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Acetylene and ethylene hydrogenation on alumina supported Pd-Ag
model catalysts
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Adsorption and co-adsorption of ethylene, acetylene and hydrogen on Pd-Ag particles, supported on thin alumina films, have
been studied by temperature programmed desorption (TPD). The TPD results show that adding of Ag to Pd suppresses overall
hydrogenation activity but increases selectivity towards ethylene, i.e. similar to that observed on real catalysts. The results are
rationalized on the basis of a complex interplay between surface and subsurface hydrogen species available in the system, whereby
the latter species are the most critical for total hydrogenation of acetylene to ethane.
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The selective hydrogenation of acetylene is an
industrially important catalytic process in the large-scale
production of polyethylene, where a small quantity of
acetylene (<3%) is present in ethylene feedstock.
Commercially, it is preferred to reduce the acetylene
content to less than 10 ppm, which needs ~99% acet-
ylene conversion in the excess of ethylene [1]. For the
selective removal of acetylene, Pd catalysts are com-
monly used in industry [2], which are well known for
their superior hydrogenation abilities. However, on
monometallic Pd catalysts, the hydrogenation of ethyl-
ene to ethane is accelerated with high conversions of
acetylene, which can lead to hydrocarbon deposits that
decrease the catalyst lifetime [3]. For higher selectivity
toward ethylene, Pd catalysts include promoters, such as
silver [4-7], which generally lower the activity, increase
selectivity and promote catalysts lifetime. However, a
deeper understanding of reaction mechanisms on the
Pd-Ag catalysts is necessary for a rational design of
selective hydrogenation catalysts.

Within the “surface science™ approach, the reaction
of acetylene with Pd has been studied by numerous
groups on Pd(111) single crystal using temperature
programmed desorption (TPD) and vibrational (infra-
red, IRAS) spectroscopy [8—13]. Three main reaction
pathways were observed such as dehydrogenation
(decomposition), cyclotrimerization to benzene and
hydrogenation (in the presence of hydrogen).

Data for supported Pd particles are relatively scarce
[14,15]. Recently, our group has studied ethylene
hydrogenation over Pd particles supported on a thin
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alumina film both at low pressures (with TPD) and high
pressures (up to 1 bar, using gas chromatography [16—
18]. Under both conditions, the ethylene hydrogenation
reaction was found to be structure insensitive. In
contrast, hydrogenation of 2-pentenes exhibited a sig-
nificant particle size effect [19]. These studies have
demonstrated that metal particles deposited on well-
ordered oxide films are suitable model systems for
studying mechanisms of the hydrogenation reactions on
supported metal particles.

We have also characterized Pd-Ag/alumina model
systems by scanning tunneling microscopy (STM) and
X-ray photoelectron spectroscopy (XPS), which is dis-
cussed in detail in a separate paper [20]. Combined
STM, XPS and CO adsorption studies showed forma-
tion of truly alloyed particles with Ag-rich surfaces. In
this Letter, we have studied reactivity of bimetallic Pd-
Ag nanoparticles towards acetylene and ethylene
hydrogenation using TPD.

Figure 1 shows STM images of Pd (a), and Pd-Ag (b)
particles formed by vapor deposition of metals onto the
alumina film. It clear that average particle size is nearly
the same for both systems studied (at least, at low Ag:Pd
ratio). Therefore, the differences, if any, in reactivity of
mono- and bimetallic systems in the hydrogenation
reaction cannot be attributed to the size effects.

First we have examined acetylene adsorption on pure
Pd particles. Basically, acetylene is dehydrogenated on
Pd giving rise to a hydrogen multi-peak desorption
signal extending up to 500 K, i.e. similar to that
observed for ethylene [21]. No ecthane, but traces of
ethylene were detected, desorbing at 250-300 K. These
species can be assigned either to the self-hydrogenation
reaction (as observed on Pd(111) [13]) or reaction with
hydrogen from the vacuum background.
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Figure . Room temperature STM images of 2 A Pd (a) and 2 APd + 04A Ag (b) deposited on alumina film at 100 K. (Image size

100x 100 nm?).

We have previously shown that the production of
ethane from ethylene critically depends on the amounts
of hydrogen residing in the sub-surface region of Pd
particles [17, 21]. In order to study this effect for
hydrogenation of acetylene, we adsorbed hydrogen on
pure Pd particles at different temperatures (200 — 300 K)
followed by adsorption of acetylene at 100 K. Fig. 2a
shows individual H, TPD spectra of the same samples
right before the co-adsorption experiments, which
allows one to determine the amount of different
hydrogen species available in the system before acety-
lene adsorption. When the sample is exposed to H, at
300 K, a single ‘“high temperature” (HT) state at
~330 K is observed in the TPD spectra, which exhibits
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second-order kinetics on H; exposure [21] and has been
assigned to the surface H species recombining and de-
sorbing upon heating, similar to H, on Pd(111). How-
ever, when the Pd particles are exposed below 200 K to
the same amounts of H,, desorption emerges at much
lower temperatures than on Pd(111) [17]. The low tem-
perature (LT) state(s) can be attributed to the recom-
bination of surface H species, which are more weakly
bonded to the surface in the presence of sub-surface
hydrogen. The sub-surface hydrogen is available for the
reaction on the particles due to their limited size in
contrast to Pd crystals where hydrogen may migrate into
the bulk far away from the surface [16, 17, 19, 22, 23].
Upon heating of the Pd particles, surface H species are
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Figure 2. (a) H, TPD spectra as a function of hydrogen exposure temperature. (b) Ethane and ethylene desorption signals after 2 L of acetylene
were dosed at 100 K to the H,-exposed surfaces at the temperatures as indicated. For each spectrum, the samples were exposed to 2 L of H,. (c)
Normalized peak areas of ethylene and ethane signals evolved in co-adsorption (acetylene on H,/Pd) experiments and of hydrogen in the H, TPD
experiments (see a).
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re-populated by the H atoms from the sub-surface
region, finally leading to the situation where sub-surface
hydrogen is depleted and the desorption becomes similar
to the case of adsorption at 300 K.

TPD signals of ethylene and ethane formed in the co-
adsorption (C,H, on H/Pd) experiments are shown in
Fig. 2b. It is clear that ethane production is strongly
enhanced in the presence of sub-surface hydrogen. This
behavior is essentially identical to that previously
observed for ethylene in our work and in the literature
[21, 24]. Stacchiola and Tysoe found that the presence of
sub-surface hydrogen increased the amount of-bonded
ethylene on the surface of Pd(111) [24]. The desorption
temperatures of ethane formed from acetylene (Fig. 2b)
and ecthylene [21] on the particles also show strong
similarities (around 200 K). These results suggest that,
under the conditions studied, full hydrogenation to
alkane is always favored by sub-surface hydrogen
independently of the nature of hydrocarbon precursor,
alkyne or alkene. As expected, no ethane, but a small
amount of ecthylene, has been detected in similar
experiments with Pd(111), consistent with previous
studies by other groups [13], where weakly bonded
hydrogen is not available for the reaction to occur.

Regarding ethylene, it should be mentioned that this
signal contains a contribution from ethane cracking in
the mass-spectrometer, which has been subtracted using
the cracking pattern determined in the blank experi-
ments. Therefore, the presence of a sharp peak of eth-
ylene seen in Fig. 2b at ~210 K (which is at the same
temperature as of ethane) can partially be due to non-
perfect subtraction procedure. Nonetheless, the ethylene
signal is much broader than of ethane and extends up to
350 K, which suggests that formation of ethylene is less
critical to the adsorption strength of H on Pd. In fact,
the experiment with H, pre-adsorption at 300 K shows
that ethylene desorption emerges at ~200 K, i.e. at the
much lower temperature than H, (see Fig. 2a). (Note
that this low temperature ethylene cannot be assigned to
impurities in acetylene feed. In addition, reaction with
hydrogen from the vacuum background may only result
in ethylene signal above 250 K). Therefore, these find-
ings indicate that ethylene can be readily formed from
the reaction of acetylene and hydrogen on Pd particles
at low temperatures. Then ethylene can be hydrogenated
further to ethane if weakly bonded hydrogen is avail-
able. Otherwise, cthylene desorbs or decomposes at
elevated temperatures resulting in carbonaceous depos-
its.

The normalized area of the hydrogenation products is
shown as a function of the temperature of H, adsorption
in Fig. 2c. The graph shows that the presence of sub-
surface hydrogen strongly affects the ethane production,
while the ethylene production basically follows the total
amount of hydrogen in the Pd particles. (Note that in all
these experiments we have observed only trace amounts
of benzene, therefore we can neglect its formation.)

It is well known that Ag weakly interacts with H,
[25]. As a result, pure Ag particles are found to be inert
towards H,. Therefore, adding Ag to Pd was expected to
suppress H, adsorption as is observed in Fig. 3a, where
H, TPD spectra of Pd-Ag particles are shown as a
function of amount of Ag added to Pd. However, add-
ing Ag reduces the HT (surface) state to a more extent
than LT (subsurface) state. These results are consistent
with the assumption that the surface of bimetallic par-
ticles is enriched with Ag, which reduces the Pd surface
area. Interestingly, a similar behavior (preferential sup-
pression of the HT state) was observed for carbon
deposited on Pd particles, which is believed to occupy
hollow sites on Pd surface at low coverage [26]. How-
ever, the question whether the Pd-Ag surface is hetero-
geneous or forms a uniform alloy needs further
investigations [20].

When ethylene has been adsorbed at 100 K on Pd-Ag
particles saturated with H, at 200 K, TPD spectra
reveals formation of ecthane desorbing at ~210 K
(Fig. 3b). The integral TPD areas of ethane normalized
to the values of pure Pd particles shows that ethane
production is gradually decreased upon adding Ag, see
Fig. 3c. The graph in Fig. 4c also shows the normalized
amounts of hydrogen present in the Pd-Ag system
before ethylene was adsorbed. One can see that the
ethane production at low Ag:Pd ratios decreases at a
faster rate than the amount of hydrogen available in the
system. It is important to note that at Ag:Pd ratios
below 0.2, where the full hydrogenation activity drops
by 80%, the desorption signals of molecular ethylene
(not shown here) were almost identical, indicating that
the interaction with hydrogen rather than with ethylene
is responsible for the effects of Ag.

The results for hydrogenation of acetylene on Pd-Ag
particles are summarized in Fig. 4. As compared to pure
Pd, the amounts of reaction products decrease with an
increase in Ag coverage such that the particles are
essentially inactive at high Ag coverage. Again, the
hydrogenation activity decreases at a faster rate than
the amount of hydrogen available in the system.
The desorption of ethylene and ethane occurs at the
same temperatures as for pure Pd (see Fig. 2), which
implies the same reaction mechanism is occurring on the
bimetallic particles. Interestingly, ethane production is
only 2-3 times less than that found in the previous
experiments with ethylene instead of acetylene, for a
given Ag:Pd ratio. This result suggests that acetylene
can be hydrogenated efficiently to ethylene at low tem-
peratures, which further reacts with weakly bound
hydrogen to form ethane, which in turn desorbs intact
upon formation. Fig. 4 also shows that the amount of
ethylene product desorbed during the TPD decreases at
a lower rate than ethane. It is important to note that
some ethylene molecules may remain on the surface and
be dehydrogenated on heating. If these ethylene mole-
cules were included in the overall calculated ethylene
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Figure 3. (a) H, TPD spectra of Pd-Ag particles for different amounts
of Ag added to 2 A of Pd deposited on alumina film as indicated. The
spectra for pure Pd and Ag are also included, for comparison. All
samples were exposed to 2 L of H, at 200 K. (b) TPD signals of ethane
after 1.5 L of ethylene was dosed at 100 K to the surface pre-exposed
to 2 L of H, at 200 K. (c) Normalized peak areas of ethane produced
in co-adsorption experiments and of hydrogen available in the system
before ethylene adsorption.
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Figure 4. Normalized peak areas of ethane and ethylene produced in
co-adsorption experiments (acetylene on H-precovered surface) as a
function of amounts of Ag added to Pd. The amounts of hydrogen
available in the particles before acetylene adsorption is also shown.

production, the amount of ethylene produced is signifi-
cantly increased, therefore further increasing the selec-
tivity.

These results indicate that Pd-Ag system is more
selective towards ethylene then pure Pd, although the
overall activity decreases significantly. In general, this
behavior is similar to what has being observed for real
Pd-Ag catalysts [1, 27], thus suggesting that the model
Pd-Ag catalysts studied here mimic the properties of the
real catalysts.

It is generally believed that the hydrogenation of
unsaturated hydrocarbons occurs via a Horiuti-Polanyi
mechanism, where hydrogen atoms are sequentially
added to the molecule. However, there has been some
discussion on whether acetylene directly hydrogenates to
ethane. The similarities in the formation of ethane from
both ethylene and acetylene indicate that the consecutive
reaction scheme (acetylene — ethylene — ethane) is the
main reaction pathway.

In order to rationalize the effect of silver on selec-
tivity, it is important to note that the ethylene — ethane
reaction is enhanced in the presence of the sub-surface
hydrogen. Therefore, in order to suppress the full
hydrogenation to ethane and hence increase selectivity
to ethylene, one should suppress formation of sub-sur-
face hydrogen. In other words, the Pd-Ag system should
have, on the one hand, the Pd-rich surface to dissociate
hydrogen and catalyze reaction with acetylene and, on
the other hand, an Ag-rich core to prevent hydrogen
migration into the particle. However, silver is known to
have a lower surface energy than Pd [28] and therefore
segregate on the Pd surface at above room temperature.
This may explain relatively small differences between
ethylene and ethane production observed in our exper-
iments. However, the situation can be completely
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reversed in a hydrogen ambient atmosphere due to
much stronger interaction of hydrogen with Pd than Ag.
Indeed, density functional theory calculations for the
Pd-Ag system in oxygen ambient show that Pd segre-
gates to the surface at increasing oxygen pressures [29].
It is plausible that this phenomenon occurs also in
hydrogen atmosphere, with the effect being critically
dependent on the hydrogen pressure. Therefore, under
the realistic conditions, the Pd-Ag particles may exhibit
in fact the Pd-rich surface and Ag-rich core, the latter
suppresses formation of sub-surface hydrogen and hence
inhibit ethylene to ethane hydrogenation.

Neurock and co-workers have recently shown that
the presence of Ag in a Pd surface decreases the binding
energy of ethylene, acetylene and reaction intermediates
[30]. However, further theoretical studies are necessary
to investigate the effect of hydrogen pressure on the
surface composition of Pd-Ag surfaces, in particular
cluster calculations as the particles may behave differ-
ently from the single crystal surfaces as has been shown
for Pd particles forming interface oxide when supported
on iron oxide [31].

1. Experimental

The TPD experiments were performed in a UHV
chamber (base pressure below 107'° mbar) equipped
with low-energy electron diffraction (LEED), Auger
electron spectroscopy (AES), a differentially pumped
quadrupole mass spectrometer (QMS) for TPD mea-
surements. All gases were introduced to the crystal using
a calibrated directional gas doser.

The alumina film was grown on a clean NiAl(110)
single crystal by two cycles of oxidation at 107° mbar at
550 K for 20 min and annealing to 1140 K in UHV for
5 min. The quality of the alumina film was verified by
the characteristic LEED pattern. Pd and Ag were
deposited on the alumina film using an electron-beam
assisted evaporator (Focus EFM3) with a deposition
rate of ~0.2/min as calibrated in sifu using a quartz
microbalance. The pressure during metal deposition did
not exceed 5x 1071 mbar. The coverages are reported as
a nominal thickness (in A).

The metals were deposited onto alumina at ~90 K.
The samples were then oxidized for ~ 10 min in
107° mbar of O, at 500 K, reduced by CO at 300 K and
flashed to 600 K. This procedure has been shown to
prevent Pd from diffusing into the oxide film [32] and in
addition resembles calcinations-reduction treatments of
real catalysts.

The H, (99.999%), CO (99.999%), O; (99.999%) and
ethylene (99.95%) used were of research grade, and were
used without further purification. Acetylene (99.6%)
was checked for impurities using gas chromatography,
which showed that impurities were less than 1%. Up to
16 masses were simultaneously measured to discriminate
cracking patterns of acetylene, ethylene, and ethane. For

each TPD experiment with hydrocarbons, new samples
were prepared.

Acknowledgments

We acknowledge support by the Athena project
funded by the Engineering & Physical Sciences Research
Council (EPSRC) of the U.K. and Johnson Matthey
plc. We also acknowledge Fonds der Chemischen In-
dustriec and Deutsche Forschungsgemeinschaft. N.A.
Khan acknowledges the Alexander von Humboldt
Foundation for a fellowship. We also thank M. Nas-
chitzki for the technical support. We also acknowledge
M. Neurock for helpful discussions.

References

[11 Y. Jin, A.K. Datye, E. Rightor, R. Gulotty, W. Waterman, M.
Smith, M. Holbrook, J. Maj and J. Blackson, J. Catal. 203 (2001)
292.

[2] J.H. Kang, E.W. Shin, W.J. Kim, J.D. Park and S.H. Moon, J.
Catal. 208 (2002) 310.

[3] N. Thanh, P. Sarrazin, C. Cameron and B. Didillon, Institut
Francais du Petrole (Rueil-Malmaison Cedex, FR), US Patent
(2000) 6,054,409.

[4] D.C. Huang, K.H. Chang, W.F. Pong, P.K. Tseng, K.J. Hung
and W.F. Huang, Catal. Lett. 53 (1998) 155.

[5] M.M. Johnson, D.W. Walker and G.P. Nowack, Phillips Petro-
leum Company, US Patent (1983) 4,404,124.

[6] M.M. Johnson and T.P. Cheung, Phillips Petroleum Company,
US Patent (1996) 5,585,318.

[7] P. Praserthdam, B. Ngamsom, N. Bogdanchikova, S. Phatanasri
and M. Pramotthana, Appl. Catal. A-Gen. 230 (2002) 41.

[8] D.Stacchiola, H. Moleroand W.T. Tysoe, Catal. Today 65(2001) 3.

[9] W.T. Tysoe, G.L. Nyberg and R.M. Lambert, J. Chem. Soc. -
Chem. Comm. 11 (1983) 623.

[10] P.A. Sheth, M. Neurock and C.M. Smith, J. Phys. Chem. B 107
(2003) 2009.

[11] T.M. Gentle and E.L. Muetterties, J. Phys. Chem. 87 (1983) 2469.

[12] T.G. Rucker, M.A. Logan, T.M. Gentle, E.L. Muetterties and
G.A. Somorjai, J. Phys. Chem. 90 (1986) 2703.

[13] R.M. Ormerod, R.M. Lambert, D.W. Bennett and W.T. Tysoe,
Surf. Seci. 330 (1995) 1.

[14] P.M. Holmblad, D.R. Rainer and D.W. Goodman, J. Phys.
Chem. B 101 (1997) 8883.

[15] H. Cordatos, T. Bunluesin and R.J. Gorte, Surf. Sci. 323 (1995)
219.

[16] A.M. Doyle, S.K. Shaikhutdinov, S.D. Jackson and H.J. Freund,
Ang. Chem. Int. Ed. 42 (2003) 5240.

[17] A.M. Doyle, S.K. Shaikhutdinov and H.J. Freund, J. Catal. 223
(2004) 444.

[18] H.J. Freund, M. Baumer, J. Libuda, T. Risse, G. Rupprechter
and S. Shaikhutdinov, J. Catal. 216 (2003) 223.

[19] A.M. Doyle, S. Shaikhutdinov and H.-J. Freund, Ang. Chem. Int.
Ed. 44 (2005) 629.

[20] N.A. Khan, A. Uhl, S. Shaikhutdinov and H.J. Freund, submitted
(2005).

[21] S. Shaikhutdinov, M. Heemeier, M. Baumer, T. Lear, D. Lennon,
R.J. Oldman, S.D. Jackson and H.J. Freund, J. Catal. 200 (2001)
330.

[22] M. Morkel, G. Rupprechter and H.J. Freund, Surf. Sci. 588
(2005) L209.

[23] Z. Dohnalek and B.D. Kay, Abstracts of the 52nd AVS Meeting,
Boston, MA (2005).



164 N.A. Khan et al.|Hydrogenation on Pd-Ag model catalysts

[24] D. Stacchiola and W.T. Tysoe, Surf. Sci. Lett. 540 (2003) L600.

[25] G. Lee and E.W. Plummer, Phys. Rev. B 51 (1995) 7250.

[26] S.K. Shaikhutdinov, M. Frank, M. Baumer, S.D. Jackson, R.J.
Oldman, J.C. Hemminger and H.J. Freund, Catal. Lett. 80 (2002)
115.

[27] Q.W. Zhang, J. Li, X.X. Liu and Q.M. Zhu, Appl. Catal. A 197
(2000) 221.

[28] A. Christensen, A.V. Ruban, P. Stoltze, K.W. Jacobsen, H.L.
Skriver, J.K. Norskov and F. Besenbacher, Phys. Rev. B 56 (1997)
5822.

[29] J.R. Kitchin, K. Reuter and M. Scheffler, private communication.

[30] P.A. Sheth, M. Neurock and C.M. Smith, J. Phys. Chem. B 109
(2005) 12449.

[31] T. Schalow, M. Laurin, B. Brandt, S. Schauermann, S. Guimond,
H. Kuhlenbeck, D.E. Starr, S.K. Shaikhutdinov, J. Libuda and
H.-J. Freund, Ang. Chem. Int. Ed. 44 (2005) 7601.

[32] S. Shaikhutdinov, Surf. Sci. 501 (2002) 270.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


