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indicate free radicals, while benzene shows the presence of ionic centres.
Toluene can be characteristic of both types of surface centres [4].

Byproduct formation on an iron-oxide based catalyst in the production of
styrene can be related to water vapour. The desalkylation of chemisorbed
ethyl-benzene results in toluene and benzene. The presence of water vapour
has several advantages : it decreases partial pressure, carries heat, regenerates
the catalysts, and enhances product desorption. On the other hand, however,
it slightly decreases conversion and selectivity.

Dehydrogenation of Ethyl-Benzene on Iron-Oxide Catalyst

Dehydrogenation experiments were carried out on a S-305 type (Shell) cata-
lyst. The activation of the catalyst was carried out in different media. The
yield and selectivity values of the catalyst were investigated in the function
of the activation procedures used. The possible regeneration procedures of the
catalyst were also investigated.
The experimental apparatus and the test methods used were described
earlier [1].
The composition of the catalyst used is as follows:
Fe203: 822 (%/W/W)
Cr20 3: 1.6
K2COs3: 16.2

Activation was made in nitrogen, water vapour, air, and hydrogen atmospher-
es. In all cases, the reactor was heated up to 873 K at a heating rate of 40 K/h.
Then the temperature was increased to 903 K in the presence of water vapour.
Experiments were carried out at atmospheric pressure at 903 K (630 °C).
Ethyl-benzene was fed into the reactor at a feed rate of 100 cm3/h. The water:
ethyl benzene molar ratio was 10- 11.

The results of the dehydrogenation experiments are summarized in Table 2.

Table 2

Results of dehydrogenation esperiments

Calculated Conver- Comps, of CH fraction, % (w/w)  Styrene, %o(w/w)

Time sion

Activating medium HaO/EB  liquid S . i
" Tgt'ﬁ{ cmgogr?q:’/h (Wﬁ,) benzene toluene EB  styrene  yield S‘i}iegf'

Air

Nitrogen

Water

\VVapour

Hydrogen

It was pointed out that during the activation in air, nitrogen, and hydro-
gen atmospheres, the temperature of the reactor bed was first increased to
873 K, then water vapour was started to be fed in and the activation was
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continued up to 903 K in the presence of water vapour. It is important to
emphasize the above, since between 873 and 903 K, the presence of the oxi-
dizing atmosphere itself can be responsible for the modification of the cata-
lyst system, especially in the case of treatment with hydrogen, when a con-
siderable amount of iron-oxide is converted to iron metal, which probably
reacts back to oxide in the oxidizing atmosphere.

Conversion values indicate that air, water vapour, and nitrogen atmospheres
are all inevitable for the activation of iron-oxide catalysts. Of these, air and
water vapour atmospheres are slighly better than the others. On the con-
trary, treatment with hydrogen—due to the reduction process—can hardly
be used.

As to the composition of the hydrocarbon phase, it can be stated that in
addition to dehydrogenation, a slight desalkylation takes place as well; as
indicated by the amounts of benzene and toluene formed. The formation of
styrene from ethyl-benzene on iron-oxide catalyst can be achieved at a selecti-
vity of about 10%

Investigation of the Catalyst by Instrumental Methods

The possible reasons responsible for the activity decrease of iron-oxide (Fe20 3),
based dehydrogenating catalysts were looked for by instrumental methods.
The main question was that the deactivation is a reversible process, or an
irreversible one. Shell S-105 and S-305 type catalysts were used in the investi-
gations.

The structural and phase changes of the catalysts were “in situ” investi-
gated in the function of the temperature and the atmosphere used (air, nitro-
gen, water vapour, and hydrogen).

Morphology

Surface properties (specific surface, porosity, and pore-size) were investigated
on new, used, and regenerated catalysts.

Specific surface determinations were carried out by means of an Atlas-type
BETograph (argon adsorption), while porosity and pore size distribution mea-
surements were made by a Carlo Erba type Porosimeter (mercury penetra-
tion).

Table 3
Morphological data of iron-oxide catalysts
Catalyst Sbet (measured) S (calculated) \Y g})re
sample m2/g m2/g cm2g
S-105 new
S-305 new
S-305-1 used
S-305-2 used

S-305-R regenerated
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Measured (SBET) and calculated specific surface values (m2/g) as well as
pore volumes (cm3/g) are summarized in Table 3.

Morphological data indicates that the iron-oxide-based catalysts have low
specific surfaces (the specific surface of S-105 is higher than that of S-305).
The deviation between measured and calculated data can be added to the
difference of the methods used. The original specific surface and pore volume
of the catalysts can be regained by regeneration. A used catalyst, designated
by S-305-1, belongs to a series of experiments in which the technological para-
meters (space velocity, and temperature) were frequently and radically chan-
ged during dehydrogenation. Catalyst sample S-305-2 was taken after a fatigue
test of about 200 hours. No dehydrogenation experiments were carried out
with a S-105 type catalyst.

Thermoanalytical Investigations

Used S-305 type catalysts were investigated by complex thermoanalytical
methods (derivatograph) in air atmosphere. Samples were heated up to 1237 K
at a heating rate of 5 K/min.

Fig. 1 shows that the moisture content of catalyst S-305-1 releases in the
353-413 K range. The Fig. 1 moisture content of the sample was 2.61%.

Thermoanalytical curves of used iron-oxide catalysts in air atmosphere

In the 463-713 K range an exothermic process can be observed in the DTA
curve (with a maximum at 628 K) indicating an oxidation process:

1
2FesOi-f— Oa*3 Fo20s,

i.e. the magnetite content of the samples is converted to Fe2 3. Knowing the
gain in weight (TG curve), the magnetite content of the sample was calculated
as 62-75%.

At 923 K an additional exothermic peak was observed in the DTA curve
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accompanied by a mass loss of 3.94%. It is probably due to the sublimation
of K2C03. This process is completed by 1070 K.

Only a slight difference could be observed between samples S-305-2 and
S-305-1. The thermoanalytical curves showed similar tendencies.

As for sample S-305-2, the water content was 3.19% (the temperature range
for water liberation was between 363 and 463 K, with a maximum rate at
393 K). The oxidization process, as indicated by the DTA curve, takes place
in the 468-723 K range and showed a maximum at 613 K. The magnetite
content calculated from the weight gain of the TG curve was 54.75%.

An endothermic process also takes place in the 923-1073 K range accom-
panied with a mass loss of 4.04%. The decrease in mass can also be due to
the sublimation of K2C03.

X-ray fluorescence investigations

An X-ray fluorescence analysis was carried out on the catalysts (PW 1410
type intrument).

Pentaerythrite (PE) analyzer, rough collimator, and a gas-flow propor-
tional counter tube were used for the analysis of elements having low atomic
numbers. In order to decrease the absorption of air, the measurements were
carried out in vacuum.

As for the determination of elements having higher atomic numbers, lithium
fluoride (LiF) crystal, fine collimator, and a scintillation counter were used.
The spectral sensitivity of the latter is about the same in the V-23, U-82
range. Since the instrument had a W-tube, the scattered radiation of the Cr-
tube could be avoided.

The elements found in the catalysts are summarized in Table 4.

Table 4
Elements found in the catalyst samples

Type of catalyst Elements found

S-106 new
S-305 new
S-305-1 used
S-305-2 used

The X-ray fluorescence investigations resulted in a qualitative analysis of
the catalyst samples. The intensities of the elements, however, enabled us to
make a semi-quantitative estimation of the elements present. The main com-
ponents are iron, potassium and chromium. Sulphur, silicon, and chlorine
can be considered as trace elements (less than 0.2%). Catalyst S-305 contained
vanadium as well.

X-ray fluorescence investigations revealed that there is only a slight differ-
ence between the new and used catalysts regarding their potassium content.
It means that the activity decrease of the catalysts cannot be due to the
removal of potassium promoters.
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X-Ray Diffraction Studies

The phase analysis of the catalysts was carried out by means of a Phillips-
made X-ray diffractometer combined with a PM-8203 recorder. The exitation
voltage was 50 KV, while a tube current of 50 mA was used.

The X-ray diffractograms are shown in Figs. 2 and 3. In sample S-105
a—Pe2 3 (hematite) and a compound having the formula of K20. 11 Fe203
and KZ03and K203 1.5 H2 were present (Fig. 2).

=maghemite

M  S-305-1 r-Fa203

60 50 [0 30 20 10 60 50 Jio) 30 20 10
S-105,S-305 original catalysts S-305-1 catalyst.regenerated

Fig. 2
X-ray diffractograms of new and used iron-oxide catalysts

As for the used catalysts, sample S-305-1 contained a magnetite phase
(Fed0 4), while in sample S-305-2 magnetite and K2C03-01.5 H20 phases were
found, indicating the reduction of the catalyst during dehydrogenation
(Fig. 2).

After regeneration in air (or air-fsteam) atmosphere, the structure of the
catalysts changed. The Pe30 4 (magnetite) phase —in the oxidation process —is
converted to a pure y—Fe2 3 (maghemite) phase, regaining its original ac-
tivity (Fig. 2).

To confirm the above, the catalysts were heated up to 373, 573 and 873 K
in a microreactor in various atmospheres (nitrogen, air, air+ water vapour,
and hydrogen). The X-ray diffractograms of catalyst S-305 recorded after the
treatment are shown in Fig. 3.
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M=magnetite Pe3O*.
M r=maghemitef-Fe203
K=K2C03 11/2H20

F=irona-Fe
rerlf M Ik
V=KFe02
F=iron,“-Fe

W
VW V
_rJIAMN

60 50 ' O " 30 20 10
S-305catalyst in hydrogen atmosphere
r r=maghemite i-Fe203
rr r 0=K20HFe203
K=K2C03I1/2H20

jv Ul
60 50 Ji'e]

Figy. 8
X-ray diffractograms of iron-oxide catalysts after activation in various atmospheres

The investigations revealed that the original structure of the catalysts can
be preserved in a nitrogen atmosphere. The new (unused) catalyst did not
show structural changes in humid air (treated at 373, 673, and 873 K); its
characteristic phase was a —Fe20 3 (hematite).

Both catalysts (S-105 and S-305) were reduced to magnetite (Fe304) in a
hydrogen atmosphere. The presence of iron metal (a—Fe) was confirmed even
at 573 K.

It was supposed that potassium and chromium ions were built in the lattice
structure of maghemite (y—Fe20 3).



1987 Iron-Oxide Catalysts 505

The Fo30 4 (magnetite) phase of the used catalyst was converted to y —Fe20 3
(maghemite) by treatment with humid air (regeneration).

The Fe304 (magnetite) phase of the used catalyst was converted to y—
Fe2 3 (maghemite) by treatment with humid air (regeneration).

In addition to the X-ray diffractometric investigation of the samples treated
in the microreactor, X-ray analyses of the heated samples (with a heated sample
holder) were also carried out in the 293-873 K range. The results of these
latter analyses confirmed the phase changes discussed above.

Mdssbauer-spectroscopic investigations revealed that the predominant phase
of new catalyst S-105 is a—Fe20 3, while that of catalyst S-305 is y —Fe2 3.
The spectra of used catalysts indicated the presence of Fe2+ as well. In the
case of samples heated in reducing atmospheres, iron metal could be identi-
fied. Due to the oxidizing effect of the regeneration process, the partially
regenerated iron-oxide regained its original structure.

X-Ray Microanalysis

Electron microscopy coupled with X-ray microanalysis is a common method
used for the investigation of catalyst surfaces. As for oxide catalysts, this
method is a semi-quantitative one. On the other hand, however, a fast, simul-
taneous elemental analysis can be carried out in a wide range (EDAX-F type
X-ray microanalyser). The analysis of the surface (area-analysis) and the cross-
sectional area (point-analysis) of the catalyst particles was carried out accord-
ing to Fig. 4.

Fig. 4
Surface and cross sectional area analysis of catalyst particles by X-ray microanalysis
® surface area analysis (area: about 0.12 mm?2)
X point analysis of cross sectional area
(location of points: edge; 0.05 mm; 0.1 mm; 0.2 mm; 0.3 mm; 0.4 mm; 0.5 [mm;

1.0 mm; middle)

The results of the investigation of the catalyst particles are summarized
in Table 5. The data clearly show the decrease of the potassium content on

Table 5
Results of EDAX-analysis
Surface Analysis of cross sectional area w/w %
Catalyst Elements analysis
wiw %
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