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The hydrogenation of acrolein has been studied over various Ag/SiO2 catalysts in
a pressure range from 50 mbar to 20 bar. Increasing partial pressures of acrolein and/or
hydrogen lead to increasing selectivities of allyl alcohol. The selectivity towards allyl
alcohol also depends on the structural features of the Ag/SiO2 catalyst. Larger particles
seem to favour the production of propanal. This observation is discussed in view of
the different plane-to-edge-ratio of the different catalysts. The interaction of hydrogen
with silver samples has been studied with TAP at very low pressures as well as with
calorimetry at ambient pressures. Both methods indicate, that also the hydrogen adsorption
is structure-sensitive. No interaction of hydrogen with electrolytic silver or the support
material alone was observed. IR spectroscopy has been used to elucidate the interaction
of acrolein with Ag/SiO2 catalysts. A strong interaction with the support material was
found, hindering the observation of probable silver-acrolein interaction.

1. Introduction

Silver, usually known as oxidation catalyst used in ethylene epoxidation, ex-
hibits interesting properties when used in hydrogenation reactions. For in-
stance, in the gas phase hydrogenation of crotonaldehyde (anα, β-unsaturated
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aldehyde), selectivities to the corresponding unsaturated alcohol (crotyl alco-
hol, product of the C=O group hydrogenation) of around 60% can be ob-
tained [1]. More commonly used metals like Pd, Pt, Ni or Ru, supported
on non-reducible oxides such as SiO2 or Al2O3, mainly produce the satu-
rated aldehyde which is the product of the C=C bond hydrogenation. Both
reaction products can be hydrogenated in consecutive reactions to the sat-
urated alcohol butanol. To understand the unusual hydrogenation proper-
ties of silver catalysts and to correlate their catalytic behaviour with struc-
tural features, application of powerful methods of catalyst characterization
is necessary. Recently, we reported detailed characterisation of Ag/SiO2 and
Ag/TiO2 catalysts by conventional (CTEM) and high-resolution transmission
electron microscopy (HRTEM), assisted by selected area electron diffrac-
tion, with the aim of studying the influence of the silver particle size on
activity and selectivity of the gas-phase hydrogenation of crotonaldehyde [1].
Structural details of Ag/TiO2 catalysts, after different pretreatment proced-
ures like low- and high-temperature reduction were elucidated in relation
to their influence on activity and selectivity in the gas-phase hydrogena-
tion of acrolein, which is theα, β-unsaturated aldehyde most difficult to hy-
drogenate selectively at the carbonylgroup. Spectroscopic techniques such
as XPS, UPS and ISS were used to examine the oxidation state of silver
supported as small nanosized particles (< 3 nm) on titania as well as pos-
sible changes of their electronic properties and surface coverage phenom-
ena connected with metal (Ag)–support (TiO2, TiOx) interactions [2]. Ad-
ditionally, in-situ ESR spectroscopy was used to prove whether the disper-
sion is high enough to yield Ag surface clusters showing the quantum size
effect.

However, the reason for the intrinsic selectivity to unsaturated alcohols,i.e.
the role of silver when acting as hydrogenation catalyst is not well understood
at the moment. The reason for this is twofold: Only little is known about the
interaction of hydrogen with silver nanoparticles,i.e. the question, whether hy-
drogen is dissociated or not, and the energetics of this process. Additionally, the
interaction of unsaturated aldehydes with silver has, in opposite to other metals
like Pt, only been the subject of few investigations.

For example, Itoh and co-workers have studied the acrolein adsorption
at evaporated silver films at low pressures and temperatures [3]. They have
found an exposure (i.e., coverage) dependent adsorption geometry. Four types
of structures of acrolein have been found at the silver surface at 90 K, with form
successively after increasing exposure to acrolein. For the first two structures,
a direct interaction of acrolein with silver has been proposed, whereas the struc-
tures formed after higher exposure are described as multilayers. In all cases, the
molecular plane is more or less parallel to the surface. Electropositive sites like
kinks and edges favour the coordination of the C=O group. Madixet al. [4, 5]
showed that stabilization of the C=C bond in the vicinity of the surface did not
lead to hydrogenation over Ag(110).
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Furthermore, it is interesting to note that from a combined TPD and
HREELS study of the oxidation ofπ-allyl (η3-C3H5), prepared on atomic
oxygen- and hydroxyl covered Ag(110) surface, adsorption enthalpies for
acrolein (reactant of our study), the half-hydrogenated surface intermediate of
acrolein according to a Horiuti–Polanyi mechanism, and allyl alcohol (prod-
uct) are available (−59, −239 and−71 kJ mol−1, respectively) [6] indicating
a strong adsorption. Hydrogen, on the other hand, is known to interact only
very weakly withflat silver planes (initial heat of adsorption≈ 15 kJ mol−1

on Ag(111) [7]). Demuthet al. have investigated the adsorption of hydrogen at
polycrystalline silver and Ag(111) withEELS and found molecularly adsorbed
hydrogen at very low temperatures (below 20 K) [8, 9]. Zhukovet al. [10] have
studied the desorption of H2 from silver single crystal surfaces. They used
atomic hydrogen to precover the surface because of the very high activation
barrier for molecular adsorption, as also pointed out by Eichleret al. in the case
of Ag(100) [11]. Differences between different single crystal surfaces and a de-
sorption energy of 7 kcal/mol in the case of Ag(111) as well as reconstructed
silver surfaces have been found [10]. On the other hand, Ehwaldet al. [12] have
investigated the isotope kinetics of the interaction of ethylene with a supported
silver catalyst. They have found a relatively fast dissociation of hydrogen but
the amount of hydrogen adsorbed at highly dispersed silver is very low com-
pared to the amount of oxygen, as pointed out by Vannice and co-workers some
time ago [13, 14].

A look at the differences between silver single crystals and nanoparticles
concerning the adsorption of hydrogen leads to a general problem in catal-
ysis: the question whether the results from surface science studies in UHV
using well defined, relatively easy to characterise model systems (i.e. single
crystals) on one side, can be transferred to “real” catalysis on the other side,
i.e., high pressure and highly disperse, complex and difficult to characterise
(at least under reaction conditions) catalysts. This question is often referred
to as “pressure gap” and “materials gap”. The aim of our studies is to con-
tribute to this question and to try to bridge these gaps using the hydrogenation
of acrolein over silver catalysts as model reaction within the priority program
1091 of the DFG (German research foundation). Therefore, we have inves-
tigated the acrolein hydrogenation at various silver samples, namely, single
crystals, sputtered silver samples and silica supported silver catalysts with high
silver dispersion. This paper will focus on the latter, which have been inves-
tigated in the pressure range from 5 to 20 MPa, data in the range down to
50 mbar are also available. However, to get a detailed understanding of the pro-
cesses occurring during acrolein hydrogenation over silver, it is also necessary
to investigate the interaction of eachreactant (hydrogen and acrolein) with the
catalyst. Therefore, TAP(transient analysis of products) in the low pressure
range (Knudsen regime) as well as gas adsorption calorimetric measurements
at ambient pressures have been performed to investigate the interaction of
hydrogen with various catalyst samples. The adsorption of acrolein at silica
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supported silver catalysts has been studied with IR spectroscopy. More so-
phisticated measurements usingin situ-XAS under reaction conditions (up to
10 mbar) have also been performed, however, since most of these measure-
ments have been done at single crystals, they will be presented in a different
paper [15].

2. Experimental
2.1 Catalyst preparation

Catalysts containing nominal 9% Ag supported onto silica gel have been pre-
pared via incipient wetness technique(IW), via precipitation (P) and via sol-
gel-technique (SG).

For the IW-catalyst, 20 g of silica gel (Alfa, “large pore”,dp = 15 nm),
dparticle = 0.2−0.5 mm, have been dried under vacuum in an oven at 110◦C
for 3 h. After cooling down, 42 ml of an aqueous solution containing 3.63 g of
silver lactate (Fluka, “for histology”) have been added to the dried silica gel.
The catalyst has then been dried in a desiccator.

Two catalysts have been prepared via precipitation. In both cases, 20 g of
silica gel have been suspended in 80 ml of deionized water. A solution of 3.2 g
AgNO3 (Fluka, “reinst”) in 50 ml H2O and either a solution of 1.16 g NaOH
(Merck, p.A.) in 50 ml H2O or 2.35 g Na2CO3 (Merck, “suprapur”) in 50 ml
H2O have been added to this suspension under vigorous stirring within one
minute. Afterwards, the suspension has been stirred for 3 h followed by filter-
ing and thoroughly washing the filtrate. Finally, the catalyst precursors have
been dried in a desiccator.

The sol-gel catalyst (Ag/SiO2-SG) has been prepared as described in [16].
The catalysts prepared via precipitaion have been calcined in flowing air at

250◦C for 2 h and reduced in flowing hydrogen at 325◦C for 2 h and are la-
belled in the following as 9Ag/SiO2-P(NaOH) and 9Ag/SiO2-P(Na2CO3). The
SG-catalyst has been calcined at 400◦C for 2 h and then reduced at 325◦C for
2 h and the IW-catalyst has been reduced only (2 h, 325◦C). It will be referred
to in the following as 9Ag/SiO2-IW. Before each catalytic experiment, each
catalyst has been reduced againin situ (i.e., in the catalytic reactor) at 325◦C
for 0.5 h.

The real metal content of the reduced catalysts has been determined using
ICP-OES. The results are summarised in Table 1.

2.2 Gas-phase hydrogenation of acrolein

The catalytic tests have been performed using a fixed-bed flow micro-reaction
system, as described in detail previously [17]. The system is equipped with
a unit for continuous gas feed, a liquid feed unit with an evaporator, a tubu-
lar reactor and an online GC analytic. Typically, 200 mg of catalyst have
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been used, depending of the activity ofthe catalysts. Hydrogen (5.0, Messer-
Griesheim) and acrolein (97%, stabilised, Acros, purity checked with GC)
have been used as reactants. Argon (5.0, Messer-Griesheim) has been used as
balance gas. Experiments have beenperformed in a pressure range ranging
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from 0.5 to 2 MPa (5 to 20 bar). Data in the region of 50–1000 mbar are also
available.

2.2.1 Calorimetric experiments

Gas adsorption calorimetry has beenperformed using a Setaram DSC 111 dif-
ferential scanning calorimeter equipped with a system allowing the dosage of
small amounts of gas into a stream of carrier gas. Typically, 50 mg of cata-
lyst have been filled in a quartz reactor tube and been mounted into the sensor
of the calorimeter. After reduction at 325◦C in flowing hydrogen, the cata-
lyst has been treated at the same temperature in an Ar flow for at least 1 h
in order to desorb hydrogen. Afterwards, the temperature has been changed
to 50◦C, 150◦C or 250◦C, and a sequence of pulses of hydrogen has been
dosed into the carrier gas Ar. The heat flow during adsorption (and often subse-
quent desorption) of hydrogen has been monitored via the calorimetric sensor.
Additionally, attempts have been made to determine the amount of adsorbed
hydrogen via a thermal conductivity detector. However, it turned out that the
amount of hydrogen irreversibly adsorbed atthe silver catalysts, if there is any,
is very low and therefore below the detection accuracy of our detection system.
For this reason, only qualitative data can be given at the moment (see results for
details).

It has to be mentioned that the carrier gas (Ar 5.0) has been further cleaned
with Oxisorb from Merck in order to avoid any contamination of the catalysts
with oxygen.

2.2.2 Transient measurements in the TAP reactor

The TAP-2 reactor system, in which all transient experiments were carried
out, has been described in detail elsewhere [18]. The catalyst (10–50 mg;
dparticle = 250−355µm) was packed between two layers of quartz of the same
particle size in the isothermal zone of a quartz reactor (6 mm i.d.). Prior to
the experiments, the catalyst was reduced in a H2 flow (50 ml/min) at 400◦C
for 2 h. After this pre-treatment the reactor was evacuated and H2/Ne (1:1),
D2/Ne (1:1) or acrolein/Ne (1:1) mixtures were separately pulsed over the
catalyst in the temperature range between 100 and 500◦C using pulse sizes
between 2×1014 and 4×1014 molecules/pulse corresponding to the Knud-
sen diffusion regime. This means that the transient responses are a function
of gas-solid interactions and not influenced by collisions between gas-phase
molecules. Thus primary heterogeneousreaction steps are under investigation.

For mass spectroscopic identification of the different compounds, the fol-
lowing atomic mass units (AMUs) were used: 132 (Xe), 56 (acrolein), 20 (Ne),
18 (H2O); 4 (D2), 3 (HD), 2 (H2). For each AMU, pulses were repeated
10 times and averaged to improve signal to noise ratio. The sensitivity factors
were determined for acrolein, H2 and D2. For calculation of the HD yields, it
was assumed that its sensitivity is equal to that of D2.
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Fig. 1. Dependence of the selectivity towards the main hydrogenation products allyl al-
cohol and propanal on the degree of acrolein conversion in the gas phase hydrogena-
tion of acrolein over 9Ag/SiO2-P(NaOH). Reaction conditions: 250◦C, varying pres-
sures between 0.48 and 1.98 MPa. The conversion has been varied via the ratio catalyst
mass/molar feed of acrolein.

2.2.3 Infrared spectroscopy

The infrared measurementswere performed using anin situ quartz cell with
CaF2 windows. The catalyst was pressed in the form of a self-supporting
wafer (∼ 10 mg cm−2). Acrolein was adsorbed after reduction in flowing H2

(20 ml min−1) at 250◦C and evacuation of the wafer at the same temperature.
Spectra were recorded at resolution of 2 cm−1 using a Digilab FTS 60-A spec-
trometer, co-adding 64 scans.

3. Results

3.1 Acrolein hydrogenation

Fig. 1 shows the selectivity-conversion plot for allyl alcohol and propanal
during the gas-phase hydrogenation of acrolein at various pressures using
the 9Ag/SiO2-P(NaOH) catalyst. Allyl alcohol and propanal are the main
hydrogenation products. The selectivitytowards the product of the consecu-
tive reduction,n-propanol, has always been found to be far below 5% up
to 50% degree of acrolein conversion. A higher selectivity (up to 10%) was
found only for the sol-gel-derived catalyst. Selectivity to other by-products was
below 2.5%. Form the results presented in Fig. 1, it is clear that the selectiv-
ity to allyl alcohol and propanal is nearly independent of the degree of acrolein
conversion in the examined range. However, the product distribution depends
strongly on the reaction pressure: the higher the total pressure, the higher the
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Fig. 2. Dependence of the selectivity towards allyl alcohol on the total pressure in the gas
phase hydrogenation of acrolein over two different Ag/SiO2 catalysts. Conversion for all
data points wasca. 25%, reaction temperature was 250◦C.

concentration of allyl alcohol and the lower the concentration of propanal. This
dependence is displayed explicitly in Fig. 2, where the selectivity towards al-
lyl alcohol in the gas phase hydrogenation of acrolein over two different silver
catalysts is shownvs. log p at constant conversion of 25% exhibiting a linear
dependence. A more detailed investigation of the pressure dependence showed,
that partial pressures of hydrogen and acrolein influence the catalytic perform-
ance considerably stronger than the total pressure. An increase in the total
pressure by adding argon to the reaction mixture without changing the par-
tial pressures of hydrogen and acrolein does not significantly influence the
selectivities obtained in the hydrogenation of acrolein. However, the selectiv-
ity towards allyl alcohol increases strongly with an increase in either partial
pressure of acrolein or hydrogen keeping the total pressure constant (Fig. 3).
In Fig. 3(a) and (b), the selectivity to allyl alcohol is displayed as a function of
hydrogen and acrolein partial pressures, respectively. Therefore, the observed
increase in selectivity to allyl alcohol (Fig. 2) is due to the increased partial
pressures of acrolein and hydrogen.

Additionally to the dependence of the selectivity on pressure, a dependence
on the preparation method of the catalyst can be seen. The lowest selectivity
towards allylic alcohol has been obtained over the catalysts prepared via pre-
cipitation, the highest over the IW-catalyst. Even higher selectivities towards
allyl alcohol (up to 44% at 2 MPa) have been found using the sol-gel-derived
catalyst, however, with this catalyst, different from all other catalysts used in
this study, a constant deactivation as well as a decrease in selectivity towards
allyl alcohol have been observed with time on stream. For instance, a decrease
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Fig. 3. a) Dependence of the selectivity to allyl alcohol on partial pressure of hydrogen in
the gas phase hydrogenation of acrolein over two different Ag/SiO2 catalysts at 250◦C.
b) Dependence of the selectivity to allyl alcohol on partial pressure of acrolein in the gas
phase hydrogenation of acrolein over two different Ag/SiO2 catalysts at 250◦C.

in conversion from 13% to 3% as well as a decrease inSAyOH from 44% to 36%
have been observed after 12.5 h time on stream.

To elucidate the influence of the support on the selectivity in the acrolein
hydrogenation, silica supported catalysts with different metal content and
a support-free silver catalyst have beenprepared via a precipitation method.
It has been found, that the selectivities to allyl alcohol and propanal do not
depend on the amount of support present in the catalyst. Therefore, the pres-
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Fig. 4. Particle size distribution for the catalysts 9Ag/SiO2-IW (upper part) and 9Ag/SiO2-
P(NaOH) (lower part) as obtained from TEM measurements. Same catalysts as for Figs. 2,
3 and 5 as well as for the TAP measurements.

ence of silica support does not seem to influence the selectivities. On the other
hand, IR spectroscopic experiments on theinteraction of acrolein (see below)
as well as very recent results on H2–Ag/SiO2-interaction [19] indicate, that
both molecules are interacting not only with the Ag particles, but also with the
support.

3.2 Catalyst characterisation

The structural analysis of the catalysts has been carried out using TEM (JEM
100C) and XPS or X-ray induced Auger electron spectroscopy, respectively.
The latter methods indicated, that silver is present in its metallic form in all
catalysts. Details on the XPS investigations will be presented elsewhere [15].

The particle size distributions of various catalysts have been determined
with TEM. For the IW- and the P-catalyst, these distributions are presented in
Fig. 4. A narrow size distribution with small particles can be seen for the IW
catalyst, whereas a broader distribution and larger particles are found for the
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Fig. 5. Temperature dependence of the heat flow signals caused by hydrogen adsorp-
tion at 9Ag/SiO2-IW. 17.6 µl of hydrogen (diluted with Ar) have been dosed per pulse.
mcat = 100 mg.

P-catalyst. For the precipitation catalysts with higher metal loadings, it was dif-
ficult to determine the particle size distribution, since it has been found that
small particles of several nm coexist with large agglomerates in the 100 nm
range.

3.3 Calorimetric measurements

In order to gain information about the interaction of hydrogen with the sil-
ver catalysts, adsorption calorimetry studies have been performed with a pulse
adsorption setup, as described in the experimental section. Fig. 5 shows the
temperature dependence of the calorimetric signal, when a silver catalyst is
exposed to pulses of hydrogen. In these experiments, exothermic signals are at-
tributed to the adsorption of hydrogen, whereas the endothermic peaks are due
to the subsequent desorption of previously adsorbed hydrogen.

It can be seen, that only very weak signals are obtained at 50◦C, which are
hardly distinguishable from the signals obtained in reference experiments using
empty reactors or reactors filled with support material only.

At higher temperatures, exothermicsignals followed by endothermic ones
can be observed. These endothermic signals are only very weak at 150◦C,
but more pronounced at 250◦C. However, a more detailed analysis reveals,
that in both cases the areas under the both peaks are the same, indicating
that hydrogen adsorption is completely reversible at the respective catalyst
under the given conditions. However, the desoprtion seems to be much faster
at 250◦C. The temperature dependence of the calorimetric signals indicates
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Fig. 6. Comparison of the calorimetric signals caused by hydrogen adsorption at two dif-
ferent silver catalysts at 150◦C. Amount of gas dosed as indicated,mcat = 100 mg (“IW”)
and 64 mg (“P”).

that the adsorption/desorption of hydrogen at silver is an activated process,
consistent with theoretical considerations [11].

Fig. 6 compares the calorimetric response of two different catalysts when
exposed to pulses of hydrogen at 150◦C. For the IW catalyst, as described
above, the adsorption of hydrogen is completely reversible,i.e. endothermic
and exothermic peaks exhibit the same area. For the P-catalyst, at first glance
it seems, that no clear endothermic peak can be observed. However, a more
detailed examination of the calorimetric signal indicates, that the endothermic
signal is very weak and broad. The signal of the thermal conductivity detector
indicates, that for the first four pulses,not all the hydrogen is desorbed from the
catalyst. However, the amount of hydrogen adsorbed irreversibly at the silver
catalysts under the given conditions is very low. Since, due to the slow desorp-
tion and the noise in the baseline, it is not possible to determine the amount of
exothermic heat irreversibly evolved during hydrogen adsorption with reason-
able accuracy, no quantitative analysis of the data is possible at the moment.

3.4 TAP studies with hydrogen and acrolein

Interaction of hydrogen as well as acrolein with differently prepared silver
catalytic materials has been investigated by single pulse experiments in the
TAP reactor using 9Ag/SiO2-IW and 9Ag/SiO2-P(NaOH) catalytic materi-
als as well as electrolytic silver and pure support as reference materials. It
was found that hydrogen is consumed in the temperature range from 250 to
400◦C (see Fig. 7); only ca. 50% of the pulsed hydrogen desorbed from the
catalyst surface at 400◦C within 1 sec. Water was not detected at the reac-
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Fig. 7. Conversion of hydrogen during pulsing over 9Ag/SiO2-IW (empty bar) and
9Ag/SiO2-P(NaOH) (black bar) versus temperature.

tor outlet. From the obtained results we can conclude that 9Ag/SiO2-IW and
9Ag/SiO2-P(NaOH) catalytic materials areable to activate gas-phase hydro-
gen and to stabilise hydrogen species on the catalyst surface. The hydrogen
consumption was, however, mostly due to its strong interaction with the cata-
lytic surface coincided with a slow desorption which cannot be monitored
within 1 sec. In order to prove the existence of surface hydrogen species hy-
drogen isotopic exchange was also studied at 400◦C. In these experiments, the
catalyst has been treated by non-labelled hydrogen, and then deuterium was
pulsed over the pretreated catalyst. The products of isotopic exchange such
as H2 and HD were monitored at the reactor outlet. The results obtained re-
veal the presence of hydrogen species being available on the surface even at
high temperature in vacuum. The occurrence of H/D exchange can be con-
sidered as a test with respect to the dissociative adsorption over Ag/SiO2

catalytic materials. In this context it is important to mention that no H-D ex-
change or no measurable interaction of hydrogen with electrolytic silver or
pure support material has been found. Fig. 8 presents the normalized transient
responses of deuterium and productsof hydrogen isotopic exchange during
pulsing D2 over two differently prepared Ag/SiO2 catalytic materials, which
were pretreated at 400◦C by H2 pulsing. As can be seen, the response sig-
nal of D2 is very narrow and completed within< 0.2 s representing the part
of the pulsed D2 which does not interact with the catalyst. HD and H2 were
formed as a result of the interaction of gas-phase D2 with surface hydrogen. It
is clear that the shape of transient responses of HD and H2 depends strongly
on the materials used (Fig. 8). It is important to note that the ratio of HD/H2

(both are products of isotopic exchange) is influenced by the catalytic material;
H2 (HD/H2 ∼ 0.13) is the main product of isotopic exchange over Ag/SiO2-
IW, while HD (HD/H2 ∼ 10.5) is the main product of isotopic exchange over
Ag/SiO2-P(NaOH). Since the transient experiments were carried out in the
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Fig. 8. Normalised transient responses of pulsing D2 over 9Ag/SiO2-IW (left) and
9Ag/SiO2-P(NaOH) (right) at 400◦C. The catalytic materials were pretreated by hydro-
gen pulsing at 400◦C.

Fig. 9. Transient responses of acrolein pulsing over SiO2, electrolytic silver and Ag/SiO2

catalytic materials at 250◦C.

Knudsen diffusion regime (no collision between molecules in gas-phase), the
differences in the shapes of HD and H2 transient responses are due to chem-
ical reaction occurring on the catalyst surface. With other words silver at the
catalyst surface is responsible for dissociative hydrogen activation. The dif-
ference in the ratio of HD/H2 and in the shapes of transient responses of
HD and H2 for two different Ag/SiO2 materials indicate that the activation of
hydrogen depends on silver distribution, at least under our transient vacuum
conditions.

Acrolein adsorption over Ag/SiO2 catalysts was also studied using the TAP
reactor. The normalised transient responses of acrolein are given in Fig. 9. The
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very broad shape of the transient response of acrolein pulsing over pure sup-
port material indicates that acrolein interacts strongly with the support and
desorbs very slow. Only a weak interaction of acrolein with electrolytic sil-
ver was found. As in the case of hydrogenactivation differences in catalyst
activity for acrolein adsorption were found for 9Ag/SiO2-IW and 9Ag/SiO2-
P(NaOH) catalytic materials. From Fig.9 it is clear that the transient response
of acrolein pulsing over 9Ag/SiO2-IW is very broad and similar to that over
pure silica gel. On the contrary to the above observation, the transient re-
sponse of acrolein pulsing over 9Ag/SiO2-P(NaOH) is considerably narrow
indicating faster acrolein desorption from the catalyst. Based on the shape of
acrolein transient responses it may be concluded, that the 9Ag/SiO2-P(NaOH)
catalytic material has lower fraction of free surface of the support in com-
parison to the 9Ag/SiO2-IW material, where additional acrolein adsorption
occurs.

Thus the presented results give strong indications that the method of sil-
ver deposition onto SiO2 or silver distribution on the catalytic surface influence
both hydrogen and acrolein interaction with Ag/SiO2 catalytic materials.

3.5 Infrared spectroscopy

Infrared spectroscopy has been used to study the structure of acrolein ad-
sorbed on silica-supported silver catalyst. Fig. 10 shows IR spectra of acrolein
adsorbed a) from 0.5 mbar and b) 5 mbar acrolein in the gas phase at room
temperature and c) at 100◦C as well as d) at 200◦C in the presence of H2.
Various bands can be seen in the 1800–1300 cm−1 region in Fig. 10(a)
and (b). The band at 1730 is attributedto physisorbed acrolein, the bands
at 1690, 1680, 1616, 1426 and 1365 cm−1 are assigned to chemisorbed
species. All other bands belong to the absorption of gaseous acrolein. For
comparison, the adsorption of acrolein has also been studied on silica gel
without deposited silver particles. It has been found, that acrolein read-
ily adsorbs on silica gel, exhibiting the same bands as described above.
These bands can therefore even in the case of the silver catalyst be as-
signed to the interaction of acrolein with silanol groups of the support. An
interaction of acrolein with silica has already been described in the liter-
ature [20, 21]. Bands at 1693 and 1684 cm−1 have been found and been
assigned to the interaction of the carbonyl group of acrolein via hydro-
gen bonding with isolated silanol groups and with a pair of vicinal surface
silanol groups, respectively [21]. Theother bands described above for ad-
sorbed acrolein can be assigned as follows: 1614 cm−1(C=C stretching vi-
bration), 1428 cm−1 (methylene deformation), 1365 cm−1 (CHO deformation).
According to spectra recorded at higher temperature and in the presence of
hydrogen (Fig. 10(c) and (d)), low amounts of hydrogen-bonded acrolein are
present on the surface at 100◦C and no adsorbed species have been observed
at 200◦C.
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Fig. 10. Infrared spectra of acrolein adsorbed at 40◦C from a) 0.5 mbar and b) 5 mbar and
coadsorption of 15 mbar hydrogen and 5 mbar acrolein at c) 100◦C and d) 200◦C on silica
supported silver catalyst.

4. Discussion

An increasing selectivity towards allyl alcohol with increasing partial pressures
of acrolein (pAC = 0.1 to 2 bar) and/or hydrogen (pH2 = 0.2 to 20 bar) has been
observed in the gas phase hydrogenation ofacrolein using silver catalysts. This
pressure dependence can be observed for different Ag/SiO2 catalysts, however,
the values for the individual selectivities of the various catalysts are differ-
ent. Taking into account the hypothesis, that the product distribution in the gas
phase hydrogenation of silver catalysts is governed by the adsorption structure,
it may be suggested, that the dependence of the product distribution on the par-
tial pressure of acrolein is due to a pressure dependent adsorption geometry.
Indeed, Itoh and co-workers have found an exposure (i.e., coverage) dependent
adsorption geometry of acrolein at evaporated silver films [3]. They propose
four types of structures of acrolein at the silver surface at 90 K, with the mo-
lecular plane more or less parallel to the surface in all cases. The different
structures form successively after increasing exposure to acrolein. Two struc-
tures with a direct interaction of acrolein with silver has been found. At higher
exposures, multilayer structures are formed.
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The dependence of the selectivities on hydrogen partial pressure is more
difficult to understand. Calorimetric measurements indicate, that the hydrogen
interaction with silver catalysts is very weak, but exhibits a structure sensitivity.
At 150◦C, reversible adsorption with relatively fast desorption has been found
over the IW catalyst (small particles), whereas only very slow desorption of hy-
drogen has been observed over the P-catalyst (larger particles), together with
a very small amount of irreversibly adsorbed hydrogen. This means, that on the
P-catalyst, surface sites must exist, which are able to stabilise the adsorbed hy-
drogen. These sites do not exist in the IWcatalyst. Additionally, the above TAP
results (see Sect. 3.3) have shown, that hydrogen adsorption depends strongly
on catalytic materials. Most likely, the different structural properties,i.e. size,
edge to plane ratio of the different catalysts are responsible for this behaviour.
It may be, that hydrogen activation may only take place at defect sites or kinks,
since it is known that no hydrogen dissociation should occur on silver single
crystals [10]. Hydrogen atoms may than diffuse into more stable adsorption
sites, probably on flat surfaces. Interestingly, the interaction of hydrogen with
silver catalyst could be observed at very low pressures (TAP reactor) as well
as at ambient pressure (calorimetry). However, all this can not explain the de-
pendence of selectivity on H2 partial pressure. But, since there is, in opposite
to the very weak interaction of hydrogen with single crystal silver surfaces,
a somewhat stronger interaction of hydrogen with silver nanoparticles, it may
be concluded that the hydrogen adsorption including the surface coverage is
pressure dependent. This pressure dependent surface coverage influences the
catalytic properties of the silver surfaces and leads to a pressure dependent re-
activity and selectivity. Also, it is possible that diffusion of hydrogen into the
bulk of the silver nanoparticles can, in opposite to the behaviour at single crys-
tals, take place at higher hydrogen pressures, modifying the catalytic properties
of the silver [22].

However, as pointed out in part 3.1, the selectivity is not only influenced
by the pressure but also by the catalyst preparation method, which most likely
means by the size, shape and the surface structure of the catalyst particles.
Different preparation methods lead to different particle sizes and size distri-
bution, as can be seen from the TEM result. Mohret al. have, in a study on
supported gold catalysts, concluded, that crystal planes lead to the formation
of propanal, whereas edges favour the formation of allyl alcohol [23]. In this
context, larger particles, having relatively more atoms on planes than on edges,
should favour the formation of propanal.This is consistentwith the results
obtained in this study, where the catalyst with the smaller particles (9Ag/SiO2-
IW) produced the higher amount of allyl alcohol, whereas the larger silver
particles (9Ag/SiO2-P) produce lower amounts of allyl alcohol. Indeed, for
catalysts with even larger particles, prepared via sputtering of a silver target,
the selectivity to allyl alcohol has been found to be even lower than for the
P catalyst (ca. 20 %). These results would also be in agreement with results
obtained by Fujiiet al., which concluded from IR measurements on evapo-
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rated silver films andab initio-MO-calculations, that electropositive centres
like kink sites favour the adsorption of the carbonyl group [3].

Our own IR studies in combination with the TAP results (Fig. 9) indicate
that additionally to the interaction of acrolein with silver, also the interaction
with the support may have to be taken into account when studying acrolein
hydrogenation on disperse Ag/SiO2 catalysts.

5. Summary and conclusion

The hydrogenation of acrolein over differently prepared Ag/SiO2 catalysts has
been studied at various pressures. The selectivities to allyl alcohol and propanal
obtained in the hydrogenation experiments is governed by two issues: it de-
pends on the partial pressures of hydrogen and acrolein as well as on the
structure of the catalyst. The partial pressure of acrolein most likely influences
the adsorption geometry of acrolein,whereas the partial pressure of hydrogen
may influence surface coverage by hydrogen species or even solubility of hy-
drogen into the silver nanoparticles. The structure sensitivity of the selectivities
most likely is due to the different ratio of edges to planes in the catalyst.

Additionally, hydrogen activation is an important issue when using silver as
hydrogenation catalyst. This hydrogen activation, which may govern the over-
all activity of the catalysts, is also structure dependent.
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