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The active catalyst for the dehydrogenation of ethylbenzene is generated from a precursor material
consisting of hematite and potassium hydroxide (with additional promotors) during the initial phase
of catalyst operation at 873 K in a steam atmosphere. The active phase is a thin layer of KFeQ,
supported on a solid solution of K,Fe»0;,,4 in Fe;04. The ternary K,Fe,, 0y, phase acts as storage
medium from which the active surface is continuously supplied with a near-monolayer coverage of
potassium ions in an environment of Fe** ions. The catalyst undergoes a continuous solid-state
transformation caused by the migration of potassium ions. This requires a certain degree of imperfec-
tion in the matrix lattice which originates from the catalyst preparation and from the addition of
promotors which act on the iron oxide lattice rather than on the surface chemistry. The identity of
the active phase with KFeO, was confirmed by independent synthesis of this phase and comparison

of its catalytic activity with that of the technical catalyst.

1. INTRODUCTION

The industrial dehydrogenation of ethyl-
benzene (etbz) to styrene (sty) has been car-
ried out over promoted iron oxide since 1957
(I). In a comparative study of promoted
transition metal oxide catalysts it was found
that, among the many active systems, an
iron oxide-based catalyst promoted by pot-
assium was particularly efficient with re-
spect to both selectivity and activity (2). The
addition of potassium increased the conver-
sion by one order of magnitude. In the later
stages of development, structural promo-
tors like alumina and chromium oxide were
added as were promotors for the selectivity
such as oxides of V, Ce, W, and Li (3),
which, however, further improved the cata-
Iytic performance only moderately. Any
catalyst model may therefore essentially be
restricted to systems consisting of iron and
potassium oxides.

The reaction of etbz to sty is endothermic
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(AH = 124.9 kl/mole). The increase in the
number of molecules favors the equilibrium
toward the product side upon dilution with
inert water vapor. In the isothermal process
studied here a molar ratio of 6:1 water to
etbz is used at a temperature of 873 K. Typi-
cally, a loading of the catalyst of 0.5 h™'
and a resulting contact time of ca. 0.6 s are
chosen such that at 50% conversion (equilib-
rium value 70%) the selectivity with respect
to liquid organic by-products is optimized.
Typical by-products are 1% benzene and
2% toluene besides traces of methane and
ethylene and a few percent CO,.

Kinetic aspects of this process were stud-
ied by several authors. Carra and Forni (4)
described the reaction by a Langmuir—Hin-
shelwood mechanism. They found the reac-
tion to be unimolecular and to depend on the
adsorption—desorption equilibrium of etbz
and sty. The preferred adsorption of sty
leads to a site-blocking effect by the prod-
uct. Further studies by Lebedev et al. (5)
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and Hirano (6) agreed with these findings.
They established that water vapor does not
participate in the reaction itself but acts
purely as inert dilution agent and may be
replaced by inert gases. Under practical
conditions, however, water is an important
ingredient since it continuously regenerates
the active catalyst surface and it prevents
the total reduction of the iron oxide to iron
metal by the hydrogen produced. CO, was
found to be a reversible poison to the cata-
lyst. The nature of the reaction centers is a
matter of controversy: Carra and Forni (¢)
assume one type of active site which gener-
ates in parallel reactions all products,
whereas Hirano (6) postulates a variety of
specialized reaction sites. Lee (2) describes
a study using a differential microreactor
with the following essential results: At low
conversion the selectivity approaches
100%. When the conversion approaches
equilibrium, the selectivity is significantly
reduced because of the reduction in the rate
of formation for styrene alone caused by
product inhibition which does not operate
on the rates of formation for the by-
products.

Catalyst deactivation (7, 8) occurs in two
principal ways. Reversible short-term deac-
tivation is caused by extensive CO, forma-
tion or by deposition of carbonaceous mate-
rial from product condensation. Treatment
with pure water vapor under the influence
of the multifunctional promotor potassium
as gasification catalyst is used to restore the
initial activity. The second mechanism leads
to a slow, continuous long-term deactiva-
tion. It is caused by a redistribution of the
potassium in the catalyst in a twofold man-
ner. Potassium is transported along the reac-
tor with the mass stream and partly removed
from the active bed. It is, in addition, re-
moved from the surface of each individual
catalyst pellet which is transformed in a
solid-state reaction from a homogeneous
solid into a potassium-free shell and a po-
tassium-rich core both of which are catalyti-
cally inactive.

MUHLER ET AL.

Several models for the active state of the
catalyst have been proposed in the litera-
ture. All of them are based upon ex situ
powder X-ray diffraction data. These data
reveal the dominant presence of a spinel
phase which is attributed to the isostructural
oxide Fe,O, (magnetite) or y-Fe,0; (cubic
hematite). All models have to take into ac-
count that potassium ions cannot be incor-
porated into the close-packed lattice of mag-
netite because their ionic radius, which is
133 pm, is as large as the oxygen anion ra-
dius of 140 pm. This was also confirmed
in an experimental study of the solid-state
reactivity of the potassium-magnetite sys-
tem (9). All models point to the importance
of Fe** ions for the dehydrogenation pro-
cess. These somewhat conflicting condi-
tions had to be incorporated into all models
proposed.

The model of Lee and Vijh (2, 10) suggests
no crystal structural but an active surface of
iron oxide in which alkali ions are embed-
ded. The promotor action is attributed to
local electronic effects. No evidence was
found for a direct charge transfer from the
alkali to the oxide. A good correlation be-
tween the enhancement of activity and se-
lectivity upon promotor addition and the dif-
ference in electronegativity between the
lattice (Pauling electronegativity of Fe) and
the promotor atom was interpreted as a po-
larization of the iron-to-oxygen bond. The
resulting increased electron and proton af-
finity of the active center should help to
activate the substrate etbz.

In the second model (8) the catalyst is
considered to be a two-phase system con-
sisting of a solid iron oxide support and a
liquid potassium hydroxide film. In a techni-
cal catalyst the potassium loading would
generate a ca. 10,000-pm-thick film of KOH
which would be indeed liquid at the opera-
tion temperature of 873 K. The presence of
CO, converts KOH into potassium carbon-
ate, which is solid at the reaction tempera-
ture and thus deactivates the catalyst. The
model also explains the observed gradients
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of the potassium distribution with parallel
gradients of CO, formation in the catalyst
bed. Activation and deactivation relate in
this model to the equilibrium between KOH
and K,CO;. The reaction is thought to pro-
ceed at the interface solid/liquid to explain
the strong influence of the support oxide on
catalytic peformance. Since the diffusion of,
in particular, the sty through a thick KOH
layer would cause severe losses of product
due to polymerization, the model was modi-
fied such that the potassium film is not con-
tinuous but consists of droplets held in the
pore system of the catalyst. This picture
allows for a freely accessible solid/liquid in-
terface at the boundaries of the droplets
which constitute the active zones of the cat-
alyst (/1). A severe problem with this model
is the fact that the KOH film would evapo-
rate within seconds due to its vapor pressure
at reaction temperature which is in contra-
diction to the stability of the catalyst over
several years on stream.

The third model (12) suggest KFeOQ, as
the active phase. This ternary oxide was
identified after steam treatment of the cata-
lyst in ex situ X-ray diffraction (XRD) data.
If the activated catalyst was treated with the
poison CO, the XRD line for KFeO, was
not observed. In this way a correlation was
established between a crystallographic
phase (which is difficult to identify due to
its peculiar diffraction pattern, see below)
and the kinetic performance of the catalyst.
The importance of a cycle of solid-state re-
actions for generation and loss of the active
phase was pointed out. This reaction cycle
which uses X-ray amorphous Fe,0O; and
K,CO, as materials can be verified by direct
synthesis of KFeO, from these ingredients
but only at 1273 K as compared to the cata-
lyst operation temperature of 873 K.

The last model suggests potassium-doped
v-Fe,0; as the active ingredient. Koppe et
al. (13) performed precision measurements
of the lattice parameter of activated cata-
lysts again as a function of steam treatment.
In active catalysts the lattice parameter was

found to be contracted relative to the value
of pure magnetite of 839.4 pm. Pure y-Fe,0,
exhibits a parameter of 835 pm and for the
activated catalysts a value of 838.9 pm was
determined which was interpreted as being
indicative of a defective y-Fe,0; structure.
The defects are assumed to be potassium
ions in octahedral lattice sites of the struc-
ture which in that way can accommodate
2.3 at.% of the 6.9 at.% potassium present.
The authors suggest that the widening of the
lattice parameter caused by incorporation
of potassium is responsible for increased se-
lectivity of the catalyst because of a better
match of the distances of iron centers with
the C-C bond length of the substrate etbz.
They also suggest a reaction mechanism in
which the y-Fe,0, is reduced to Fe;0, dur-
ing the dehydrogenation and reoxidized to
vy-Fe,0; by steam.

All models point toward the importance
of a K-O-Fe’" entity as the active center of
the catalyst. All models pose some problems
with respect to the description of the forma-
tion of these centers under reaction condi-
tions. They either require unusual solid-
state chemistry or they cannot explain the
stability of the potassium phase. They all
consider the catalyst to be in the same state
at room temperature in air as under reaction
conditions.

The purposes of the present work were to
gain an understanding of the nature of the
active phase in this catalyst and to describe
its formation and deactivation under reac-
tion conditions. A multimethod approach
was used, in which X-ray diffraction (XRD)
was applied, both ex situ and under reaction
conditions, to follow the bulk structural as-
pects of the catalyst. These results together
with those from auxiliary techniques, such
as surface area determination, thermogra-
vimetry, EXAFS, and Mossbauer spectros-
copy, are described in this paper, Part 1.
The characterization of the surface of the
catalyst used under technical reaction con-
ditions in a microreactor coupled to a sur-
face analysis instrument by XPS and UPS
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TABLE 1
Bulk Elemental Composition (mol%) of the
Precursors
Fe K Al Cr V W Li Ca O
Cat1 32.8 5.5 0.7 60.9
Cat2 32.7 5.5 0.7 0.4 60.7
Cat3 31.8 5.6 0.7 0.3 03 2.7 58.5
Cat 4 30.1 5.5 0.8 2.1 614

will be described in Part 3 of the series. An
interconnection between bulk and surface
analysis will be made by a characterization
of the active catalyst morphology at all lev-
els of organization (Part 2).

2. EXPERIMENTAL

A variety of catalyst precursors were ob-
tained from BASF, Ludwigshafen. The bulk
elemental composition of the samples used
in this work is described in Table 1. All
catalysts contained iron and potassium in a
fixed, atomic ratio of ca. 6:1; the typical
iron to oxygen ratio is 1:2. The catalysts
were used either as 6-mm-diam pellets or,
for the microreactor studies, as 1-mm sieve
fractions of crushed pellets. Long-term de-
activation was also studied with technical
samples of catalyst 4 used for 300 days on
stream and with samples used for produc-
tion for over 2 years. All samples are air
sensitive due to their high content of alkaline
material and were kept under an inert gas
atmosphere. The model compounds KFeO,
and K,Fe,,0,, were synthesized according
to Ref. (14) in a platinum crucible at 1223 K
in air.

Nitrogen BET isotherms were deter-
mined with the flow method using a Quant-
achrome Ir II instrument. Thermogravime-
try was performed with a modified Perkin-
Elmer TGS 2 instrument in various gas at-
mospheres. Heating rates between 3 and 10
K/min were used: with a minimum sample
weight of 4 mg, 10 K/min was found to be
sufficiently slow. Analysis of the weight
losses was performed on a Mettler TGA 7
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instrument coupled to a Balzers QMG 501
mass spectrometer.

XRD was performed ex situ on a focusing
Guinier diffractometer (Huber) using mono-
chromatized CoKa radiation. Samples were
rapidly quenched after catalytic testing and
transferred into a silicon grease giving no
background in the 26 range of interest. This
preparation method for transmission dif-
fraction analysis, which required ca. 10 min
after stop of the feedstock, resulted in sam-
ples which only slowly decomposed under
the influence of air as was revealed by sev-
eral runs on the same sample recorded con-
secutively. All data were recorded using
silicon as internal standard. The in situ ex-
periments were done on a modified Philips
APD 10 instrument equipped with a modi-
fied Anton Parr HTK 10 camera which al-
lowed heating of the sample mounted on a
platinum support to 873 K in an atmosphere
of ca. 10:1 water vapor to ethylbenzene.
The styrene formed polymerized to a large
extent on the cold parts of the camera. The
platinum reflections were used as internal
standard for the 26 scale.

EXAFS experiments on the Fe and Cr
K-edges were measured on station 7.1 at
Daresbury Synchotron Radiation Source.
The Fe spectra were measured in transmis-
sion mode at 77 K using powdered samples
diluted with boron nitride to give an absorp-
tion edge jump of 1-2. The Cr spectra were
recorded in transmission mode and as fluo-
rescence spectra using scintillation detec-
tors since the samples were only 0.7 at.%
chromium. Transmission data were col-
lected on the reference materials hematite,
magnetite, and iron powder and on analyti-
cal-grade samples of Cr** and Cr®* oxides.
The SRS was operating at an energy of 2.0
GeV with an average current of 150 mA. An
order sorting Si(111) monochromator was
used to minimize the harmonic contamina-
tion in the monochromatic beam. Pre-edge
and post-edge background subtraction was
performed using the Daresbury EXBACK
program which employs a polynomial form
for the smoothly varying atomic absorption
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TABLE 2

Precision Lattice Constant
Measurements. 0¢ (pm)

Cat 4 839.9
Cat 4,2 h H,0 839.1
Cat 3 838.2
Cat 1, oxidized 838.0 + 834.5
Fe304 839.4
'}"Fe203 835.0

coefficient. Data analysis utilized rapid
curve wave single scattering theory (7, 2) in
the program EXCURVS88 (3) on the raw
(i.e., unfiltered) a~? weighted EXAFS
data. Phase shifts were calculated within
EXCURYVS8 and then empirically modified
so that the structural parameters for stan-
dard compounds agreed to within experi-
mental error with their accepted values.
Further details of model fitting can be found
inreference 4. Reference materials and were
magnetite, iron powder, and analytical-
grade samples of Cr** and Cr®* oxides.
Mossbauer spectra were recorded in
transmission with absorber temperatures
between 1.2 and 300 K. The absorbers were
prepared under Ar with catalyst powders
diluted in BN and encapsulated in airtight
containers with Be windows. A Y Co (Rh)
source at 300 K was used. Calibration of
the isomer shift [8(a-Fe) = 0.0 mm/s] was
performed with a stainless-steel foil.

3. RESULTS
3.1. Surface Area and Porosity

The four catalysts were characterized by
dynamical nitrogen adsorption before and
after use in the microreactor. The porosity
of the precursors was also measured by the
Hg penetration method. BET surface areas
were determined from the linear part of the
adsorption isotherm leading to the results
listed in Table 2. The BET surface areas
were independent from the degas tempera-
tures which were chosen to be above (650
K) as well as below (400 K) the melting
point of KOH, indicating that there is no

migration of liquid KOH into the pore sys-
tem of the catalyst during the degas period
of 17 h. The surface areas are small, as ex-
pected after the high calcination tempera-
ture of the precursor of ca. 1200 K. The
spread in surface area between the catalysts
is not correlated to the activity which in all
cases reached the industrial value of 50%
conversion. Activation of the catalysts led
in all cases to a measurable loss of surface
area. This loss does not progress with time,
since catalysts which have been 2 years on
stream exhibit the same surface areas be-
tween 2.9 and 2.3 m%/g. Also, poisoning of
an active catalyst with CO,, which should
affect any liquid layer of KOH, does not
change the surface area. In an experiment
with cat 3 the initial surface area of 3.3 m?/
g dropped after activation and 1 week on
stream to 2.6 m%/g and, after CO, poisoning,
only to 3.0 m%*/g. The surface area of the
catalyst also stays fairly constant over the
length of the catalyst bed. A sample of cat
3 used in a 125-cm reactor bed was divided
into seven fractions and the surface areas of
the material were found to average 2.3 m%
g, except for the inlet fraction exhibiting
2.9 m*g. The core material of a long-term
deactivated catalyst is at 0.8 m?/g much
smaller in surface area, reflecting its greater
apparent density.

The catalyst material is too brittle to sus-
tain the mechanical stress of Hg porosime-
try. This is reflected by the much larger
values for surface area resulting from
application of this method (see Table 2). A
large contribution to this value originates
from a large peak in the pore size distribu-
tion in the mesopore range. This coexis-
tence of meso- and macropores is also an
artifact of the method. The BET data gave
no evidence for the existence of meso- or
micropores. The absence of such pores in
both the precursor and the activated catalyst
can be seen from inspection of Fig. 1 which
shows modified a-s plots for cat 3. The mod-
ification was to use a standard isotherm of
ASTM certified pore free calzite determined
on the present instrument, scaled to the
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F1G. 1. a4 plot of the nitrogen BET isotherms of cat
3 before and after use. ASTM-certified CaCO; free of
micropores and mesopores was used as reference.

standard isotherm given in Ref. (15) in order
to account for the effects of the dynamical
method on the lineshape of the type II BET
isotherm.

In summary, the surface areas of the cata-
lysts are low and decrease even further after
activation. No systematic trend of these
variations with conversion or time on
stream or location in the catalyst bed was
found. All catalysts are only macroporous
systems which develop a core of very-low-
surface-area material during long-term de-
activation. No evidence was found for a
modification of the surface area by forma-
tion of a KOH layer or droplets, nor did
fixation of KOH by CO, treatment cause
any appreciable change in surface area.

3.2. Thermogravimetry

Thermal analysis in various gas atmo-
spheres was used to study the stability of
precursors and activated catalysts against
reductive thermal decomposition. In this
way it was tested whether the promotors
influence the reduction of the merely Fe**-
containing precursor materials to magnetite,
which is thermodynamically stable under re-
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action conditions. Reduction in pure hydro-
gen was used to probe the solid-state reac-
tivity of various catalysts.

The data shown in Fig. 2 reflect the stabili-
ties of various precursor oxides in a mildly
reducing atmosphere. All samples lose che-
misorbed water between 60° and 150° above
room temperature. Samples 1 and 2 exhibit
a second weight loss at exactly the reaction
temperature of 600°C. This second loss is
associated with the evolution of both water
and molecular oxygen. At slower heating
rates and in ultrapure nitrogen cat 1 loses
25.5% of its weight between 550 and 650°C,
which corresponds to a nearly complete loss
of all oxygen at the catalyst operation tem-
perature. The weight loss is reversible lead-
ing to Fe,0;. Addition of promotors such as
V (cat 2) or V + W + Li (cat 3) strongly
decreases or even suppresses the loss of
lattice oxygen and structural water at cata-
lyst operation temperature. We conclude
that the promotors lower the chemical reac-
tivity of the precursor oxide matrix consist-
ing of only Fe** ions.

This is supported by the different reactiv-
ity of the catalysts against total reduction
in pure hydrogen. The top traces in Fig.
3 demonstrate the stabilizing effect of the
promotors by an increase in reduction tem-
perature of 110°C. Cat 2 is quite similar to

100+
wt%

99

stability in
99.2%N, 108%H;

heating rate

977 10 deg /min

160 ' 360 S00 ' 7('10 900

FiG. 2. Weight loss curves of catalysts 1-3, before
use in a mildly reducing atmosphere. The flow rate was
ca. 10 mi/min. The catalyst operation temperature is at
600°C.
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H2
10 deg/min

80~ 4 mg

activated
cat3 T "Rehett
300 days core

T T T T T
100 300 500 700 900
temperature [T]

F1G. 3. Reactivity of cat 1 and cat 3 against total
reduction in hydrogen. The precursors show different
reaction temperature intervals, whereas after catalytic
use all catalysts exhibit the same characteristics dis-
played in the lower part of Fig. 3. The indicated weight
losses represent total conversion of iron oxide to iron
metal.

cat 3 in behavior, indicating little additional
effect of W and Li over V. It is also apparent
that neither potassium nor alumina exert a
structure-stabilizing effect. The weight
losses exceeding the value expected for the
conversion of oxide to metal (indicated by
the dashed lines in the figure) are spurious
effects caused by particles falling off the
balance during the release of internal stress
of the reduced catalyst particles.

Activated catalysts exhibit broad and
poorly reproducible weight loss curves in
this experiment. This is due to a coexistence
of two materials within the black powder
material. Aged catalysts can be mechani-
cally separated into a core and a shell mate-
rial (see also Part 2). If these two phases are
analyzed separately, traces result such as
the lower curves of Fig. 3. The shell material
is of similar stability as the precursor oxide.
The core material exhibits a markedly lower
reduction temperature close to that of the
unpromoted catalysts. The different shapes
of the curves may be correlated with differ-
ent morphologies as will be outlined in Part
2 of this series.

The core material consists of a signifi-
cantly more reduced iron oxide than the

shell or even the precursor. If these three
samples are heated in oxygen, up to 450 K,
no weight change except the desorption of
water is observed for the vanadia-promoted
precursor and the shell material. The core
material takes up 4.5 wt% oxygen in the
temperature range between 600 to 780 K.
This oxygen is released again above 870 K,
a temperature at which the unpromoted cat-
alyst loses water in an oxygen atmosphere.

All three catalysts contain the same
amount of potassium. Promotion changes
the chemical reactivity of the potassium
compound. This was verified by heating the
samples in a CO, atmosphere. KOH should
convert at higher temperatures to a carbon-
ate detectable by the associated weight gain.
Potassium carbonates should, in turn, re-
lease CO, upon heating in inert gas (nitro-
gen) atmosphere. With all samples no char-
acteristic CO, evolution was observed up to
1000 K, indicating that the preceding calci-
nation had destroyed all carbonates in the
precursor mixture. The promoted catalyst
precursors were also inert in the CO, atmo-
sphere, indicating the absence of significant
amounts of KOH. The unpromoted sample
showed, however, an increase in weight by
ca. 0.4 wt% at 600 K which would be consis-
tent with conversion of most of the KOH
loading to carbonate.

In summary we learn from these experi-
ments that the solid-state reactivity of the
precursor oxide at catalyst operation tem-
perature is high and that stabilization of the
trivalent iron oxide by addition of promotors
like V, W, and Li can be achieved. Used
catalysts contain two oxide phases with dif-
ferent chemical reactivity against hydrogen.
The material which prevails in the core of
aged catalysts can be reoxidized and is not
stable against thermal decomposition. The
process of segregation associated with the
deactivation of the promoted catalysts lo-
cally separates the promotor oxides as it
concentrates the potassium in the core ma-
terial. Addition of the promotors also influ-
ences the chemical reactivity of the potas-
sium phase in the catalyst precursors. Un-
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promoted catalysts contain potassium as hy-
droxide whereas promoted catalysts contain
this element in a chemically inactive form
which does not react with CO,, but is not
present as carbonate.

3.3. X-Ray Phase Analysis

Powder X-ray diffraction at room temper-
ature was carried out with the calcined pre-
cursor mixtures and with rapidly quenched
samples of activated catalysts. Preparation
in grease excluded the influence of moisture
and CO, from the air. This influence was
studied in detail by monitoring the changes
in relative intensity of the XRD pattern as a
function of exposure time to ambient air. It
was found that storage of either precursors
or, in particular, activated catalysts in air
between 1 day and several months resulted

XRD

(200

KFeOp fresh

(208}

KFeQp after 1 day n air

KFeQg after 2 days in arr

Jo

30 Q0 S0 60 70 80 90

Fi1G. 4. Guinier transmission powder patterns of
KFeO,: top, fresh; center, after 1 day in air; bottom,
after 2 days in air. The exposure series was done with
the same sample. Radiation: monochromated CoKe; .
We note the few reflections of this material in a wide
26 range.
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XRD

a KpFepp03, (31-1034) Pt Pt
b Fey03 ex FeOOH (25-1402}
¢ Hematite syn (33-0664)

cat 3
precursor, 300K

30 32 34 36 38 40
L /)
2-Theta

F1G. 5. Part of the powder diffraction pattern of cat
3 before use. The platinum reflections from the sample
holder are used as internal reference for the 20 scale.
The numbers in the assignment refer to the JCPDS
index. Radiation: postmonochromated CuKa.

in the formation of crystalline phases of po-
tassium carbonate and hydroxocarbonates
which all are not genuine components of the
catalyst phase mixture.

A particular example of the air sensitivity
of a relevant oxide phase is shown in Fig. 4.
The diffraction pattern of a fresh sample of
KFeO, is compared with the data recorded
after exposure to ambient air. It turns out
that this phase decomposes into entirely X-
ray amorphous materials, a process which
can be followed visually as a color change
from green to red. The structure of this ter-
nary oxide is loosely packed consisting of
Fe**0, tetrahedra linked via corners, as in
the cristobalite structure, with the K* ions
located in the large cavities with 12-fold co-
ordination formed by the tetrahedral net-
work (16, 17). This open structure reacts
with moisture leading to hydrated iron oxide
and KOH which melts in its own hydration
water, transforming the loose oxide powder
into a sticky material after ca. 2 days in air.

3.3.1. The precursors. The red catalyst
precursors diffract X rays only poorly but
do not show any sign of highly disordered
crystallinity such as modulated back-
grounds or pronounced footing of the Bragg
reflections. A fully indexed diffraction pat-
tern of catalyst 3 is shown in Fig. 5. The
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pattern consists of three phases two of
which are synthetic «-Fe,0;; the third
phase is a ternary potassium iron oxide,
K,Fe,,03,. The powder patterns of the two
binary iron oxide places, which match well
also outside the window, show that the data
reported in the JCPDs file are probably for
polymorphs of a-Fe,O; with varying con-
tents of water (Fig. 5).

The structure of this oxide is closely re-
lated to the spinel structure. It is based upon
a cubic close packing of the oxygen anions.
The cations are placed in tetrahedral and
octahedral gaps. One unit cell contains four
FeO, tetrahedra and four Fe,O, octahedra
which are built into a large face-centered
cube of Fe ions. These 8 subunits are
stacked such that octahedra are surrounded
by tetrahedra and vice versa. If the unit cell
is intersected in (200) one obtains two ‘‘spi-
nel blocks’’ consisting of two tetrahedra and
two octahedra and 4 X % iron ions from
the large cube resulting in a sum formula of
Fe[;0,¢. The ternary oxide is made from two
such spinel blocks with a layer of potassium
oxide inbetween. The oxygen anions belong
to each face of the spinel block, resulting in
an overall stoichiometry of K,Fe,,0,,. The
potassium layer is not dense at this stoichi-
ometry, giving rise to a nonstoichiometry
between K:Fe 1:11 and 1:5. The phase is
known to be a fast potassium ion conductor
(18, 19) and to have metallic conductivity
due to a small deficiency in the Fe3*
content.

This ternary oxide is not present as an X-
ray crystalline phase in all catalyst precur-
sors. The diffraction patterns of a large num-
ber of precursors were investigated and only
the content of synthetic hematite was found
to be common to all of them. Some diffrac-
tion patterns contain phases of oxides which
could not be identified on the basis of the
JCPDS data file. There was no apparent cor-
relation between the phase analysis of the
precursor and the catalytic behavior of the
activated material.

3.3.2. The Activated Catalyst. All acti-
vated catalysts exhibit the same diffraction
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cat 3 after use
M Magnetite
K KFe0,

2-Theta

Fi1G. 6. Guinier transmission diffraction pattern of
cat 3 after use. The sample was rapidly quenched and
transferred immediately from the microreactor without
any exposure to air. The inset shows an enlargement
of the profile of the (220) reflection of KFeO,. Its line-
shape indicates a strong texture of anisotropic crystals.

pattern regardless of the large structural dif-
ferences of the precursor materials if they
are investigated as rapidly quenched sam-
ples without contact to air. A typical diffrac-
tion pattern of catalyst 3 after several days
on stream is displayed in Fig. 6. The material
consists essentially of highly crystalline
magnetite. Only one single reflection at 37.1°
20 (CoKa radiation) indicates the presence
of KFeO, as a second phase in the active
catalyst material. This small peak is the
main reflection (200) of the pattern displayed
in Fig. 4. Its broad and asymmetric line-
shape indicates significant disorder. The
small intensity of the KFeO, line cannot be
taken as indicating only a small concentra-
tion of this phase at reaction conditions be-
cause of its metastable nature at room tem-
perature.

Aged catalysts exhibit the effect of disin-
tegration into a core and shell structure. De-
spite differences in some properties of these
materials their XRD traces are similar, and
as shown in Fig. 7, both materials consist
predominantly of magnetite. The core sam-
ple exhibits additional reflections between
ca. 25° and 35° 260 (CuKa radiation) that may
be due to a potassium phase according to
wet chemical analysis and EDA analysis of
the core samples which is, however, not
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FiG. 7. Comparison of the diffraction patterns of core
and shell material isolated from cat 4 after technical
use for ca. 1 year. The core material exhibits reflections
between 30° and 40° 26 which cannot be indexed to a
known phase in the JCPDS file.

25 30 35

identical to any phase in the JCPDS data
base. The pattern excludes the presence of
crystalline potassium carbonate which is
postulated by the SLP model (8).

3.3.3. Precision Lattice Constant
Measurements

All activated catalysts exhibit a pro-
nounced pattern of highly crystalline mag-
netite which crystallizes in the inverse spi-
nel structure. This structure is also adopted
by y-Fe,0; containing only Fe** ions. As
pointed out above and suggested by the
model of Koppe et al. (13), the content of
Fe** is important for the catalytic action of
the material. Determination of the oxidation
stage of the iron ions in the oxide lattice is
thus of importance. According to the Koppe
model the oxidation stage of some of the iron
ions is expected to oscillate during catalytic
action between Fe?' (magnetite) and Fe3+*
(y-Fe,0,), with steam from the reaction mix-
ture oxidizing the Fe?* ions. Both oxides
exhibit the same crystal structure as gov-
erned by the packing of the oxygen anions.
The different charges on the cations lead,
however, via electrostatic forces to a slight
contraction of the lattice constant with in-
creasing Fe** content In addition, the two
structures differ with respect to their cation
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ordering, giving rise to weak superlattice
spots which can, however, unfortunately
not be measured with polycrystalline pow-
ders. The lattice constant varies linearly
with Fe3* content between 839.5 pm for
Fe,O4 and 835.0 pm for y-Fe,0; according
to Vegard’s law. Precision measurements of
the Bragg peak positions for high-indexed
reflections (here 440) allow, with a variation
of ca. 0.5° 26 (CoKa radiation), an accurate
determination of the degree of oxidation of
the iron in the oxide matrix. The results of
such measurements are displayed in Fig. 8
and Table 2 and lead to the following conclu-
sions. The lineshapes of all samples treated
under reaction conditions are similar and
indicative of a single species. Only oxidation

2 : :cuth steamed
|
I |
3 | cat 3

cat1
5 oxidised

T T T
74.0 7.5 750
2-Theta

Fi1G. 8. High-resolution profiles of the (440) refiec-
tions of some used catalysis obtained with the Guinier
transmission diffractometer. The reference positions
were determined from authentic oxide samples with
the present instrument and agree well with literature
data.
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of the activated cat 1 (see profile 5) after
evacuation from the reaction mixture and
cooling in air led to the broad line consisting
of a component of parent catalyst (similar
to cat 3) and the expected line at the position
of y-Fe;0;. This experiment shows that the
method actually works and that the complex
lineshapes described by Koppe et al. arise
from oxidation in (wet) air and not from the
action of oxygen-free steam. This treatment
which models the reaction conditions
causes only a slight shift in the expected
direction (see profiles 1 and 2). The unpro-
moted model catalyst ex KFeO, exhibits the
same lattice parameter as the activated cata-
lysts 3 and 1 which is indicative of a magne-
tite with some excess Fe’*. Catalyst 4,
which was similar in activity to catalyst 3,
exhibits a larger lattice parameter indicative
of a lower Fe’* content. This unexpected
apparent structural difference between the
catalysts can be rationalized by taking into
account the effect of promotor ions. Assum-
ing that divalent calcium is built into the
lattice of cat 4, the amount of 2.1% gives
rise to a lattice expansion of ca. 1 pm (9)
accounting for more than half of the differ-
ence in the lattice parameter. The promotor
effect of aluminum being present in all cata-
lysts can be neglected with 0.2 pm (9).

In summary, the magnetite of all activated
catalysts contains Fe?* ions in excess with-
out showing indications for significant disor-
der (narrow line profiles). Steam treatment
under exclusion of air influences the lattice
parameter only slightly, whereas oxidation
in air leads to a transformation of the non-
stoichiometric magnetite into y-Fe,0;. The
nonstoichiometric magnetite is also gener-
ated by the use of pure KFeO, as catalyst
precursor. The effect of steam treatment de-
scribed by Koppe et al. seems to be of the
type of oxidative hydrothermal synthesis as
required for the topotactic solid-state reac-
tion equilibrium between Fe;O, and v-
Fe,04:

8Fe3* (8Fe3*8Fe?*), 3202~
8Fel* (12 Fe’* 400), Fe3* OH 310%".

The subscripts t and o designate the cation
coordinations tetrahedral and octahedral.
The equilibrium at high temperatures is con-
trolled by the partial pressures of water and
oxygen. Steam itself is not an oxidizing
agent in the system but is required as a
source of structural water essential for the
formation of y-Fe,0, (20).

The determination of the degree of oxida-
tion by lattice constant measurements is in-
fluenced by the countereffect of promotor
cations. As a consequence, only qualitative
conclusions can be drawn. Further specific
information is required about the oxidation
state of the iron in the catalysts which was
obtained by Mdossbauer spectroscopy
(MAS).

3.4. Mdssbauer Spectroscopy

This technique had already been applied
previously to the present system (27). The
authors found only magnetite in used cata-
lyst samples. Their samples were, however,
of ill-defined prehistory. In the present work
samples of catalysts 1 and 3 were activated
in the microreactor (see part 3) and then
rapidly transferred under strict exclusion of
air into vacuum-tight absorber holders with
Be windows. The spectra of the two cata-
lysts were similar and also little difference
was found in a sample of catalyst 4 after
technical use for ca. 300 days on stream.
Typical room-temperature spectra are dis-
played in Fig. 9, and the corresponding hy-
perfine parameters and reference values are
summarized in Table 3. The patterns indi-
cate the presence of magnetite (22) which is
in agreement with the value for the internal
magnetic field for both octahedral and tetra-
hedral sites. The shape of the pattern clearly
excludes the presence of y-Fe,0; as bulk
phase in the active catalyst. The isomer shift
and the area ratio between octahedral and
tetrahedral sites are, however, significantly
different from the parameters of pure mag-
netite. The difference in the isomer shift of
0.1 mm/s for both sites is an indication of a
lattice distortion influencing the average s
electron density at the iron nucleii. The area
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F1G. 9. Méssbauer spectra of cat 1 and cat 3 after use
in the microreactor. The fit includes two sites for the
spinel oxide and an additional contribution in the cen-
tral part of the spectra. The acquisition temperature
was 300 K; samples were held in airtight containers.

ratio is at 1.66 identical to that of y-Fe,0,
which can be considered as an entirely dis-
ordered spinel structure with a random dis-
tribution of only Fe** at tetrahedral and oc-
tahedral sites. In magnetite Fe’" ions
occupy the octahedral sites. Partial oxida-
tion of these ions would increase the occu-
pation of the tetrahedral sites which is in
agreement with the experimental low ratio
of the o/t occupation of 1.66. To account for
this value all Fe?* ions would have to be
oxidized which is in clear contradiction to
the parameters of isomer shift and internal
hyperfine field. Thus, additional Fe** ions
must occupy the vacancy system of the spi-
nel structure. These ions do, however, not
form a crystallographic phase of their own
(such as the reference compounds listed in
Table 3) which would give rise to additional
doublets or even six-line patterns. The devi-
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ation of the area ratio for the two sites from
that of the reference magnetite data indi-
cates the existence of a solid solution of an
additional phase in magnetite.

The central region of the spectra exhibits
additional absorption indicative of a broad
line. The isomer shift of this magnetically
nonsplit line is at 0.30 to 0.40 mm/s indica-
tive of a third crystallographic phase con-
sisting of Fe** ions. This line, which is only
partly accounted for in the model shown in
Fig. 9, has been fitted to different patterns
including a narrow doublet and a broad sin-
gle absorption. None of these fits was in
satisfactory agreement with either the spec-
trum or known parameters for chemically
reasonable compounds. This is ascribed to
the existence of a distribution of spectral
parameters the resolution of which is below
the possibilities of such a low-intensity com-
ponent. This phase can be assigned to
KFeO, with the variation in isomer shift be-
ing indicative of a varying structural disor-
der. The KFeO, crystals are of very small
size which leads to a collapse of the ex-
pected six-line pattern into a single line (su-
perparamagnetism). The effect was checked
by accumulating spectra also at 78 and 4.2
K without a change in the central region of
the spectrum. A more detailed analysis of
the low-temperature spectra is difficult due
to the increased complexity of the pattern
introduced by the Vewey transition of mag-
netite at 120 K (23).

The MAS data suggest, in summary, that
the active catalyst consists of a spinel matrix
and a small amount of structurally ill-defined
KFeQ,. The spinel structure is neither pure
magetite nor y-Fe,0; but may be described
as a solid solution of a Fe** compound
within the magnetite lattice. This distorted
lattice may be described as a sequence of
spinel blocks with some of them containing
stacks of (KO)~ layers. The additional nega-
tive charges from the potassium oxoanions
are compensated by the partial oxidation
of Fe?* ions. In this way the material is a
continuous intergrowth of magnetite with
K,Fe0,,, a view which is consistent with



IRON OXIDE-BASED CATALYST FOR ETHYLBENZENE DEHYDROGENATION 351

TABLE 3

Hyperfine Parameters, 8 (mm/s) and H (kG)

Cat 1 Cat 3 Fe;0, KFeO, vy-Fe,04 K,Fe»034
8 0.16 0.17 0.26 0.44 0.27 0.13-0.27
8° 0.55 0.54 0.65 0.41 0.31-0.41
&¢ 0.40 0.29
Hy 483 479 489 512 488 495.487
Hy 452 447 458 499 518.438
o/t 1.66 1.67 1.93 1.66 1.75
%t 35.7 35.7
%0 59.5 59.6
%c 4.8 4.8

the XRD results. Such a model solves the
problem of storing variable amounts of po-
tassium in the iron oxide lattice of the cata-
lyst matrix. It does not require a second
phase of a binary potassium compound as,
e.g., a liquid film, without contradicting the
commonly accepted view of the catalyst
consisting of a spinel iron oxide matrix.
EXAFS was used to exclude the presence
of any additional iron oxide species which
might be present in amorphous form, and to
detect the location of the promotor ions.

3.5. EXAFS Analysis

EXAFS data of the Fe K edge were re-
corded to gain more insight into the nature
of the spinel phase and the details of the
Fe distribution in the dense oxygen anion
packing. The role of the transition metal pro-
motors was studied by analyzing the
EXAFS of chromium as an example.

A series of samples of cat 4 which had
been on stream between 3 and 600 days and
a sample of used cat 3 were analyzed to-
gether with the precursor materials and the
reference materials Fe;0,, a-Fe;0;, and
K,Fe,,0,,. The EXAFS spectra of both pre-
cursors were very similar to that of a-Fe,0,
which was fitted to the known crystallo-
graphic structure serving as reference for
the phase shift parameters.

The spectra of the used samples of cat 4
were very similar, indicating that after acti-

vation the material remains essentially un-
changed until it spatially disintegrates into
the core and shell phases. Figure 10 shows
the EXAFS spectrum of cat 3 after 1 year
on stream. The spectrum is of good quality
also at high k values. The fit shown is a
model describing the first four coordination
shells. The resulting radial distribution func-
tion is compared with those of reference
compounds in Fig. 11. Selected parameters
of the corresponding fits and their compari-
son to the X-ray structures are listed in Ta-
ble 4. The crystal structure of B-alumina
served as model for K,Fe,,0;,, the structure
of which has not been determined by single-
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FiG. 10. EXAFS spectrum of a used sample of cat 3.
The fit shown is the back Fourier transform of a model
for the first four coordination shells.
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FiG. 11. Experimental and fitted radial distribution
functions for used cat 3, and the reference compounds
Fe;0,and K,Fe,,0;, . We note the significant difference
in intensity distribution of the higher coordination
shells between magnetite and the catalyst.

MUHLER ET AL.

crystal X-ray methods. From both the figure
and the table it can be seen that the maxima
in the radial distribution function are rather
similar for the three compounds. The inten-
sity distribution is, however, significantly
different in the spectra of the catalyst and
the magnetite. The spectra of all catalysts
consistently show a splitting of the first peak
which is due to equal occupation of the first
two oxygen coordination shells, whereas
the reference compounds exhibit single
peaks due to the dominant occupation of one
of them. Even more drastic is the difference
between magnetite and the catalyst in the
occupation of the first two iron shells. This is
in full agreement with the Mossbauer results
which also demonstrate a deviation of the
iron distribution in the catalyst compared to
magnetite. The strong overlap in the posi-
tions of the maxima in the radial distribution
functions prevents the identification of a
mixture of K,Fe,,0s, in the spinel matrix by
fitting procedures. The observed difference
inintensity distribution between the catalyst
and magnetite may, however, indeed be due
to a superposition of the spectra of magne-
tite and K,Fe,,0;, in the catalyst spectrum.

The radial distribution function of cat 3 is
quite different from that of cat 4. It deviates
even more from that of magnetite. The occu-
pation of the iron shells relative to the un-
changed occupation of the oxygen shells is
significantly reduced leading to an almost
vanishing peak at 3.44(2) A (occupation 1.0)
compared to the most intense peak in the
spectrum of cat 4 at 3.46(2) A (occupation
2.8). The good reproducibility of the data
set of cat 4 allows us to conclude that this
effect is characteristic of the catalyst types
which differ in their promotor content. Ad-
dition of vanadium, tungsten, lithium, and
alumina in cat 3 instead of chromium and
calcium in cat 4 profoundly modifies the dis-
tribution of the majority of the iron atoms in
the structure. This effect, which is caused
by the presence of a small amount of impu-
rity atoms, seems to influence only the local
coordination since in XRD both catalysts
appear to be magnetite. The precision lattice
constant determination, however, gives a
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TABLE 4
EXAFS Parameters

Shell  Occupation (1) Type Radius? Radius from
(A) x ray (A)

Sample cat 4 used

| 2.2 (0] 1.90

2 1.8 (0] 2.05

3 3.0 Fe 2.97

4 2.8 Fe 3.46

Sample Fe;0,

1 1.3 (0} 1.84 1.82

2 4.0 (0] 2.00 2.10

3 4.0 Fe 2.97 2.96

4 8.0 Fe 3.49 3.48
Sample K;Fey0s,

1 2.5 0 1.94 1.91

1.1 0 2.17 2.01
3 2.9 Fe 2.97 2.97
a+0.02.

small indication of the large difference in
local coordination with its smaller value of
8.382 A for cat 3 compared to 8.394 A for
magnetite and cat 4.

Iron EXAFS has shown that the local co-
ordination of iron to oxygen in the catalysts
is different from the coordination in magne-
tite. Comparison of differently promoted
catalysts demonstrates that small amounts
of additives profoundly modify the iron-to-
oxygen coordination. These differences re-
main widely undetected by powder X-ray
diffraction. EXAFS further confirms that
the promotors act as structural modifiers.

This has been studied further by analyzing
the EXAFS of chromium in cat 4. In this
way the coordination of the impurity can
be analyzed rather than the effect of the
impurity on the host lattice which has been
seen in the Fe EXAFS.

In Fig. 12 the near edge structures of the
chromium absorptions are shown for cat 4
in the precursor state and after use. Oxides
with chromium in the Cr3* and Cr5* oxida-
tion states were measured as references. It
is clear that the oxidation state of chromium
changes from 6 + to 3 + during activation of

the catalyst. The preedge feature character-
istic of a tetrahedral environment of chro-
mium almost completely disappears upon
transformation of the chromium in the triva-
lent state into an octahedral environment.
In both catalyst materials the edge features
between 0 and 50 eV are different from those
of the corresponding binary oxides. This im-
plies that the promotor is not present as a

Cr NEXAFS

caté used

cat4 precursor

Intensity

1 1 1 1
-100 -50 0 50
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Fi1G. 12. Chromium K near-edge absorption spectra
of cat 4 before and after use in comparison with refer-
ence binary chromium oxides. The data were collected
in the fluorescence mode.
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physical mixture of binary oxide with the
iron oxide phase but may be a potassium
chromate in the precursor and a iron chro-
mium oxide in the active catalyst.

For further elucidation the EXAFS of the
used catalyst was analyzed in detail. Sur-
prisingly it was the transmission data rather
than the fluorescence data that gave the best
signal-to-noise ratio despite having an ad-
sorption edge jump of only 0.1 correspond-
ing to 0.7 at.% chromium in the sample.
Figure 13 shows the quality of the data to-
gether with a fit to a model of the first two
coordination shells. This model resulted in
two maxima of the radial distribution func-
tion at 2.00(2) and 3.00(2) A, with occupa-
tions of 5(1) and 7(1), respectively. This
model finding 5(1) oxygen in the first shell
and 7(1) iron in the second shell is consistent
with an octahedral environment of chro-
mium within an iron oxide. A total of six
iron—chromium-oxygen structures in the
literature were analyzed for reference,
yielding Fe—Cr distances of 2.7 to 2.8 A for
direct neighborhood and 3.3 A for bonding
via an oxygen link.

In summary, EXAFS of a promotor atom
has illustrated that in the precursor state
the promotor is present in an inactive form
(Cr®™*). This form is thermodynamically un-
stable under the mildly reducing conditions
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FiG. 13. EXAFS spectrum of chromium in the used
cat 4 in comparison to the back Fourier transform of
the best fit of the first two coordination shells. The
conent of the material in chromium was 0.8 wt%.
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of the catalyst operation causing the reduc-
tion to Cr’*. In this form the promotor is
active and can penetrate the iron oxide lat-
tice to form a ternary oxide. The formation
of this compound exerts a cooperative in-
fluence on the whole material as can be seen
from the Fe EXAFS and the modified chem-
ical reactivity against reduction.

3.6. In Situ X-Ray Diffraction

All results described so far were taken
from samples after operation as catalysts
and consistently indicate the presence of a
spinel iron oxide host lattice with a ternary
potassium iron oxide interdispersed, and in
addition small amounts of a different potas-
sium iron oxide present as poorly crystalline
material. To check the relevance of these
components of the catalyst for its function-
ing it is necessary to study the phase compo-
sition in situ under reaction conditions. This
experiment, in addition, will allow us to de-
cide whether the crystallinity of the consti-
tuting phases is different under reaction con-
ditions from the poor quality found in the
experiments at room temperature.

The first experiment with catalyst 3 was
done to establish the stability of the precur-
sor phases Fe,;0, and K,Fe,,03, at 873 K in
water vapor. The ternary oxide is perfectly
stable under these conditions as can be seen
from the relevant sections of the diffraction
patterns displayed in Fig. 14. Even pro-
longed exposure causes little change either
in intensity or in lineshape of the reflections
from K,Fe,,0,,. The stability of this phase,
which is a suitable candidate for potassium
storage material in the working catalyst, is
not expected because of the known instabil-
ity of K,Fe,,0,, against liquid water or mois-
ture at room temperature leading to hydroly-
sis into binary iron oxide and basic
potassium carbonate.

The second experiment carried out with
activated cat 1 was done to identify the pos-
sible existence of a liquid film of potassium
hydroxide under reaction conditions. This
film can be identified using the inelastic
(non-Bragg) scattering from amorphous ma-
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F1G. 14. In situ XRD of cat 3 in its fresh state. Condi-
tions were 873 K and 1 atm of steam. The intense peak
near 40° 20 arises from the platinum sample holder.

terial. The relevant experimental data are
shown in Fig. 15. The reference was a thin
film of KOH deposited froma 0.1 N aqueous
solution on the platinum sample holder.
After drying, the Bragg diffraction patterns
of both KOH and basic potassium carbonate
were observed. Heating to 873 K resulted in

XRD |

' cat 1

! after use
1 873K
| +C0,
|

cat 1
EtB/H,0
873 K

KOH
873 K

10 20 3IO LP 5’0
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F1G. 15. Inelastic wide-angle scattering profiles of cat
1 and of molten reference KOH as a thin film under
reaction conditions. The Bragg peaks are removed. The
dashed line serves as a guide to the eye.

the characteristic pattern of a liquid dis-
played at the bottom of Fig. 15. The Bragg
pattern of potassium carbonate which is still
stable at 873 K was found to be superim-
posed as very sharp spikes on the pattern
and was omitted for display.

The inelastic scattering patterns from the
activated and the in situ CO,-treated cata-
lyst are of significantly different shape and
give no evidence for a liquid film of KOH.
The inelastic background of the active cata-
lyst does not exhibit any liquidlike structure
but indicates the presence of structural dis-
order in the spinel phase. It is interesting to
note that treatment with CO, modifies the
inelastic scattering from the sample, indicat-
ing a bulk structural effect of the catalyst
poison.

The third in situ experiment was done to
identify structural changes in a preactivated
catalyst subjected to steam treatment at 873
K. This experiment, modeling the industrial
regeneration procedure, was done with cat-
alyst 1 and its results are displayed in Fig.
16. The preactivated catalyst exhibits only
the diffraction pattern of the spinel phase
(bottom trace in Fig. 16). The (311) reflec-
tion (main peak) is broader than all other
reflections which exhibit the natural line-
width of the instrument. This increased line-
width of a single reflection points to some
anisotropic structural disorder and is an-
other hint to the model of intergrown potas-
sium layers in stacks of spinel blocks.

Steaming modifies the structure in several
respects. First the occurrence of a new in-
tense line is observed. This line is the (200)
reflection of KFeO, . Further, the pattern of
the spinel phase is shifted to slightly lower
d-values relative to the sample holder Pt
reference line, indicating a shrinkage of the
lattice parameter. Any quantitative evalua-
tion of the effect which was also observed
with catalyst 4 (see Fig. 8) is difficult due to
the inadequate geometric stability of the hot
stage sample holder. Finally, the crystalline
quality of the spinel phase has decreased as
can be seen from the loss of intensity in the
Bragg reflections, their increase in line-
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F1G. 16. In situ XRD of cat 1. Bottom trace: preacti-
vated at 300 K, central trace: steamed at reaction tem-
perature for 2 h (simulated reactivation), top trace after
exposure to CO, at 873 K for 1 min. Assignments: M
denotes magnetite, and Pt the reference lines of the
platinum sample holder.

width, and the pronounced footing of the
diffraction peaks.

If the steamed sample is exposed to CO,
for 1 min the structure changes again. The
KFeO, reflection vanishes almost com-
pletely and the structural disorder of the
spinel phase further increases. The catalyst
poison thus destroys the structure of KFeO,
and deteriorates the crystallinity of the spi-
nel phase. All these results are in basic
agreement with the ex sitzu XRD data of Hir-
ano (12). In both sets of experiments it was
found that the KFeO, phase is formed from
the decomposed to a material that does not
yield any Bragg diffraction.

The last in situ experiment was designed
to proof the relevance of ternary oxide
phases in the catalytic reaction. A sample
of catalyst 3 was activated in situ, and its full
accessible diffraction pattern was recorded
after 18 h of conversion of etbz to sty. This
pattern is displayed in Fig. 17. The intense
background at low 28 arises from X-ray scat-
tering in the steam atmosphere. Under reac-
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tion conditions the magnetite matrix coex-
ists with significant amounts of crystalline
K,Fe»;0;, and KFeO, . The identification of
the KFeO, phase becomes certain because
of the occurrence of the only second intense
(022) line (at ca. 20° 26). The disordered
material is associated with the spinel phase,
giving rise to the continuous footing be-
tween 28° and 48° 26.

This state of the catalyst is stable only
under reaction conditions. If the material is
cooled in nitrogen to room temperature it
decomposes within several hours (still un-
der nitrogen) into a mixture of y-Fe,0;,
Fe;0,, FeOOH, and small amounts of
K,Fe,;,0,,. No indication was found for the
existence of a crystalline binary potassium
compound.

In summary, the in situ diffraction experi-
ments provide a very strong indication for
identification of the active phase as KFeO,.
Under reaction conditions this phase exists
as crystalline material with significant abun-
dance. It is metastable at room temperature
and under the influence of even traces of
moisture. This instability explains the fact
that if KFeO, was identified at all in ex situ
experiments it occurred as highly disor-
dered material in small quantities.

The time scale of formation and decompo-

Pt |XRD
cat 3
in-situ
EtB/H,0
B73K

1
2-Theta

Fi1G. 17. In situ XRD wide scan of cat 3 under synthe-
sis conditions. The atmosphere of steam and ethylben-
zene causes the high scattering background below 15°
26. The product styrene polymerized at the cold ends
of the platinum sample holder.
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sition of the X-ray crystalline KFeQ, is of
the order of a few hours. Taking into ac-
count that the reaction temperature (873 K)
is significantly below the synthesis tempera-
ture of 1223 K the catalyst material must
provide the ingredients potassium oxide and
iron oxide in such a way as to ensure high
solid-state reactivity, i.e., the materials
must be present in a microscopically homo-
geneous distribution. The matrix structure
of K,Fe,,0;, in magnetite is a well-suited
precursor since it provides reservoirs for
both Fe** ions and potassium ions in a fast
ion conducting environment of layers be-
tween spinel blocks.

4. DISCUSSION

The bulk structural data obtained for sev-
eral catalysts with a variety of techniques
can now be used to build a general model for
the nature of the dehydrogenation catalyst.
The catalyst is subject to a permanent re-
structuring by solid-state reactions. This re-
structuring occurs not only during initial ac-
tivation but throughout the whole life of the
catalyst as evidenced by the potassium re-
distribution in two gradients within the
grains and within the whole reactor. This
solid-state reactivity points to the instability
of the active material which is formed and
decomposed under reaction conditions. The
active material must be a potassium iron
oxide (2, 10, 12). From the two ternary ox-
ides found, the phase KFeO, is sensitive to
the catalyst poison CO, and thus chosen to
be the active phase in the model. This choice
was confirmed experimentally by showing
that independently synthesized KFeO, ex-
hibits the same catalytic activity as the in-
dustrial catalyst. The promotor phases are
considered as modifiers influencing the ki-
netics of the solid-state reactions of the base
material potassium iron oxide. They must
either be incorporated into the spinel matrix
orinteract with KFeO, to stabilize the active
phase or to foster its synthesis under reac-
tion conditions.

The relevant facts of the analysis de-
scribed together with details known from

observation of the catalyst performance are
accumulated in the schematic life cycle of
the catalyst displayed in Fig. 18. This dia-
gram is valid for a prototype catalyst with-
out taking into consideration the optimiza-
tion effects of promotor additives.

The bulk structure of the precursor mate-
rials is quite different for different prepara-
tions. With the limited number of catalysts
no apparent correlation between phase com-
position and catalytic performance was
found. All precursors contain some hema-
tite, a-Fe,O;, and no indication for any
known binary potassium compound. Some
catalysts contain X-ray crystalline
K,Fe,,0,4. Due to its structure which easily
allows for a large nonstoichiometry associ-
ated with disorder, it may well be that all
precursors contain this phase but only some
of them in sufficient crystalline quality to be
detectable by power XRD. Details of the
calcination process of the precursor may de-
cide over the long-range order of this phase.

If the precursor is subjected to reaction
conditions the K,Fe,,0,, phase becomes un-
stable due to the thermodynamically re-
quired partial reduction of the iron oxide
to magnetite. The presence of water vapor
stabilizes the iron oxide against total reduc-
tion to iron metal. It is the thermodynamics
of the iron oxide-hydrogen—water phase di-
agram (24) that determines the instability
of the catalyst precursor at 873 K and that
requires that the spinel structure of the ma-
trix accommodate the Fe?* ions. In this
structure, nonstoichiometry with respect to
an increased amount of Fe** ions connected
with potassium ions can exist in a solid solu-
tion. The reduction of Fe3* ions in the lattice
forces the K* ions to leave the crystal. Dur-
ing this process of partial reduction, which
affects all cation positions within the rigid
anion lattice, the synthesis of KFeO, can
occur at the edges of the matrix crystals.
The lattice mismatch of the structures of the
two ternary oxides is so large that internal
nucleation would cost too much energy to
frequently occur. This active phase at the
periphery of the matrix crystal is, however,
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also unstable against partial reduction by
the catalytic product hydrogen. The K* ions
will be liberated again and return by the fast
ion conduction mechanism into the matrix
crystal exhibiting a lower K* concentration
at the periphery. This potassium migration
through a solid-solid interface below the
surface of each catalyst crystal can continue
as long as there is an excess of Fe* ions in
the matrix (this excess has been detected by
MAS and by the precision lattice constant
determination). In essence, the active state
is a spinel crystal with excess Fe** com-
pared to the stoichiometry of Fe,O, (see
MAS results). Slow equilibration toward
magnetite forces the charge-compensating
K™ ions out of the structure. At the edges
of the crystals the phase KFeO, grows. The.
catalytic activity of this phase causes its de-
composition to magnetite and K* ions. As
long as there is a gradient for the K* ions to
migrate back into the storage system of the
interspinel block layers the catalyst crystal

remains active since renewed reduction of
the storage phase causes segregation and
renewed growth of the active KFeO,.

This dynamic active state suffers from
two principally different modes of deactiva-
tion. In industrial practice one discriminates
between short-term reversible deactivation
and long-term irreversible deactivation. Site
blocking by carbon deposition or CO, poi-
soning (not formation of K,CO, which
would be stable under reaction conditions)
may cause the short-term deactivation. Re-
generation with steam results in the potas-
sium-catalyzed gasification of carbon de-
posits and the structural regeneration of the
KFeO, phase.

The irreversible deactivation is caused by
the spatial disintegration of the iron oxide
and the potassium compound. At some
stage during the life of the catalyst the reduc-
ing atmosphere will have allowed the solid
to have reached its thermodynamic equilib-
rium stage, which is highly crystalline stoi-



IRON OXIDE-BASED CATALYST FOR ETHYLBENZENE DEHYDROGENATION 359

chiometric magnetite. The irreversible con-
sumption of all excess Fe** ions is the end
of the operation of K,Fe,,0;, as storage
phase for potassium. It then forms a macro-
scopic second phase of KOH as it is sug-
gested by the SLP model which this serves
as a model for the deactivated catalyst. The
volatility of KOH under reaction conditions
(the vapor pressure of KOH at 873 K with
0.08 mbar leads to an evaporation rate of ca.
3 nm/s) causes enrichment of KOH within
the inner pore system of the catalyst and
transport along with the stream of water and
organics through the reactor. This potas-
sium redistribution finally causes the inac-
tive state of the catalyst to consist of a potas-
sium-free highly porous shell and a potas-
sium-enriched nonporous core.

The regeneration with steam cannot cure
this deactivation for two reasons. First, acti-
vation needs to reoxidize some Fe?* to Fe*+
to allow the potassium incorporation. Steam
alone without traces of air is, however, not
an oxidizing agent for magnetite. From ther-
modynamic properties (24) one can estimate
the equilibrium constant for the reaction

Fe;0 + H,0 — a-Fe,0,
+ H,, AG = +80.3 kJ/mole,

to be about K, = 1073, The observed reoxi-
dation of magnetite described by Koppe et
al. (13) is attributed to small amounts of
oxygen from air which may have been pres-
ent in their experiments. Regeneration
would thus have to be carried out in an oxi-
dizing atmosphere but not in pure steam.
The second problem with regeneration is
the low synthesis temperature for the ter-
nary oxides which was only possible with
the fresh precursors due to an intimate dis-
tribution of the reactants in suitably disor-
dered matrices achieved in the preparation
of the precursors. The spatial disintegration
destroyed this intimate mixture and it is ex-
pected that regeneration within reasonable
times requires at a minimum the tempera-
ture of calcination of the precursor (ca. 1200
K) instead of the reactiion temperature of

873 K where regeneration is carried out in
practice.

In this picture the most efficient role of
the promoters would be to slow down the
kinetics of the reduction of the nonstoichio-
metric spinel iron oxide. This is in full agree-
ment with the experiments that find the sta-
bilization of the matrix against reduction in
TG and the incorporation of chromium into
the spinel phase.

5. CONCLUSIONS

The bulk analysis of the activated dehy-
drogenation catalyst led to the conclusion
that a ternary potassium iron oxide is the
active principle in the catalyst. This oxide
is metastable at ambient conditions and was
thus not detected in ex situ studies. The
ternary oxide is also unstable in the reducing
atmosphere of the catalytic reaction. It is
situated at the edges of crystals which act
as storage medium for potassium ions and
for excess Fe* ions. As long as the storage
medium is not deactivated by complete re-
duction of all excess Fe** to the thermody-
namically stable magnetite, this medium
provides a matrix for the in situ synthesis of
the active phase at the surface of the storage
crystals. The end of the useful period of
the catalyst is reached when all excess Fe?*
ions are reduced and the potassium ions
start to form a physically separated binary
phase of KOH. The high mobility of KOH
allows efficient mass transport through the
gas phase leading to the potassium gradients
observed in analysis of catalysts that have
been on stream for several months.

The active catalyst is thus a system that
undergoes, under reaction conditions, a se-
ries of slow solid-state chemical transforma-
tions leading from an initial unstable con-
centration of defective excess Fe** ions to
the stable situation of stoichiometric well-
crystalized magnetite. The lifetime of the
catalyst is thus limited by the kinetics of this
process which can be affected by promotors
and precursor preparation influencing num-
ber and organization of the reactive defect
centers. This picture further allows us to
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rationalize the observed extreme sensitivity
of the catalytic performance to minute
changes in the reaction conditions, e.g., to
the actual ratio between hydrogen and
steam at a given temperature.

In this model the catalytic activity is re-
lated to a surface containing Fe** ions and
K* ions in the ratio 1: 1. This was already
suggested in the model of Lee (2). The selec-
tivity may be related to the coverage of the
total surface with the active phase; sites
with a different chemical composition may
be active in conversion of the initial product
styrene into undesired materials, a view
consistent with the multiple-site hypothesis
of Hirano (6). The water vapor in the reac-
tion atmosphere is of key importance al-
though it does not take part in the desired
reaction of etbz; it moderates the action of
the reducing atmosphere onto the iron oxide
which would be reduced to the metal with-
out its presence. Considering the high tem-
perature under reaction conditions the mass
transport properties are of great importance
in allowing short contact times which are
necessary to prevent polymerization and
gasification of the product styrene. This re-
quirement is closely connected to the mor-
phology of the active catalyst which should,
most favorably, be a homogeneous macro-
porous system.

Parts 2 and 3 of this work will describe the
morphological analysis, the identification of
the spinel block storage system, and a sur-
face science analysis of the in situ activated
catalyst.
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