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Abstract

The effect of s (Mg), p (Al), d (Cr, Mn), and f (Ce) additives (0.25-2 wt%) on the stabilization of constitutional potassium in KFeO, and
K,Fey»034, the principal phases of styrene catalyst, was investigated by means of a species-resolved (K and KT) thermal alkali desorption
technique. Complementary catalytic screening of the dehydrogenation of ethylbenzene showed that for both ferrites, doping has beneficial effects
on selectivity and yield. Spectacular reversal of thermal stability of potassium ferrites on doping was found; whereas doping of KyFe;>034
resulted in higher stability, as gauged by decreased desorption flux and increased K desorption energy, in the KFeO, phase, all of the additives
caused a dramatic decrease in stability. Thus, phase-specific doping appears to be a critical factor in preventing potassium volatilization from the

real catalyst.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Styrene monomer synthesized by catalytic dehydrogenation
of ethylbenzene (EBDH) accounts for >90% of the worldwide
production. The endothermic- and equilibrium-limited process
is run in industrial units over potassium-promoted iron oxide
catalyst in adiabatic conditions, under vacuum at temperatures
above 823 K [1]. Promotion with potassium is one of the crucial
issues in practical applications, because it increases the activity
of the catalyst by an order of magnitude [2]. The commer-
cial catalysts are very active and selective; however, under the
process conditions, they deteriorate slowly, and the typical life-
time in the installation is shortened to 1-2 years. Consequently,
extensive research has been dedicated to understanding the de-
terioration mechanism and improving catalyst stability.

In general, two main reasons for the activity decay during
the time on stream operation are considered: deposition of ex-
cessive carbon and the loss of potassium promoter [3]. Whereas
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the first factor is reversible, and coke removal is achieved by
steam co-feeding, the second factor is irreversible, but can be
significantly decreased by solid-state doping with alien metal
ions. Classical additives of industrial catalysts include Cr [2,4],
Ce [5,6], Mo [7], Al [8], Mg [6,9], and, more recently, Mn [10]
and Zn [10,11]. The real iron-oxide catalyst is a multicompo-
nent, multiphase system with the active state assigned to the
equilibrium between two ferrites, KFeO;, < KyFer» 034, as dis-
cussed in detail by Muhler and Schlogl [8,12,13].
Comprehensive research has been dedicated to potassium
loss processes from the real EBDH catalysts [14] and model
phases present in the life cycle of the catalyst [15] by the
species-resolved thermal alkali desorption (SR-TAD) method.
The KyFe»» 034 B-ferrite was explicitly identified as that prin-
cipally responsible for potassium volatilization from the cata-
lyst [15]. It also has been shown that substitution of Cr?t for
octahedral Fe3t jons in KyFezy034 structure strongly enhances
stabilization of potassium in the temperature range of the indus-
trial process [16]. A similar effect was observed for doping with
divalent manganese [17]. The extra-pillars potassium-blocking
model was developed to rationalize the stabilization of potas-
sium in the B-ferrite phase. However, up to now there has been
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no analogous report on the influence of doping on stability of
potassium in KFeO,, the second active phase of the catalyst.
The aim of this work is to quantify the effect of chromium,
manganese, cerium, aluminum, and magnesium (classic and
new promoters reported in literature), on the constitutional
potassium volatility from both ferrite phases (KFeO, and
K;Fe)>034) in terms of desorption fluxes and energies.

2. Experimental

The KFeO; and K)Fe>034 ferrites were prepared by the
reaction of stoichiometric amounts of K,CO3 with «-Fe, O3 ac-
cording to procedures described previously [18-20]. The mix-
tures of finely grounded powders placed in a porcelain crucible
were heated with the rate of 7.5 K/min in air up to the final tem-
peratures of 1070 K for KFeO, and 1470 K for K>Fe>>034. In
the latter case, heating was halted at 1170 K, and after cooling
to room temperature, the mixture was regrounded for 15 min
and reheated at 1470 K for 5 h. For 2 wt% doped samples, the
apposite part of -Fe, O3 was replaced by Cr,O3, MnO,, CeO»,
Al>O3, and MgO. The doping level of 2 wt% was chosen as
the average value of the range applied in industrial practice de-
scribed in the open and patent literature.

The phase identity of the resultant ferrites was verified after
each synthesis by X-ray diffraction using an X’pert Pro Philips
powder diffractometer with CuK« radiation in the Bragg—
Brentano geometry. The surface morphology was examined
with Philips scanning electron microscope (Model XL 30) at
a magnification of x 10,000.

The surface composition was studied by XPS (Vacuum Sys-
tems Workshop) equipped with an Al anode (Ko = 1486.6 eV)
and hemispherical 150-mm electron analyzer, operated in
fixed-analysis transmission mode (FAT) with a pass energy of
22.5eV.

The catalytic tests for EBDH were carried out in a fixed-bed
plug-flow microreactor (4.5 mm i.d., 240 mm long) using 60 mg
of a catalyst with a fraction of particle size 0.2-0.3 mm at 550—
650 °C ramped in steps of 50 °C. The ethylbenzene (100 pl/h)
and water (200 pl/h) were fed to the reaction system with sy-
ringe pumps (Cole—Parmer). The reaction products were ana-
lyzed by gas chromatography (Varian CP-3800) equipped with
a capillary column (Poraplot Q, Chrompack) and a thermal con-
ductivity detector.

The stability of potassium was investigated by the SR-TAD
method analogously to the approach applied in [15]. The exper-
iments were carried out in a vacuum apparatus with a back-
ground pressure of 10~ mbar. The samples, in the form of
wafers of 10-mm diameter with a mass of 100 mg, were heated
from room temperature to 700 °C in a stepwise mode at a ramp
rate of 5 °C/min. Earlier desorption studies of potassium from
styrene catalysts [14,21,22] and related ferrite phases [15,18]
demonstrated that the K loss occurs mainly in the form of atoms
(in the ground and excited states) and ions. Therefore, to obtain
an integral picture of the promoter stability, we followed both
K and K™ desorption fluxes. The desorption flux of potassium
atoms (j(K)) was determined by means of a surface ionization
detector [23], whereas the flux of K™ ions (j(K™)) simply by

an ion collector. Because the investigated ferrites are efficient
electron emitters for quenching the thermal emission of elec-
trons during the measurements, the samples were biased with a
positive potential (+10 V for K and +60 V for K*). This ap-
proach effectively eliminates the possibility of reneutralization
of K* ions by thermal electrons outside the surface. In all of the
measurements, the resultant positive current was measured di-
rectly with a digital electrometer (Keithley 6512) and averaged
over 10 independent data points for each temperature.

3. Results and discussion
3.1. Sample characterization

The diffraction patterns of all of the undoped and doped
ferrites revealed that the synthesized samples were essentially
monophasic, composed of KoFer O34 (JCPDS-ICDD 31-1034)
or KFeO; (JCPDS-ICDD 39-0892). The XRD patterns of
all undoped and doped K;Fe»> 034 and KFeO, were indexed
within P63/mmc and Pbca space groups, respectively. Exam-
ples of the diffraction patterns are shown in Fig. 1. The SEM
morphology of the resultant bare and doped K, Fe;» 034 showed
that the well-developed plate crystallites of hexagonal shape
(0.5-2 um diameter, ~0.2 um thick) resembled that of a sin-
gle K*-B-ferrite with stoichiometric composition [19]. The
addition of dopants led to crystallite agglomeration, and the re-
sultant particles exhibited diameters of 5-6 pm for the Mn- and
Cr-doped samples and 7-8 pum for the Mg-, Al-, and Ce-doped
samples. For the Cr- and Ce-doped S-ferrites, line scan analysis
showed partial segregation of these elements on the surface. In
the Cr-doped sample, concentration profiles of Cr and K were
correlated, suggesting the formation of a new compound (potas-
sium chromate, vide infra). For the Ce-doped B-ferrites, the
EDX elemental composition mapping revealed the presence of
cerium-containing domains, identified by XRD as CeO» using
the sample with higher Ce content. KFeO; showed distinctly
different size and morphology, resembling that of the parent
a-Fey03. The small crystallites of about 3—4 um partly fused
to form larger aggregates for all samples (12 + 3 pm) except
the sample doped with Mg, in which the size was somewhat
smaller (7 &= 1 pm). Examples of SEM images are available
elsewhere [16].

The surface composition of investigated ferrites was studied
by XPS. The survey scans indicated that only the constituent el-
ements were present within the surface layer. For KoFez»034-
and KFeO,-doped samples, the observed binding energies were
essentially independent of the dopant nature, indicating that all
of the constituents exhibited a unique oxidation state consis-
tent with the stoichiometry of both ferrites. The characteristic
binding energies were in line with previous, more detailed stud-
ies [24] with the particular values of Fe 2p3 > (710.2-710.4 eV),
K 2p3/2 (294.4-294.5 eV), and O 1s (529.4-529.5 eV) for
KyFe 034, whereas for KFeO;, they slightly shifted to Fe
2p3,2 (709.7-710.0 eV), K 2p3,2 (292.2-292.4 V), and O 1s
(530.4-530.8 eV). The diagnostic binding energies for the Mn
(641.0 V), Al (73.6 eV), Mg (1303.2 eV), and Cr (576.8 and
579.3) for doped K>Fe»;034 and Mn (642.4 eV), Al (72.5 eV),
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Fig. 1. The diffraction patterns of undoped and 2 wt% Al-doped potassium
ferrites KoFep> 034 (a) and KFeO; (b).

Mg (1303.8 eV), and Cr (578.9) for KFeO, revealed that the
Mn, Al, and Mg dopants existed in a single state in both ferrites.
In the case of chromium, two oxidation states, Cr>+ and Crot,
were found in the K;Fe>>034, and only one oxidation states
(Cr3*) was found in the 2% Cr-KFeO,. The appearance of two
kinds of chromium in K;Fe;;O34 can be associated with the
partial surface segregation of this dopant in the form of chro-
mate [16]. In the case of cerium, a weak, poorly structured band
(six overlapping peaks 3ds;2, 3d3;2, and four satellites [25])
was observed at 883-917 eV. This finding is in line with the
SEM and XRD observations of intensive CeO, agglomeration
causing the decreased amount of Ce exposed to the surface de-
tectable by XPS.

The samples were next subjected to the catalytic screen-
ing in EBDH. In most cases, a positive effect of doping on
catalytic performance was found. At 650 °C, the styrene yield
varied from 58.7% for bare K,Fe>»,034 to 76.0, 73.0, 71.2, 59.5,
and 44.3% for Cr-, Mg-, Al-, Ce-, and Mn-doped K>Fe;>034,
respectively. For KFeO,, the yield of styrene changed from
51.3 to 70.4, 57.5, 54.3, 52.4, and 49.7% for the Cr-, Mg-,
Mn-, Ce-, and Al-doped samples, respectively. In addition, the
two phases, KyFey034 and KFeO,, were brought intention-
ally into intimate contact in the model composite catalyst pre-
pared by a two-step procedure: (1) ceramic synthesis of separate
K;Fe)>034 and KFeO; and (2) sintering at 800 °C [26]. Com-
pared with the separate phases, a significant increase in the
conversion of ethylbenzene to styrene (to 62.3%) was observed.
This nicely corroborates previous reports on the importance of
KyFe 034 = KFeO; equilibrium to catalytic reactivity. Thus,
the studies performed for the thin K-Fe—O films deposited on
Ru(0001) and Pt(111) substrates under ultrahigh vacuum con-
ditions [13,24] are confirmed by the more realistic results ob-
tained using bulk materials.

Therefore, from the sample characterization it may be in-
ferred that on doping at the level of 2 wt%, the basic structural
and morphological characteristics of both ferrites were suc-
cessfully preserved. This means that the principal location of
potassium remained unchanged on introduction of the dopants.
At the same time, the dopants exhibited a pronounced promo-
tional effect on catalytic performance, thereby justifying their
application in practice.

3.2. Potassium thermal stability

The K and K desorption fluxes from undoped and doped
B-ferrites are shown in Figs. 2a and 2b, respectively. For all of
the samples, j(K) > j (K*), meaning that the main channel of
potassium loss from the catalyst is due to atoms. The loss of
potassium then can be considered a volatilization process. Ac-
cording to the Saha—Langmuir equation [27], the domination
of the atomic flux in the desorption process indicates that the
work function of the samples must be lower than the ionization
potential of potassium (4.3 eV). Indeed, the work functions of
the KyFe>»034 and KFeO; ferrites determined in parallel ex-
periments of electron thermionic emission were found to be 2.2
and 2.5 eV, respectively.

For the undoped B-ferrite, the onset of appreciable K des-
orption was observed at about 400 °C, whereas for substituted
ones, it rose to above 550 °C. The monotonous exponential
changes of the signal with temperature indicate that in each
case, the potassium left the surface effectively trough a sin-
gle potential barrier. Therefore, the corresponding desorption
energies were determined from the linear part of the Arrhenius-
type plots [In(j (K™)) or In(j (K)) vs 1/T] for atoms and ions.
The values are collected in Table 1. The desorption energy for
potassium atoms changed from 0.83 eV (K>Fe»»034) to 2.35-
4.05 eV on doping. This difference in desorption energies is re-
flected in a dramatic quenching of the potassium volatilization
gauged by the K-flux intensity (Fig. 2). For ionic desorption, the
energies ranged from 2.33 eV for KyFe 034 to 2.05-3.47 eV
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Fig. 2. The changes of atomic (a) and ionic (b) desorption fluxes from K, Fey,-
O34 phase upon 2 wt% of doping.

Table 1
Activation energies for K and K desorption from undoped and doped potas-
sium ferrites

Sample E4(K) (eV) Eq(K1) (eV) Reference
Ky Fepr034 0.83+£0.01 2.33+£0.03 [13]

2% Cr-KoFep» 034 2.234+0.01 3.47+0.01 This work
2% Mn-K5Fep;034 2.35+0.03 3.394+0.01 [15]

2% Mg-KyFe> 034 2.71 +£0.03 2.05+0.03 This work
2% Al-KyFep>034 3.54 +£0.02 3.56 +£0.02 This work
2% Ce-KyFep>034 4.05+0.02 2.86 £0.01 This work
KFeO, 2.84 +0.06 2.95+0.01 [13]

2% Mn-KFeO, 1.124+0.03 1.51+£0.01 [9]

2% Cr-KFeO,p 1.04 £0.01 0.90 +0.02 This work
2% Ce-KFeO,p 0.98 +£0.01 2.01 +£0.01 This work
2% Mg-KFeO, 0.96 £ 0.01 0.60 + 0.04 This work
2% Al-KFeO, 0.68 +0.03 1.124+0.02 This work

Note. The energies were calculated for the correlation coefficient higher that
0.98 and the errors correspond to 95% confidence limit.

for doped K;Fe2»034. The lower desorption energies for atoms
and the resulting domination of the atomic fluxes are character-
istic of oxide surfaces in the measured temperature range [28].
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Fig. 3. The changes of atomic (a) and ionic (b) desorption fluxes from KFeO,
phase upon 2 wt% of doping.

Fig. 3 shows atomic and ionic flux intensity profiles for
the fresh and doped KFeO; ferrite as a function of tempera-
ture. In contrast to KyFe»034, in this case a dramatic increase
in atomic desorption flux occurred on doping above 500 °C.
This is reflected in the decreased desorption energies for atoms
(2.84 eV for undoped to 0.68—1.12 eV for doped) and ions (2.95
for undoped to 0.60-2.01 eV for doped). The low-temperature
maxima on some curves represent the volatilization of loosely
bound surface potassium. However, such surface-segregated
potassium, being only a minute fraction of the main K-flux, can-
not be relevant for the practical loss of the potassium from the
catalyst.

The energy diagram (Eq(K™) vs Eq(K)) [15,17] for K,Fej,-
O34 and KFeO; was used to evaluate the effect of additives
on the stability of potassium (Fig. 4). A totally different pic-
ture emerged from the comparison of both figures. Whereas for
the KyFe»>034 phase, doping led to stability enhancement, for
KFeO,, it had a clearly negative effect. It is noteworthy that the
destabilization effect in KFeO, was more pronounced than the
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ted against each other, showing the increase of stability of KyFey;034 (a) and
decrease in the case of KFeO, (b) upon introduction of 2 wt% of various addi-
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stabilization effect in KFey>034 (as shown by the shaded areas
in Fig. 4).

Because desorption of K from iron oxide materials can in-
volve several steps (e.g., diffusion from the bulk, surface dif-
fusion between sites of different desorption energies, electronic
switching to highly excited states, formation of clusters), the
pre-exponential factor for the alkali desorption process can
vary widely [29]. Depending on conditions and catalyst com-
position, various steps can appear as the rate-limiting process.
In particular, if the excited states are formed during ther-
mal desorption, then the measured pre-exponential coefficients
change within the wide range of 10*~10?3 s~! [29]. This means
that the desorption fluxes, being the actual measure of potas-
sium loss, may not follow the desorption energetics directly.
Fig. 5 presents the stability diagram in terms of desorbing
fluxes, again showing the reverse effect on constitutional potas-
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Fig. 5. Stability diagram: desorption fluxes of potassium ions and atoms plot-
ted against each other, showing the increase of stability of KyFep2034 (a) and
decrease in the case of KFeO, (b) upon introduction of 2 wt% of various addi-
tives.

sium stability in both investigated ferrites. For KoFe»7034, the
quenching of potassium loss is seen, whereas for KFeO; the
loss process is enhanced dramatically.

3.3. Implication for catalyst preparation

The main role of additives in industrial K-Fe—O catalysts
is to stabilize the active state of the catalyst under the process
conditions by preventing potassium volatilization. In the wet
environment of industrial processes, potassium removal from
the catalyst and migration though the catalytic bed is expected
to occur in the form of KOH. This concept, originally ad-
vanced by Mross [30] and revisited by Schlogl et al. [31],
can be easily reconciled with our results. In the case of the
structural modifiers, potassium diffusion from the bulk of the
B-ferrite is inhibited, resulting in the observed spectacular de-
crease in K desorption flux (Figs. 2 and 5), accompanied by
an increase in the desorption barrier (Fig. 4). In the presence
of ~0.1 mbar of water vapor, subsequent in situ transformation
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of the nascent potassium into highly surface spread KOH can
occur quite readily. This supposition is well supported by the
fact that the surface of the spent catalyst is usually decorated
with KOH [3]. Thus, inhibition of the constitutional potassium
diffusion from the bulk toward the catalyst surface effected
by doping prevents undesired onsite formation of KOH. How-
ever, in several types of experiments with molecular beam and
mass spectrometric methods, the potassium loss process via
KOH in a commercial iron oxide catalyst was not observed [32,
33]. In our experiments, when H,O or KOH were intentionally
placed on the surface of KFeO; or KyFez» 034, a small QMS
signal of KOH desorbing flux at 650 °C was detected; never-
theless, this desorption pathway was always less than one-third
of the dominating atomic flux. A more detailed study of the ef-
fect of water vapor on potassium volatilization is currently in
progress.

Two main mechanisms along which the additives can sta-
bilize potassium in the ferrite phases can be considered. The
first involves steric blocking of the interlayer diffusion pathway
by formation of extra-pillars in the conducting plane. The sec-
ond involves an increase in the work function of the catalytic
surface, leading to decreased domination of the potassium loss
atomic flux.

The first mechanism is well illustrated in the case of Cr
dopant [16]. Joint Mossbauer spectroscopy and XPS indicated
that Cr3t ions, due to their high octahedral crystal field sta-
bilization energy, substitute for Fe3* ions. The latter, in turn,
are displaced to the interlayer space, forming new extra-pillars
Fe.—O-Fe;, on filing tetrahedral sites. Because potassium trans-
port to the surface is controlled by the diffusion through the
conducting plane (001), the steric hindrance generated by new
pillars effectively blocks the diffusion pathway. This model can
be extended onto the other divalent and trivalent ions, such as
Mg?t, Mn?*, and AIPT. These may either displace the octa-
hedral iron into tetrahedral sites to form the blocking pillars or
occupy the tetrahedral sites in the interlayer space to create the
pillars directly [16].

The second possible mechanism relies on the modification
of surface electronic properties. Following the Saha—Langmuir
equation [27], the statistical probability ratio of ionic to atomic
potassium desorption fluxes is exponentially dependent on the
work function value,

JKH 1 —e(Vk—?)

& 27 [ knT ]

where Vi, @, kg, and T denote ionization potential of desorb-
ing atom (for potassium 4.3 eV), work function of the surface,
Boltzmann constant, and temperature, respectively. Thus, the
atomic flux can be attenuated by an increase in the work func-
tion. Because desorption of K™ leads to charge separation, this
channel of potassium loss apparently is less important at the
macroscopic scale. Unfortunately, strict quantitative treatment
of the fluxes following the Saha—Langmuir equation is impos-
sible, because the desorption of electronically excited, easily
ionized potassium atoms observed experimentally for ferrites
[14,18,21] obscures the ratio of atomic flux to ionic flux. There-
fore, the experimental data can be treated only semiquantita-

tively for any responsible deductions. Nevertheless, the general
trends can be inferred from Fig. 5 quite reliably. In KFeO», the
observed changes in the j(K™)/;j (K) ratio on doping are more
pronounced, indicating that the electronic factor plays a more
significant role than it does in KyFe;>034. Thus, the stabiliza-
tion effect due to the addition of dopant can result from both
the structural and electronic modification of the active phases of
the iron oxide catalyst. In addition, our investigations indicate
quite clearly that for practical purposes, phase-selective doping
of KyFey>034 is essential to prevent excessive potassium loss
while maintaining catalytic activity.

4. Conclusion

Dramatic changes in stability of the KyFe>034 and KFeO;
active phases of the styrene catalyst on doping with Cr, Mn, Ce,
Al, and Mg were revealed by thermal desorption of potassium
atoms and ions. The accommodation of additives in KoFe»> O34
phase significantly increased the K and K desorption energies
and extinguished the dominating desorption atomic flux by an
order of magnitude. The reverse effect was observed in the case
of KFeO,, where the additives led to pronounced thermal desta-
bilization of potassium. Thus, doping of the K;Fe>034 phase
exclusively is required to prepare a robust catalyst with suitable
activity and enhanced thermal stability of constitutional potas-
sium under the operating conditions used in this study.
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