EB dehydrogenation
is thus responsible for the observed reduction effects. This
) ) agrees well with recent reduction experiments by Ndlela and
4. Discussion Shanks[10]. The role of BO is not only to balance coke
. L o formation by the coal gasification reaction but also to limit
The approach using pore-free thin single crystalline films o4 ction beyond the magnetite §&%) phase.
as model catalysts rules out uncertainties due to transport  thermodynamic considerations showed also that hematite
of ma‘thr within the catalyst material like pore d|ﬁg3|on, (Fe;03) reduction can be prevented by addition of oxygen.
pore filling by coke, and influence of catalyst shaping on The necessary minimum amount corresponds almost to that
the activity. Due to the perfect heat contact to the metallic ecessary for the stoichiometric water formation reaction
carrier of the thin films, alstemperature inhomogeneities Ho + %02 —s H0. The high conversion rate observed with
do not exist and the existence of hot spots, etc., is ruled O in the feed Fig. 49 corresponds to a conversion of about
out. Within the thin films, kinetic limitations of solid-state 10, of the introduced EB. The formee(H,) would thus
chemical processes are lasgportant, and at the reaction correspond to 10% o (EB). The necessary oxygen for its
temperature compositional changes caused by surface reacsyigation would be 5% op(EB) and a molar ratio above
tions are quickly equilibraté This and the limited amount 0,:EB = 0.05 should be sufficient to preventJa reduc-
of matter in the films results in a clear assignment of catalyst oy |f thermodynamic equilibum would be established,
composition, phase and structure to its activity. The stagna-the dashed step curve Fig. 4bwould be expected for the
tion point arrangement is well defined and allows modeling dependence of the steady-state rate on ti€Bratio. The

which will be the subject of future work. measured steady-state rates show a reduction with respect
to the standard oxygen concentratiostEB = 0.5 by about
4.1. Unpromoted model catalysts 10% for G:EB = 0.25 and by 25% for @EB = 0.15.

There may be two reasons for the rate decay before reach-
ing the theoretical limit of @EB = 0.05. Thermodynamic
equilibrium may not to be established within the reactor
or a part of the oxygen may be consumed for the oxida-
tion of coke. Each EB molecule, which is converted into
partially dehydrogenated species or graphitic coke and hy-
drogen, needs 10.5 or 6.5@olecules for oxidation of all
formed products into 5O and CQ or CO, respectively (to-
tal oxidation):

The reactivity measurem&nin connection with pre-
and postcharacterization on the unpromoteglzecatalyst
showed that the initial conversion rate is high and that de-
activation is due to reduction of F®3 to FeO4 and to
coking. The high initial activity is related to clean Je&;
while the activity of clean F0, is lower. Especially since
the addition of oxygen stabilizesatnigh initial activity, it is
important to check if it is the oxygen liberated during sub-
strate reduction which is responsible for the high starting rate
on FeOs. Lattice oxygen could be consumed by the hydro- CgHyo+ 10%02 — 8CQ, + 5H20, (5)
gen prqduced from thg EB dehydrogenation to form water CeHio+ 6%02 — 8CO-+ 5H,0. 6)
according to the equation

In the presented experiments, about 5% of the introduced
CgH10 + 3Fe03 — CgHg + 2Fe304 + H20. 3) EB did not show up as aromatics in the GC measurements.
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1

This represents the upper limit of EB consumed for coking
and a flow ratio @:EB = 0.525 [reaction (5) or 0.325 feac-

tion (6)] would be necessary to oxidize it continuously. One
might think that less oxygen may be necessary since the coke '
is also partially removed by the water in the feed by the coal 34“0?,1.2)
gasification reaction. Including the hydrogen formed during 44
dehydrogenation in the coking process, this leads to the sum
reaction

1000
6=
- 800

Tde
(min)

- 600

r 400

CgH10+ 16H,0O — 8CO, + 21Ho (7 2-

or 200

CgH10 + 8H>0 — 8CO+ 13H. (8) i 0
In order to prevent catalyst reduction, it is necessary to 2

oxidize all the produced H The necessary amounts of O

correspond to @EB = 0.525 and 0.325 respectively for Fig. 9. Dependence of the initial conversion ratgsand the time constant

E 7 d (8and ’ f t.h ’ ith ' tth of deactivationrge on the K content in terms dik /Ire. The initial rates for

. ?IS' ( ) anf ( ):n |6t‘rteh’ 0 :ZOUI’SG, ¢ t?l stam?da? wi ?u ke unpromoted samples for normal andaedive conditions are included.
influence of water. us turns out that oxidation of coke

and of the hydrogen liberated during coking dominates the ) ) » )

necessary amount of oxygen to be added. The estimation™Ore violent reaction conditions at high pressure may ac-
shows further that the experimentally applied oxygen flow Celerate defect formation shat it has happened within the
for a maximum rate (EB:@= 1:0.5) is near to the optimal first minutes and may at mostfluence the first GC data

level. point after gas admission. The importance of defects for the
The observed reduction of the hematite to magnetite mechanism of the catalytic reaction could thus only be de-
agrees with observations on technical catalj@s6]. How- duced from low-pressure experiments.

ever, the high initial rate associated with clean hematite was 1€ final activity after deactivation is definitely not zero.
not observed before. Obviously it was hidden in the start- e have presented strong esftce that it can be ascribed to
up and equilibration period. It is therefore likely that only carbonaceous pleposﬂs. It |s'well knoyvn that certain forms of
the fully deactivated state was observed in the investigationsCarbon are active catalysts in oxidative dehydrogenation of
on technical catalysts. An exception is a recent measure-EB [28,29] If no oxygen is added and after reduction of the
ment on pressed E©3 powder pellets under technical con- substrate, the only source of oxygen is the water which may
ditions (1 bar, pure EB- H,O atmosphere, EB:40 = 1:6) supply oxygen according to the dissociation equilibrium at
where the initial high conversion rate decreased within the the reaction temperature or to the coal gasification reaction
first minutes on stream by a factor of 8—10[27]. Upon which may supply CO. Postreaction Auger analysis also re-
addition of oxygen (EB:HO:0, = 1:6:0.4), the steady-state vealed oxygen at the surface in this case. When no water is
conversion did not rise to the initial value but could at least added, even this source of oxygen is lacking. Consequently,
be enhanced by a factor of three. The concentrationof O NO 0xygen was visible in AES. However, the final activity in
was obviously not sufficient for full prevention of reduc- Figs. 2a and 3vas the same, independent of the presence of
tion and coking. The conversion rate (referred to the BET Water. The mechanism over the deactivated catalyst is thus
surface) on the powder catalyst was about two orders of Not yet clear.

magnitude lower than on the model catalyst which indicates

that it is limited by mass and energy transport on the powder 4.2. K-promoted model catalysts

catalyst.

In low and medium pressure experimerpsEB) + Conversion measurements were run over several model
p(H20) = 3.5 x 1076 [15] to 0.6 mbaf14] there was clear ~ catalysts with different initial K contenEig. 9 summarizes
evidence that defective F®3 surfaces are catalytically more  the dependence of the initial conversion ratgsand of the
active than well-ordered ones. In the high-pressure experi-time constant of deactivatiornye on the K content in terms
ments presented herep(EB) + p(H20) = 36 mbar], no of Ik /Ire. Also the initial rates for the unpromoted samples
indications for a defect-dependent initial activity was ob- (FeOs, F&0s3, F&03 with O, added to the feed) are in-
served, but postreaction analysis showed always that disorcluded. The initial rate decreases and the time constant for
der had formed during reaction. Formation of disorder is deactivation (assuming an exponential decay of the rates)
plausible because of the observed reduction which impliesincreases with the K content. A simple explanation of this
out-diffusion of oxygen and nucleation of magnetite with its behavior would be that K prewts catalyst deactivation by
different crystal structure. While at low and medium pres- reduction and coking but at the same time reduces or blocks
sures the formation of defects is slow enough so that the active surface sites. Fdk /Ire > 2.7, the surface is increas-
influence of initial surface disorder is clearly visible, the ingly covered by KFe@[22,23] The further decrease of the
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rate in this range suggests that KEg®not the catalytically
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that they block the surface. This is an example of the old wis-

active phase. However, its presence may be responsible fodom in catalysis that the bond should be strong enough but

slow deactivation.

For low K content, the initial rate ifrig. 9 tends toward
the rate of FeO3 with O in the feed while the rate of E©3
without O, is lower (dotted curve). We believe that this is
caused by partial deactivation of X&&3 before the first data
point of the rate curveNig. 23 can be taken. It is plausible

not too strong.

Based on the observations that both the right adsorption
strength and—at least on unpromoteg®g—defects are
necessary for high conversion, a model for the catalytic cy-
cle has been proposgd2]. The adsorbate—substrate bond
via therr-system of the benzene ring is responsible for hold-

to assume that the topmost surface layer is partially reduceding the molecules long enough on the surface. Probably, they

quite quickly so that theate approaches that of &4 while
addition of Q prevents this.

With oxygen in the feed, the reaction rates on the unpro-
moted Fig. 49 and on the promoted catalydki¢. 8) are
very similar concerning both their magnitude and their time

are mobile at the reaction temperature and move over the
surface until they meet a defect site exposing basic oxygen
which attracts the H atoms of the ethyl group and dehydro-
genates it. Simultaneously, two¥eions in the vicinity are
formally reduced to F&& which explains why F&" is neces-

dependence. It seems therefore feasible to use oxygen in thesary and why iron with its variable valency is essential. The

feed instead of promotion by potassium.

All results point toward the direction that potassium pre-
vents coking and catalyst reduction but does not directly
take part in the catalytic reaction. Since the initial activity
on unpromoted F&3 and on promoted filmsik /Ire be-
tween 2.2 and 3) is quite similaFig. 59, it suggests that

formed styrene desorbs. The mechanism of H removal from
the catalyst and reoxidation of ¥eis speculative. However,

the presented results suggest that a direct desorption in the
form of Hy is possible. In the main reaction path, it does not
seem to be removed as,@ by consuming substrate oxy-
gen which later would have to be replaced by dissociation of

the active sites and mechanisms are the same and are relatedater or by reaction with @from the feed (Mars—Van Krev-

to F&** without the presence of Fé in the proximity. Be-

elen mechanism). Substrate oxygen is consumed but this is

cause of not too different apparent activation energies, thisonly a side reaction and leads to reduction of the substrate

has already been proposed for polycrystalline catalg@ts
However, in that case the activity of the unpromoted catalyst

was an order of magnitude lower than for the promoted cata-

lyst. According to the model catalysis results reviewed here,

this means that the unpromoted catalyst was most likely de-

activated, i.e., reduced and coked.
Also the addition of oxygen does not change the initial
activity dramatically. The mchanism of the main reaction

to FeO4 which is irreversible when only $#0 and no Q is
added to the feed.

So far, nothing is known about the structure of the antic-
ipated protection layer against K removal on the promoted
catalyst which possibly consists of K carbonate. Since the
“protection” has to be effective for K only, it could be that
the local structure of the active sites consists of O above
Fe**, an arrangement similar to that onJ&s. Maybe, sur-

path may therefore not either be influenced by the presenceface K carries a carbonate group, maybe by inclusion of

of oxygen. It is not oxidative in the sense that oxygen takes
part directly in the catalytic reaction. It rather balances the
effects of catalyst reduction by the hydrogen formed in the
catalytic reaction and durincoking, both being side reac-
tions of the process. And it oxidizes the deposited carbon.
The active site requires Be but the F&* in Fe30y is
obviously not equally active. It could be that a puréFen-
vironment is necessary as present in@g in KFeQ,, and
formally also in KFe2034. An alternative explanation was
discussed by Kuhrs et 480] on the basis of the binding en-
ergies of EB and St to the different model catalyst surfaces.
Due to the existence of iron in the top layer ofsBa, EB

and even more St are bound strongly and may block the sur-

face under reaction conditions while bonding te®g and

K, Fe2034 is much weaker and more similar for EB and St.
In hematite, the first layer consists of oxygen, possibly hy-
droxylated[31] and in K-8”-ferrite, it is most likely formed

by K and O[22]. These layers separate the adsorbate from
the Fe layer below but the distance is small enough to let
the adsorbate still feel the acidic character of th&'Fsites
underneath. The interaction with #&3 and K,Fe&»034 is
sufficient to bind the EB molecule long enough to the surface

surface O.

In the literature, it was found that the presence of KgFeO
is necessary for high and long-term activity. Therefore it was
proposed that it represents the catalytically active surface
phase on promoted catalysts while-ferrite KyFe2034
was supposed to be the bulk phase below, representing a
K-reservoir for the reestablishment of KFg{JF,8]. Previous
studies on model catalyst preparatj@f,23]indeed showed
that KFeQ forms when a layer of K deposited on &,
is annealed at 700 K. Annealing to the reaction tempera-
ture 870 K results in a thin KFefJayer or KFeQ islands
on K-B”-ferrite and at 970 K, no KFefis left. The sur-
face is then terminated by alf Fe—O—K layer forming an
ordered 2x 2 superstructure in LEED. Since surface and
bulk composition equilibrate quickly at temperatures above
about 600 K[22], this surface layer can only be established
when the bulk contains an amount of K which corresponds
at least to substoichiometric f&e2034 (x > 0.67). The
K-promoted films in our study with 2 I /Ire < 2.5 surely
consisted only of Kg”-ferrite without any KFe@ on the
surface. Nevertheless, they deactivate slowly and have a high
conversion rateRigs. 4a and 6aKFeO, which forms on the

to enable dehydrogenation but neither EB nor St so strongly surface forlx /Ire > 2.7 causes the initial rate to decrease
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further thus ruling out that it is the catalytically most ac-
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it was possible to maintain a high activity by the addition

tive phase. However, the deactivation proceeds even moreof oxygen. Addition of oxygen appears favorable and could

slowly. It is thus likely that the role of active phase and
reservoir phase is inverted; i.e., K~ferrite is the active
phase and KFefxepresents the K reservoir. Intuitively this
seems plausible. The coincidence of long-lasting high activ-
ity with the presence of the KFephase does not necessar-
ily mean that it is the active phase. It could be as well that the

even replace promotion by potassium. Because of the pres-
ence of hydrogen, a technical realization depends on the
possibility to control security questions.

Evidence is given that the existence offés not suffi-
cient for high activity. The adsorption strength for EB and
St is essential as well. The lower conversion oa@:ere-

reservoir phase is necessary to guarantee at least the substdates with its higher adsorption strength which may lead to

ichiometric of K-8”-ferrite with Fe—O-K termination while
the stoichiometry and the surface K content drops when the
reservoir phase is consumed. The existence of Kfeauld

thus “buffer” the KB”-ferrite phase against K-depletion by
reaction with O, an interpretation which is in full agree-
ment with the experimental findings R, 8].

5. Conclusions

The pressure and material gap between reactivity stud-
ies in UHV and real catalysis can only be overcome by
application of in situ methods of catalyst characterization

site blocking.
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and activity measurements under realistic pressure and temReferences

perature conditions as has been done in this study. Well-
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tor for conversion measuremsrand afterward transferred
back for postreaction surface characterization.

The initial conversion rates on unpromoted and K-pro-
moted catalysts are similar. On unpromoted®£ deacti-
vation is fast and is caused both by reduction tg@eand
by coking. Water added to the reactant seems not to be in-
volved in the main catalytic reaction. As proposed before, it
is essential for gasification of carbon deposits thus limiting
its amount. Further it limits reduction of the iron oxide to
the oxidation state of ®, and prevents further reduction
to metallic iron. The high initial conversion of @3 can be
maintained by adding a small amount of oxygen to the feed.

This prevents reduction and keeps carbon deposits at a low

level. The main dehydrogenation path is a simple catalytic
reaction. There is no indication for a Mars—Van Krevelen
mechanism.

Potassium as promoter reduces the buildup of carbona-
ceous deposits and prevents reduction of the oxide. The
initial conversion rate decreases with increasing potassium
loading, which is explainable by blocking of active sites by

excess potassium. However, high potassium contents lead to

slower deactivation by coking. KFe@s not the active phase

but serves as K reservoir. Potassium is continuously remove
during reaction, most likely in form of volatile KOH. The

removal rate is considerably faster if the feed contains only
water and no EB. Itis suggested that EB, St, or their decom-
position products react with potassium to form carbonate.
“Steaming” the catalyst should thus be avoided. Oxidation
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