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The direct dehydrogenation of ethylbenzene to styrene is
one of the ten most important industrial processes. In this
process a potassium-promoted iron catalyst is used at temper-
atures between 870 and 930 K.[1] However, this method is
thermodynamically limited and, because of the required
excess of steam, very energy consuming.[2, 3] The oxidative
dehydrogenation (ODH) of ethylbenzene could be a promis-
ing alternative in which the hydrogen generated is directly
oxidized making the overall process exothermic.

Mechanistic studies of the dehydrogenation of ethylben-
zene on single-crystal model surfaces provide fundamental
information about the role of the active K ± Fe phase.[4±7] This
surface is evidently well suited to generate a graphitic carbon
deposit. Therefore, it is possible that these carbon deposits are
actually the catalytically active phase.

Transition metal oxides[8] and phosphates[9, 10] as well as
polymers[11] have been described as active and selective
catalysts for the ODH of ethylbenzene. The carbon deposits[12]

detected on such catalysts again point to an active role of
carbon in this reaction. Accordingly, catalytic activity in the
ODH was demonstrated for activated charcoals,[13, 14] their
commercialization however, is impossible because of their
low oxidation resistance.[15] Graphite, on the other hand,
exhibits activity in the ODH of methanol.[16] Thus, graphitic
carbon materials, that is, nanofilaments with high surface area,
are promising candidates for dehydrogenation catalysts in the
presence of oxygen.

We have tested the catalytic properties of lamp soot,
graphite, and nanofilaments for the ODH of ethylbenzene to
styrene. Figure 1 displays the catalytic properties of the
investigated carbon materials with time on stream t. The
higher activity of nanofilaments relative to soot and graphite
is evident. While the catalytic activity of soot decreases during
the induction period because of burn-off, that of graphite and
the nanofilaments increases with time. This behavior can be
correlated with the stability toward combustion. Nanofila-
ments show a higher activity, selectivity, and yield relative to
graphite. The catalytic properties of the three investigated
carbon materials after 7 h operation are given in Table 1.
Again the superiority of the nanofilaments over graphite is
evident. Although the specific activity of nanofilaments is
somewhat lower, they exhibit comparable selectivity and
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Figure 1. The styrene yield from soot (^), graphite (&), and nanofilaments
(~) with time on stream in the oxidative dehydrogenation of ethylbenzene
at 820 K.

hence a 37 % higher specific yield of styrene. After 7 h
operation, soot still shows good performance but with
extended time on stream burns up completely under these
reaction conditions.

Figure 2 displays two high resolution transmission electron
micrographs of nanofilament walls before and after the
reaction. The fresh nanofilament walls (Figure 2 a) are built

Figure 2. High resolution TEM images of the walls of carbon nanofila-
ments before (a) and after (b) the oxidative dehydrogenation of ethyl-
benzene. Arrows mark the boundary layer between the conical graphite
layers and the outer shell.

up by two different layers. The inner layer is formed by
conical graphite layers with an angle of 268 to the filament
axis. The interlayer distance of 0.348 nm is comparable to that
of normal graphite. The outer nanofilament shell is formed by
ill-defined carbon layers which are oriented parallel to the
filament axis. The mean layer distance is about 0.388 nm.
After the catalytic reaction, the nanofilaments have an altered
wall structure (Figure 2 b): the outer shell of ill-defined carbon

layers is combusted and a thin layer of polymeric carbon
deposits covers the outer surface of the conical graphite
layers. This carbon deposit can be seen especially at the step
edges between the conical layers. Additionally, the ends of the
conical layers seem to be partially oxidized. These partially
oxidized prism faces presumably play an important role in the
catalytic reaction.

The purity and composition of the test materials was
characterized prior to catalysis by X-ray photoemission
spectroscopy (XPS) and energy dispersive X-ray spectroscopy
(EXD). The ratio of graphitic to aliphatic carbon was
determined to be 0.13:1 for soot, 0.19:1 for graphite, and
0.15:1 for the nanofilaments. Hence, within the experimental
error, this ratio is the same for all samples. The oxygen content
was determined by EDX to be 10 ± 20 wt % for all samples.
Thus within the experimental error no difference in the
oxygen content of the samples could be determined. The
remaining iron-catalyst particles in the nanofilaments were
always completely covered by carbon and clearly could not
play an active part in the reaction.

Figure 3 displays the O(1s) XP spectrum of the nanofila-
ment catalyst after ODH. Among others a very weak signal
can be seen at 530.2 eV [17] which points to the presence of

Figure 3. O(1s) XP spectrum of the carbon nanofilaments after oxidative
dehydrogenation of ethylbenzene. The inset shows a comparison of the
spectra before (*) and after (&) the catalytic reaction.

strongly basic surface oxygen groups,[17] for example, quinoid-
ic groups.[18] Another weak signal at 533.6 eV is attributed to
adsorbed water.[19] The detection of strongly basic groups after
the catalytic reaction indicates the important dehydrogen-
ating function these groups have during the catalytic process.

A possible reaction mechanism of the ODH of ethyl-
benzene over nanofilaments is shown in Scheme 1. Strongly
basic, adjacent (quinoidic) oxygen centers dehydrogenate
ethylbenzene to styrene under the formation of surface OH
groups.[3, 9, 20] Gas-phase oxygen is dissociated on the basal
planes of the graphite layers[16] and diffuses to the hydroxyl
groups, which then react under reformation of the quinoidic
groups and the desorption of water.

Table 1. Comparison of the specific activities, selectivities, and yields of
styrene, and the specific surface areas of lamp soot,[a] graphite, and
nanofilaments after 7 h reaction.

Catalyst Lamp soot[a] Graphite Filaments

Spec. activity [10ÿ7 mol mÿ2] (14.40) 3.66 3.03
Selectivity [%] (65) 80 85
Spec. yield [10ÿ7 mol mÿ2] (9.32) 2.93 4.67
Spec. surface area [m2 gÿ1] (19) 69 47

[a] Values in parentheses indicate that Lamp soot quantitatively combusts
under the reaction conditions.
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Scheme 1. Mechanism of the catalytic oxidative dehydrogenation over
carbon nanofilaments, 1) adsorption of ethylbenzene, 2) dehydrogenation
at basic centers, 3) desorption of styrene, 4) adsorption of oxygen and
reaction with OH groups, 5) desorption of water.

Catalytic ODH giving good yields seems to be possible over
carbon catalysts. Carbon nanofilaments in particular display a
high stability toward oxidation; their recently reported cheap
synthesis by catalytic decomposition[21] seems to make a first
industrial application of carbon nanofilaments plausible.
Rational design of experiments on the basis of a functional
analysis of industrial catalysts with the aid of surface-science
methods resulted, in a short time, in a high-temperature
stable, active, and selective catalyst for the ODH of ethyl-
benzene.

Experimental Section

Soot (Lamp soot 101, Degussa), graphite (HSAG, TIMCAL) and commer-
cial carbon nanofilaments (Applied Science) were used as catalysts for the
oxidative dehydrogenation of ethylbenzene to styrene. The reaction was
carried out in a tubular quartz reactor, inner diameter 4 mm, length
200 mm. The catalysts (0.02 g) were held in the isothermal oven zone by
quartz wool plugs. He and O2 were fed in by mass flow controllers.
Ethylbenzene (EB) was evaporated at 35 8C (2.16 kPa) in a flow of He and
mixed with the O2 flow to obtain different EB:O2 ratios (0:1, 1:1, 2:1). The
reaction was carried out at 820 K in a total flow of 10 mL minÿ1 (LHSV
(liquid hourly space velocity): 0.5 hÿ1). The reaction products were
analyzed on-line by gas chromatography (hydrocarbons with a 5 % SP-
1200/1.75 % Bentone 34 packed column and flame ionization detector
(FID); permanent gases with a Carboxen 1010 PLOT column/thermal
conductivity detector).

The ethylbenzene conversion (XEB), the styrene yield (YST) and the
selectivity to styrene (SST) were calculated according the standard reaction
engineering Equations (1) ± (3).

XEB �
nEBin

ÿ nEBex

nEBin

(1)

SST �
nST

nEBin
ÿ nEBex

(2)

YST �
nST

nEBin

(3)

To calculate the specific activity, XEB was divided by the catalyst mass and
its specific surface area. The specific styrene yield was obtained analo-
gously by dividing YST by the catalyst mass and its specific surface area.

Transmission electron microscopy was carried out on a Phillips CM200-
FEG at an acceleration voltage of 200 kV. Photoelectron spectra were
recorded on a modified Leybold Heraeus spectrometer (LHS12 MCD)
with MgKa radiation (1253.6 eV) and a power of 240 W. The bandpass
energy was set to 50 eV. X-ray satellites and Shirley background was
subtracted. The Brunauer ± Emmett ± Teller (BET) surface area of the
catalysts was determined by N2 adsorption at 77 K.
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