AVQOL|

CATALYSIS
‘ TODAY

www.elsevier.com/locate/cattod

el

ELSEVIER Catalysis Today 81 (2003) 413-424

Advances in catalyst development for oxidative
ethylbenzene dehydrogenation

S. Geisle?, |. Vauthey, D. Farussen§ H. Zanthoff®*, M. Muhler?

@ Lehrstuhl fur Technische Chemie, Ruhr-University Bochum, Bochum, Germany
b Institut de Recherches Sur la Catalyse, CNRS, Villeurbanne, France
¢ Degussa AG, Project House Catalysis, Marl, Germany

Received 28 June 2002; received in revised form 4 December 2002; accepted 17 December 2002

Abstract

Catalyst development for non-stationary redox application is still time consuming. A new method for high-throughput
screening of catalysts under non-steady-state conditions is introduced enabling catalyst screening with >50 samples per day.
The new method was applied to the oxidative dehydrogenation of ethylbenzene (ODEB) performed by alternately feeding
ethylbenzene and oxygen. A highly selective mixed metal oxide catalyst (compositi»(Ok3 wt.%)/\5Os (16 wt.%)/MgO)
was found which converts ethylbenzene into styrene with an overall yield of 80.2% obtained by adding up both the wt.%
ethylbenzene and the oxygen pulse. Selectivities in the ethylbenzene pulse amounted up to 98%. Mechanistic investigations
reveal that the reaction does not proceed in a typical redox type mode.
© 2003 Published by Elsevier Science B.V.
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1. Introduction allel fixed bed reactor and scanning mass spectrometer
for rapid screening3].

New methods of high-throughput experimentation  In addition to the optimisation of the principle cat-
recently have enabled researchers to enhance the dealyst formulation reaction conditions as temperature,
velopment of new and better performing homogenous pressures, stirring, etc. effect the catalytic perfor-
and heterogeneous catalysts. Especially for testing of mance. The study of these parameters generally re-
heterogeneous catalysts in recent years a large numbeguires a larger information content from the reaction
of fast tools and reactor set-ups have been reported.device and is therefore performed in larger equipment
For screening of mainly catalyst compositions (first and smaller degree of parallelisation to guarantee
screen) e.g. Maier and co-workers used infrared (IR) scale-up (second screen). Also for this purpose suit-
thermography to resolve reaction heats for exothermic able equipment has been developed by several groups
reactions over a library with 37 materidly. Senkan  [4-6]. These techniques were applied to a range of
and Ozturk used REMPI to parallel detect benzene selective catalytic hydrocarbon oxidation reactions
yield in dehydrogenation of cyclohexane using an ar- and a number of new formulations were found show-
ray of catalyst§2]. Symyx company proposed a par- ing good or better performance compared to earlier

developed catalysts, even if no technical application
* Corresponding author. of such catalyst became known up to now.

0920-5861/03/$ — see front matter © 2003 Published by Elsevier Science B.V.
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Table 1

Overview of the performance of ODEB catalysts for non-steady-state operation

Company Catalyst Averag¥ésyy (%) in AverageYsy (%) in Reference
Etb-pulse only total sequence

BASF V-Mg-O 93 ? [22]

ENITechnologie Bi-V-Mg-O 88 ? [23]

FINA V-Na-Ca-Fe-Si-Mg-O 97 ? [24]

Present work K-V-Mg-O 90.2 80.1

Non-oxidative process Fe 65 [11]

aValid only for a differential time interval at maximum styrene formation.

For oxidative conversion of hydrocarbons non- desired total oxidation in the co-feed mode. Re-
steady-state reactor operation has been found to becent investigations have shown that applying a
superior compared to steady-state co-feed flow. Large non-steady-state operation of multi-component oxide
scale industrial applications are already available, e.g. catalysts (cfTable ) can significantly enhance selec-
for butane oxidation (DuPont) or-phthalodinitrile tivity.

(Lummus). The performance increase can be ex- 1

plained by the fact that the catalyst redox state, which C6HsCH2CHz + 502 — CeHsCH=CHz + H20
determines the catalytic performance, can be adjustedA Hg = —122 kJ¥mol

and applied in its optimum range. Furthermore, the
presence of non-selective short-lived oxygen species
on the catalyst surface favouring total oxidation is min-
imised[7,8]. However, the optimisation of these cat-
alyst properties is very time consuming. Until today,
no method existed to study these parameters in a fast
mode. In the present work, a novel high-throughput
method to investigate redox properties of mixed metal
oxide catalysts using non-steady-state operation is . )
presented. The performance of the new method is An efficient screening strategy was used to re-

demonstrated applying the oxidative dehydrogena- duce the number of experiments to be performed.
tion of ethylbenzene (ODEB) to styrene as test 1ne V-Mg-O catalyst system was chosen as the ba-
reaction. sic material. First, three distinct synthesis methods,

Industrial styrene productiorf9] is based on i.e. impregnation (IM), sol-gel (SG) and citrate (CI)

non-oxidative dehydrogenation of ethylbenzene (Etb) method were screer_1ed by varying the V/Mg ratio. !n
over potassium doped ferric oxide catalysts at tem- the second generation, promoter effects and loading

peratures below 900K. Selectivities exceeding 95% Were stu_died for the selected synthesis_. The number
are obtained at equilibrium limited conversions be- ©f €xperiment was reduced by selecting promoter
low 70% (Ysty ~ 67%). Higher conversions are only according to knowledge from literature. Finally, com-

reached by the removal of hydrogi9—12] Further- binations of promoters were screened in the third

more, undesired coke formation occurs and energy gen'eration. . )
entry in the process is high. First generation consisted of 20 pure V-Mg-O

catalysts with vanadium contents from 0 to 70%.
CeHsCH>CH3 = CgH5CH=CH> + H» Catalysts were prepared using impregnation, sol—gel
. and citrate method. The catalysts were screened for
AHr = 125kymol their performance in non-steady-state ODEB and op-
Oxidative dehydrogenation of ethylbenzene can be timum vanadium contents were chosen for further
applied to overcome some of the mentioned lim- catalyst optimisation. (Notation: 16VMg& V205
itations [13] but selectivity is limited due to un- (16 wt.%)/MgO.)

In this case, ethylbenzene and oxygen are passed se-
guentially over the oxide catalyst.

2. Experimental

2.1. Screening strategy and catalyst preparation
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Second generatioronsisted of 48 solids of the type
Me-V-Mg-O. The additives Me determined for doping
were divided into eight “performance” groups. One el-
ement of each group (Me K (Na, Cs), Sr (Ca, Ba),
Nb (Ta), Mo (Cr, W), Bi (Sb), La (Ce), Co (Fe, Ni)
and Pt (Pd)) was chosen. Catalysts with low and high
loading varying from 0.1 to 5.0 wt.% were prepared,
typically 200 mg each. IM- and Cl-methods were cho-
sen for scale-up purposes.

Third generationcatalysts (14 samples) were pre-
pared by exchanging Me within one additive group
and by combining two well performed additives to one
catalyst Mg-Me,-V-Mg-O.

2.1.1. Preparation methods

2.1.1.1. Impregnation. (NH4)>COz was added to an
aqueous solution of Mg(N§), stirred at 343K and
pH 7. The resulting solid (MgC9x H,O) was dried
and calcined in oxygen at 937 K (after Kung and Chaar
[14]). The resulting MgO powder was added to an
aqueous solution of ammonium vanadate at 340 K. Af-
ter 2 h stirring the suspension was evaporated to dry-
ness. The resulting solid was calcined in air at 873 K
for 6 h. The solid was pressed, crushed and sieved to
obtain the fraction of 250-355m.

2.1.1.2. Sol-gel method.The sol-gel method is
based on the low temperature hydrolysis and con-
densation of hydrolysable precursors [Mg(GR)
and [VO(OR)3]2 (OR = OCH(CH3)CH>0OCHg). The
alkoxides resulted in a precursfivig[VO (OR)3],,},,.-
After gelation the materials were dried and calcined
in air at 873 or 1073 K.

2.1.1.3. Citrate method. NH4VO3 was dissolved in
an aqueous solution of citric acid. After mixing the
aqueous solution of Mg(Ng§), with the solution of
NH4VO3 additional citric acid was dispersed in it.
The solution was stirred at 393 K to complete vapour
evaporation with V/Mg desired ratios. The obtained

foams were calcined. Doped samples were prepared by

addition of nitrate solutions of respective compounds
K, Sr, Nb, Mo, Bi, La, Co, Pt (group leader) or a, Ba,
Cs, Na, Pd prior to calcination.

First generation catalysts were prepared using con-
ventional equipment. Subseguent generations were
prepared using an automated Zinsser dispensetr.

415
2.2. High-throughput screening set-up

The novel automated equipmefit5] consists of
eight sequentially alternating quartz reactors, which
can be filled with up to 100 mg catalyst. Three gases
and two different vaporised liquids can be directed into
each reactor at a maximum temperature of 1100K.
The time dependent analysis of reaction products is
performed at the reactor outlet by using a quadruple
mass spectrometer (BALZERS QMA 125).

A reactor is selected sequentially for the execution
of the measurements. After the reactor selected a fur-
nace unit is moved to the reactor for heating up under
oxidative conditions. Subsequently, the desired experi-
ments take place. After termination of the desired mea-
surement, the furnace is removed and the roundabout
turns automatically for the investigation of the next
catalyst into the desired position. Continuously oper-
ating, more than 50 catalysts can be tested per day at
a single reaction conditiorT( flow, gas composition).

2.3. Catalyst testing

The catalyst libraries were tested in a non-steady-
state mode concerning its catalytic performance in re-
lation to the ODEB by the presented reactor system.
Ethylbenzene and oxygen are passed sequentially over
the oxide catalyst (cffFig. 1). The reaction ‘time’ of
every catalyst (60 mg) amounted to 15 redox cycles
plus 5.5min pre-treatment in oxygen. A mixture of
2.65% ethylbenzene in helium (flow rate 10 ml/min)
was used as reaction gas. A mixture of oxygen:inert
(Ar + He) = 4:6 (flow rate 10 ml/min) was used for
reoxidation. The cycle times were 30s ethylbenzene
and 30 s oxygen. The reaction was performed at atmo-
spheric pressure in the temperature range from 723 to

O, pulse Etb pulse

|

~wy

k=102
]

1
1Etb

1

0 60 120

Fig. 1. Non-steady-state operation mode for ODEB.
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873 K. Carbon and oxygen mass balances amountedhigh-temperature chamber). The powdered catalysts

to >95%. were first heated in the DRIFT cell to 773K in a flow
The right part ofFig. 1 shows the courses of the of Ar. Subsequently, DRIFT spectra (800—-4400¢in

products in the ethylbenzene pulse. In the beginning were obtained after cooling to 423 K.

the high oxidation state of the catalyst causes an in- Raman spectra were obtained on a Nicolet Nexus

creased carbon oxide formation. With increasing time spectrometer (InGaAs detector). Raman scattering was

the total oxidation decreases while selective styrene excited with a Nd-YAG laser operated at a wavelength

formation becomes dominant. However, ethylbenzene of 1064 nm with a power output of 90 mW.

conversion is diminished simultaneously. During the

reoxidation pulse (not shown) mainly formation of

CO, and minor amounts of desorbing styrene and 3. Results

ethylbenzene were observed, all of them decreasing

with increasing pulse duration. 3.1. Catalyst screening

2.4. Catalyst characterisation First generation catalysts were tested at tempera-
tures between 723 and 873 K under non-steady-state

Bulk and surface properties of selected fresh and conditions. Styrene, C£and water were observed as
ODEB-applied catalysts were determined applying main reaction products CO was observed to a minor

several methods. extent never exceeding 3.5% in selectivity. With some
samples traces of toluene and benzene were detected,
2.4.1. Bulk characterisation too. Only in the first two to three redox cycles the

XRD pattern were recorded in afd2range of product composition changed. Afterwards always a
10-100 using a Siemens powder diffractometer D “semi-steady-state” was reached. The results reported
500 with Cu Kx-radiation. were always taken from the “semi-steady-state” pe-

TPO measurements were performed using a flow riod, usually after the 15th pulse. Styrene was always
of 106 Nml/min @ (9.87% in Ar) at a heating rate  observed in the first pulses together with CO an,CO
of 10 K/min and a final temperature of 873 Kidat = Fig. 2 illustrates the overall yield to styrene in de-
57 mg). pendence of the vanadium oxide content in the pure

TG measurements (Chan, model: 2131) are inves- V-Mg-O catalysts and the different preparation meth-
tigated in two steps. First heating in He (106 ml/min, ods. Yields up to 70% were obtained (yield calcu-
5K/min) and cooling down in He (106 ml/min, lated for full experiment cycle: 30s Etb, 3050
—20K/min), second heating in air (75ml/min, The highest values are obtained gtO4 loadings of
5K/min) (mcat = 20 mg). The peaks were identified 10-30wt.%. During the ethylbenzene pulse selectivi-
by analysing the effluent gas stream with a quadrupole ties amounted up to 98% at conversion of >90%. High
mass spectrometer (BALZERS Thermostar). carbon oxide yields are achieved only during the ox-

ESR spectra were recorded on a Jeol Jes-RE2X sys-idative regeneration. The differences observed due to
tem at X-band frequency & = 285K (microwave the preparation methods applied were less important
frequency: ca. 9.05GHz; microwave power 5mW, compared to those originating from the vanadium con-
modulation amplitude of 0.4 mT, sweep time 4 min, tent. However, it should be mentioned that other calci-
sweep width 100 mT, time constant 0.1 s and a mod- nation conditions (atmosphere, temperature) may re-
ulation frequency of 100kHz). An estimation of the sult in catalysts which can behave differently for the
VO?t concentration was achieved using JOEL Esprit three preparation methods as has been demonstrated
330 ESR DATA System and using VO%@I,03 in earlier work, e.g. for propane oxidation.

(1wt.% V) as standard experimental ertbt5%. The second generation catalysts showed improved
performance in ethylbenzene dehydrogenation. In
2.4.2. Surface characterisation Fig. 3 the conversion of ethylbenzene, the selectiv-

DRIFT spectra were recorded with a Nico- ity and yield to styrene are reported for 48 tested
let Protégé FTIR spectrometer (Spectra Tech catalysts at three different temperatures. The highest
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a2

Fig. 2. Overall styrene yields (top) and overall ethylbenzene conversion (bottom) in dependence of the vanadium oxide content and
temperature (three different preparation methods: impregnation (IM), sol-gel (SG) and citrate (Cl) neihedion 823K, (#) 873K,
(*) 1073 K; cycle times: 30s Eth 30s Q).

overall yield to styrene of more than 75.3% (cy- Using the catalysts of the third generation no
cle time: 30s Etb/30s £ were obtained for a K  improvement in the highest yield to styrene were
(0.5wt.%)/14VMgO. Selectivities in the ethylbenzene obtained. However, for the tested temperatures
pulse amounted to 96.1% at a conversion of 92.0%. at 723 and 773K the lowest yields were higher

= 823K o773K 4723K

100 =2 80
2 5 5 3
E.Q 90 1 = -u. L = -};70 i l. e -.._ -
fso-' (I ., LB = . - I-'l. . -
" LI | L] 60 H - o
70 b = = o 0 LI [ - Ll 0% o, - [
n [ Ce = 1
60 [u o 0 0% :’Doqoc o 50 ] o [Roces c>ooo o ©
5004 000 W,o0 °© = 0o o Famao o o
a0 70 oo oa all% L0 > 00? a0
S OO‘O“ A AA.AAA ADA  AC 30 ‘o o QDAG‘ . AA ‘A L T,
30 p “ A L A M““ 3y 00 [0 s © s, ~ ‘u“t i
op At aa A ) A — A a
r AL L 10 Ha A»A AA A A
10 B @ A B C
O Il 1 L 1 1 1 1 i L " 0 . " " l - .
0 4 8 12 16 20 24 28 32 36 40 44 48 0 4 8 12 16 20 24 28 32 36 40 44 48
catalyst No. catalyst No.

Fig. 3. Ethylbenzene conversion and styrene yields for the second generation catalyst$1eAl0VMgO, B = Me-14VMgO, C
= Me-20VMgO, Me= K, Sr, Nb, Mo, Bi, La, Co or Pt (cycle times: 30s Etb30s Q).
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Table 2

Maximum and minimum yields to styrene obtained from the cat-
alyst screening of Me-V-Mg-O catalysts in ODEB (cycle times:
30s ethylbenzene/30s oxygeh;= 723-823K)

Maximum Minimum

yield (%) yield (%)
First generation 70 10
Second generation 75 10
Third generation 75 30

S. Geisler et al./Catalysis Today 81 (2003) 413-424

(not taking into account reoxidation pulse) indicating
that part of the ethylbenzene or its products remain
adsorbed on the catalyst surface and are burned during
the reoxidation pulse. Unexpectedly, the formation of
styrene continues for a long time over V-Mg-O cata-
lysts, even if no reoxidation occurs. This is shown in
Fig. 5for the 20VMgO catalyst. After a usual 30s/30s
(Etb/Op) pre-treatment at 823 K for 15 pulse sequences
the ethylbenzene flow was continued for several thou-
sand seconds. Even after 1200 s continuous ethylben-
zene flow significant amounts of styrene were formed.

compared to the second generation, amounting to 30%After 350s flow styrene was the only detectable

(cf. Table 2.

3.2. Influence of cycle times

With increasing cycle times, i.e. increasing pulse

product.
3.3. Catalyst characterisation

The pure 16VMgO (IM), 20VMgO (IM) and the

duration for ethylbenzene pulse and oxygen pulse, the potassium-modified catalystl (0.3 wt.%)/16VMgO

overall yield and selectivity to styrene increases (cf.

Fig. 4). While selectivity steadily increases with in-

(IM) that show excellent performance in ODEB and
the KoO (10 wt.%)/16VMgO with low activity were

creasing cycle duration time its yield passes through characterised using several bulk and surface tech-
a maximum and decreases for high cycle times due niques.
to a decrease in ethylbenzene conversion. Maximum BET surface areas of the catalysts amounted to

yields amounting td’syy = 80% at a pulse duration
time of 90s (cycle time: 90s Etb/90 spPwas ob-
tained for a KO (0.3 wt.%)/16VMgO catalyst. The
overall selectivity increased from 76 to 91% in the
investigated cycle time interval from 30s Etb/30s5 O
to 240s Eth/240s @ Higher yields and selectivities

132.2, 122.7, 49.4 and 15.6fg, respectively.

XRD patterns of the catalysts reveal only the pres-
ence of crystalline MgO. Only at high potassium load-
ing the diffraction patterns of KV (10wt.% KO
loading) were obtained (cfFig. 6). No crystalline
V205 or mixed V-Mg-O phases were detected. After

were obtained on balancing the ethylbenzene pulsesapplication to ODEB the 20VMgO catalyst showed a

95
T=823K S
|
2 90 /
3 —
@ 85r ./ S
s a4
: 80r n—0—0
%) %
Sl \
%) [CI e Y
>_§ 70r /’ a2 pure VMgO
sk 4 o with 0.3 % K
0 30/30 120/120 240/240
a cycle timet/s
(@ 4 ox + etb

100 e
—a=" S
2 ol S
= Sag
= oo~ T=823K
) o e D\A\\AY
£ &) N
o gof
=
& 75 Y
:% 70 a2 pure VMgO
>0 mo with 0.3 % K
é5¢ . .,
0 60 120 180 240
(b) cycle timet/s
etb only

Fig. 4. Dependence of styrene yield and selectivity from the cycle time for 20VMgO (triangles) ADdXK3 wt.%)/16VMgO (squares).
(a) Overall cycle of ethylbenzene and oxygen pulse, (b) ethylbenzene pulseToal\823 K).
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Fig. 5. Amount of ethylbenzene and its reaction products during sequential pulsing of ethylbenzene and oxygen (cycle times: 30s
Etb+30s @) and for infinite ethylbenzene flow after 1350 s. Amounts of,Q@re corrected for ethylbenzene stoichiometfy=£ 823 K;
mcat = 60.5mg).

the high loaded KO (10wt.%)/16VMgO catalyst is
nearly inactive Fig. 7).

DRIFT spectroscopic investigations of fresh MgO
reveal the presence of type A and B isolated Mg-OH
and Mg-OH-Mg groups mainly on the surfa&7].

On the V-Mg-O catalysts the presence of isolated
(3725 cnT?) and H bond interacting OH groups (3470
and 3600 crmt) bound to vanadium ions on the surface
can be observed. With increasing vanadium content the

small broad signal at®2= 21.6° whereas the signal
at 34.9 decreased. However, the identification of this
new phase was not possible.

The pure VMgO catalysts did not show any signals
in Raman spectroscopy. Only for the high loadeK
(10 Wt.%)/16VMgO two bands at 937 and 907t
reveal the presence of K\dn agreement with ear-
lier results from Bulushev et all6] who investi-
gated K-V-TiQ, catalysts. It should be mentioned that

0,8
IR \
\
L \
0,7 .
\
. ol *
> 06} 2@ 120 €20 Bel¥: ! ® V = KVO,, * = MgO
S... - A *200)
£ vV v \ 110
¢ 05 A (220)
"E *
0.4 (111 l @) (le oo 18 :5
' A A | ¥ :
* =
0.3 ! 1 | I ! 10%K20 416 u:’
100 T~Ms <20 25 30 35 405« L
TEE - A | T . 3 .
0.3% K,0 |
10 20 30 40 50 60 70 80 90 100
20

Fig. 6. XRD patterns of KO (0.3wt.%)/16VMgO and KO (10wt.%)/16VMgO.
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Fig. 7. Raman spectra for (i) 16VMgO, (ii)20 (0.3wt.%)/16VMgO and (iii) KO (10 wt.%)/16VMgO.

H bond interacting sites became dominantkag. 89. TPO measurements of the fresh prepared 20VMgO
After treatment of the 20VMgO catalyst with ethyl- exhibit a small oxygen conversion peak at 600K
benzene at 823K the band at 3470¢ndiminishes only. TPO after treatment of fresh sample for 120s
while new phenylic C—H stretching vibration bands at with ethylbenzene pulse at 823K results in a large
3098, 3071, and 3030 cm appear, indicating that an  peak at 705K. TPO after treatment of fresh sample
aromatic hydrocarbon structure is formed on the cata- with ethylbenzene at 823K and subsequent 120s re-
lyst surface. Subsequent oxidation re-increases the in-oxidation with oxygen pulse shows that two small
tensity at 3470 cm! while the aromatic C-H hydro-  peaks remain, one at 600K and one at 720K (cf.

carbon vibrations strongly decrease (€ig. 8b. Fig. 9.
OH |
I B H
Mg-g-Mg Me,-O-Me ,
e i
\——
o o after O,
2 g
s after 120 s
40 VMgO \
. 1 1 " 1 L
4000 3500 3000 4000 3500 3000 2500
(a) Wavenumber / cm-! (b) Wavenumber / cm-?

Fig. 8. DRIFT spectra of V-Mg-O catalysts: (a) OH vibrations for different vanadium loading (fresh catalysts) and (b) change in OH
vibrations in dependence of the pre-treatment of the 20VMgO catalyst.
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1.0 Table 3
5 B) A + 120 s Etb treatment Spiq-HamiItonian constants for‘.’v sites in a 20VMgO catglyst
< 0.8 at different pre-treatment conditions and totdtt\ishare obtained
= / 1C)B+ from quantification
S 0.6 1120 s O,
g— . Catalyst ] g1 AB) AB) \Vass
3 o4t A) fresh (mT) (mT) share (%)
5 Fresh 1.955 1.965 151 48 72
Q 0.2 After 120s Etb  1.953 1.962 149 48 73
oo treatment

0.0MN After reoxidation 1.953 1.961 150 47 79

300 400 500 600 700 800 900
Temperature/ K

same temperature (695 K) as in the TPO measurement
Fig. 9. TPO measurements of 20VMgO: (A) fresh, (B4AL20 s (Cf. Fig. 9)_

Etb treatment, (C) B 120s Q treatment. In order to obtain information on the oxidation state

of vanadium in the catalysts ESR investigations of

the (IM) 20VMgO catalyst were performed as pre-
¢ pared and after pre-treatment with ethylbenzene and
subsequent reoxidation. The freshly prepared catalyst
reveal the presence of different*V sites. Clustered
vanadium(lV) sites show an isotropic non-resolved
signal, which is overlaid by a hfs signal of isolated
vanadium(lV) sites. The Spin-Hamiltonian constants

Differential thermogravimetry (DTG) was per-
formed using the 20VMgO catalyst after treatmen
with ethylbenzene. Heating the used catalyst in helium
shows three distinct time intervals of mass losses. The
first peak occurs at 390 K. Mass spectrometric analy-
sis revealed that mainly water and small amounts of

carbon dioxide desorbed from the catalyst. Also the . .
mass loss at 630K is due to desorption of Léhd are typical for impregnated V-Mg-O catalysis8].

water. The peaks at 805K originated from desorbing Quant?ficat.ion revealed that. approx. three-fourth of the
CO, CO and benzene (traces of water) (Efg. 10. vanadium m_the_ 20VMgO is present as van_adlum_ in
Similar peaks were also obtained when heating in air formal 4+ omdajuon state. Unex_pec_t_edly, the intensity
instead of helium. After cooling down and heating in of the s_lgnals did not change S|g.n|f|.cantly. after treat-
air one weak peak is found that indicates an uptake ment with ethylbenzene or reoxidation with oxygen.

of Oy. The maximum of that peak is observed at the Also the total amount of ¥ sites remained fairly
constant (able 3.

| Hetium | Air oo
4. Discussion
ﬂ 1000
=1 ‘ 90 4.1. Catalyst screening
= al|: 5 : 800 &
s | : 700 2 A new method for fast screening of catalysts to be
O ol ; - § applied in non-st_ead_y—state operation. was developed
a] : £ and tested for oxidative dehydrogenation of ethylben-
N SO . : 500 2 zene. The new method speeds-up the screening pro-
; : 400 cedure by a factor of 10-20. This caused new time
2 . ' . ' 300 consuming bottlenecks to come up which are cata-
0 50 100 180 200 250 lyst preparation and data analysis. The latter is of
Time [min] great importance, because especially for evaluation

f non- - xperiments mathematical proce-
Fig. 10. DTG curves for a 20VMgO catalyst after treatment with 3 0 Steady state Ie peTh € ;[S E.lt e dat ?a pdoce
ethylbenzene and uptake of oxygen during subsequent heating in ures are very complex. erefore, In order {o reduce

air. expenditures here, we used an “intelligent” procedure
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to reduce the number of experiments to be performed.
This was possible by grouping potential additives ac-
cording to knowledge from literature. Catalysts were
grouped according to their general performance in ox-
idation catalysis, e.g. acidity reduction (alkaline earth
metals), reoxidation (Fe, Co) or main dehydrogenation
compounds (Nb, Ta). Only two generations of cata-

lysts were necessary to obtain a new catalyst compo-

sition with ODEB performance comparable to earlier
patented data.

4.2. Effects of catalyst composition and
preparation method

The results from first generation screening show that
activity and selectivity of the catalysts strongly depend
on the V/Mg ratio. Conversion increases with vana-
dium content running through a maximum at approx.
10-25wt.% V content. Also, maximum yields were
observed in this range of vanadium content Ed. 2).
This behaviour is typical for V-Mg-O catalysts applied
in oxidation[19]. On the other hand, the preparation
method only slightly effected the overall performance

S. Geisler et al./Catalysis Today 81 (2003) 413-424

and paraffin oxidation reactiorj20,21] The benefi-
cial effect of small amounts of potassium is yet not
clarified. It might be assumed that K increases the
electron density in the valence band or increases the
local electrostatic potentidP0] therefore increasing
the desorption rate of the acidic intermediate products
before they are totally oxidised or coke the catalyst.
Ten weight percent ¥O addition completely deacti-
vates the catalyst. This can be explained by complete
coverage of the active vanadium sites by potassium.
Ten weight percent O corresponds to 10 theoretical
monolayers K atoms in the V-Mg-O catalyst.

In general, vanadium catalysts act as redox sites
during catalytic oxidation reactions. This is also the
case in ODEB for the fresh catalyst. ¢@nd styrene
are observed in the first seconds of the first ethylben-
zene pulse over all fresh V-Mg-O catalysts. However,
the present results give some indication that under
“semi-steady-state” conditions, i.e. after all responses
to the ethylbenzene and oxygen pulses are similar,
the oxidative ethylbenzene dehydrogenation proceeds
differently. The formation of styrene under continu-
ous flow conditions of ethylbenzene only (€fig. 5,

of the catalysts. However, we can note that the best right part) shows that a larger quantity of ethylben-

performance for a given method is obtained with a
slightly different V/MgO ratio. The sol-gel method is
more adapted to low V contents: {4 wt.%) whereas
the IM- and Cl-methods are best performing at higher
contents &£25wt.%).

zene can be converted to styrene than removable
oxygen is available in the catalyst. 60 mg of 20VMgO
possesses a maximum of3B x 10-*mol of active
oxygen (assuming that each vanadium atom can be
formally reduced from ¥ to V3t). However, af-

The results for second generation screening are veryter 1200s continuous flow of ethylbenzene approx.

complex. No clear trend can be identified. The pro-
motion of the V-Mg-O catalysts with alkaline or al-
kaline earth metal ions, however, always significantly
increased selectivity and yield if low loading was ap-
plied. This effect was therefore studied in more detail
(see below).

4.3. Reaction mechanism

The ex situ infrared spectroscopic investigations
reveal that ethylbenzene reacts on V-Mg-O catalysts
with acidic OH groups with vibration frequencies
around 3470 cmt. Acidic groups are also involved in
the styrene formation as shown by doping with alkali
ions. Adding 0.3 wt.% potassium to the V-Mg-O cata-
lyst increases selectivity towards styrene, but slightly
reduces activity (conversion). This behaviour was also
observed for other vanadium catalysts in aromatics

8.88 x 10~*mol of active oxygen should have been
removed from the catalyst. This is eight times as much
as available. Therefore, it must be concluded that in
addition to the redox mechanism a second formation
path for styrene exists. This idea is supported by the
ESR and TPO investigations.

ESR reveals that the overall oxidation state of the
fresh 16VMgO catalyst after calcination is close to
4.25 (75% of vanadium has formal oxidation state
4+). This is also supported by the fact that additional
treatment with oxygen (TPO) between 475 and 823 K
results in an additional oxygen uptake exactly neces-
sary to fully oxidise the ¥t ions in the catalyst to
V°t. The freshly calcined KO (0.3 wt.%)/16VMgO
catalyst therefore containsx 10~°mol of remov-
able oxygen atoms per 60 mg (by reduction of vana-
dium into formal V). The amount of ethylbenzene
nearly fully converted into styrene, however, amounted
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to 4.0 x 10-°mol (in 240 s flow). This would reduce i.e. K20 (0.3 wt.%)/16MgO, was found which exhibits
the VA/V>+ amount by approx. 60%. ESR spectra, high performance in the oxidative dehydrogenation
however, reveal no decrease >15%. It should, how- comparable to the best catalysts known from literature
ever, be mentioned that the ESR measurements wereand patents. Further improvement of reaction cycle
performed ex situ and contamination by air cannot be times resulted in an optimised overall styrene yield of
excluded. 80.2% ( = 823K; cycle times: 90s Etb pulse, 90s
TPO of the ethylbenzene treated catalyst (after 120 s O, pulse). Thus the catalyst development process can
Etb; Fig. 9, curve B) reveals that hydrocarbon frag- be successfully monitored via the presented screening
ments remain on the surface that can be burned off strategy.
(CO, was detected at the reactor outlet). However, Characterisation of selected VMgO and KVMgO
the amount of oxygen applied in the non-steady-state catalysts gave hints that the redox state of the catalyst
ODEB oxygen pulse was not able to fully clean the sur- is not sufficiently changed during the non-steady-state
face. This can be seen in a TPO experiment performed ODEB operation. From these results it might be
after the reoxidation pulse (curve Chig. 9 showing concluded that the non-stationary dehydrogenation
a remaining oxygen uptake at 700—-750 K. Remaining of ethylbenzene to styrene over V-Mg-O catalysts
hydrocarbon fragments can also be identified in the does not proceed via a pure redox mechanism. Prob-
respective DRIFT spectrum (dfig. 8y 3070 cntl). ably also in this case coke formation on the catalyst
IR, TPO and DTG further show that aromatic hydro- surface plays an important role in the reaction mech-
carbon species are strongly adsorbed on the catalystanism. Further work is going on to elucidate these
surface even under reaction temperature conditions. It phenomena.
can be calculated that approx. 20% of all vanadium
sites present in the 20VMgO are covered by ethylben-
zene species as revealed by quantifying the DTG data. Acknowledgements
Temperature-programmed desorption of these species,
however, predominantly leads to total oxidation prod-  The authors would like to thank Mrs. E. Léffler
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