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The temperature-programmed desorption of oxygen from an

alumina-supported silver catalyst
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The associative desorption kinetics of O, from a 15 wt% Ag/a-Al,O; catalyst were studied under atmospheric pressure in a microreactor
set-up by performing temperature-programmed desorption (TPD) experiments. Saturation with chemisorbed atomic oxygen (Ox) was
achieved by dosing O, for 1h at 523K and at atmospheric pressure followed by cooling in O, to room temperature. The TPD spectra
showed almost symmetric O, peaks centred above 500 K, indicating associative desorption of O, from Ag metal surface sites. By varying
the heating rates from 2 to 20 Kmin~', the O, TPD peak maxima were found to shift from 508 to 542K, respectively. A microkinetic
analysis of these TPD traces yielded an activation energy for desorption of 149 +2kJmol™! and a corresponding pre-exponential factor
of 2x 10+ 1x 105" in good agreement with the kinetic parameters reported for O, desorption under UHV conditions from

Ag(111) and Ag(110) single crystal surfaces.
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1. Introduction

The interaction of oxygen with silver surfaces has
been the subject of extensive research since silver is
used as an unsupported catalyst for the selective oxida-
tion of methanol to formaldehyde and as a supported
catalyst for the epoxidation of ethylene [1-7]. One of
the most important techniques applied to study this
interaction quantitatively is temperature-programmed
desorption [3,8-29].

In general, it is found that several oxygen species can
exist on Ag surfaces. Molecular oxygen desorbs far
below room temperature, whereas at higher tempera-
tures the desorption of adsorbed atomic oxygen (Ox)
and atomic oxygen segregating out of the subsurface
region and out of the bulk are observed. The objective
of numerous studies was to correlate the presence of
the different types of adsorbed oxygen species with the
selectivity of the Ag catalysts. For instance, van Santen
et al. [4] elegantly demonstrated the interaction of
subsurface oxygen with Ox* by performing TPD experi-
ments with isotopically labeled oxygen.

Campbell et al. [11-13] wused temperature-
programmed desorption to derive the activation energy
of associative desorption of O, from Ag(l111) and
Ag(110) single crystal surfaces using a pre-exponential
factor of 10"”°s™! based on Langmuirian first-order
desorption kinetics. Due to the low sticking coefficient
of oxygen, relatively high dosing pressures (for UHV
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conditions, i.e. Smbar) had to be applied in order to
achieve a high coverage of atomic oxygen structures
such as the p(4 x 4)-O structure. However, this state
could also be obtained by dosing NO, at much more
moderate dosing pressures [16]. In a more recent study,
Carlisle et al. [30] also reported on the interaction of
oxygen with Ag(111). At very low oxygen coverages
(below 0.05 ML) individual adatom adsorption was
observed, whereas at higher coverages two-dimensional
islands of Ag,O were formed. Upon increasing exposure
to NO,, these islands were found to grow forming a well-
ordered oxide film with a p(4 x 4)-O structure. Carlisle
et al. [30] described the shape of the oxygen desorption
peak as being remarkably narrow, which was attributed
to the restructuring of the Ag surface during desorption.
It was not possible to describe this phenomenon by a
simple desorption mechanism. Also Raukema et al.
[14,15] were not able to describe their TPD peak
shapes with straightforward first- or second-order
kinetics.

All of these studies were confined in most cases to
unsupported, pure silver samples such as foils or single
crystals, often under UHYV conditions, whereas supported
silver is the industrially important epoxidation catalyst.
Therefore, in this contribution a detailed study is
presented—for the first time to the best of our
knowledge—in which the kinetic parameters of O,
desorption from an Ag/Al,O; catalyst under atmospheric
pressure are derived from TPD experiments with different
heating rates. Furthermore, a microkinetic analysis of
the TPD data is performed allowing extrapolation to
UHV conditions and assessment of the influence of
readsorption.
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2. Experimental

The experiments were all carried out in a passivated
stainless steel microreactor set-up, described in detail in
reference [31], equipped with gas lines for He (purity
99.9999%) and O, (purity 99.995%). Gas analysis was
performed by a calibrated quadrupole mass spectrometer
(Balzers GAM 445). The kinetic experiments were
carried out with a conventional Ag/Al,O; catalyst
(approx. 15wt% Ag on a-Al,O3) prepared according
to reference [7]. The resulting BET area was 1.9m? g~ "
In this study, 2.0g of the 250-355um sieve fraction
were filled into the reactor consisting of a glass-lined
U-tube with an inner diameter of 8 mm resulting in a
bed height of about 45mm. In general, gas flow rates
were 50Nmlmin~' unless specified otherwise. All
experiments were conducted with the same catalyst
sample. The fresh catalyst contained a large amount of
carbonaceous residues originating from the Ag precursor
resulting in the desorption of CO, CO, and H,O during
the first TPD experiments. Therefore, the catalyst was
subjected to a cyclic pretreatment consisting of flushing
with pure O, at 523K followed by a TPD experiment
in order to check whether CO and CO, were still
desorbing. After treating the catalyst in total for at
least 6h in O, at 523 K, the amounts of CO and CO,
desorbing during a TPD experiment were found to be
negligible. The subsequent TPD experiments were
carried out according to the following procedure. The
catalyst was treated with pure O, at 523K for 1h.
Then, it was cooled in flowing O, below 323 K, and the
gas mixture was switched to He in order to flush the
reactor for at least 30 min to remove gas-phase O,
completely. Subsequently, the O, desorption experiment
was carried out by starting the temperature ramp up to
723 K. After the measurements, the catalyst was
characterized wusing scanning electron microscopy
(microscope: LEO 1530, GEMINI; analysis equipment:
OXFORD ISIS).

3. Results

Figure 1 shows an SEM image and the silver particle
size distribution determined from several SEM images of
the catalyst after the treatment in pure O, at atmospheric
pressure at 523 K. The silver particle size ranges from
approximately 100 to 200nm in good agreement with
values reported in reference [7]. A silver surface area of
about 0.39m”g.! is estimated from the particle size
distribution assuming a spherical particle shape.

Figure 2 displays the O, TPD traces obtained with
different heating rates () after saturation with Ox by
dosing O, at atmospheric pressure. The most pro-
nounced feature is a rather symmetric peak centered at
542K in case of 3=20Kmin~' (trace D) indicating
associative O, desorption from metallic Ag surface
sites. A closer inspection of trace D in figure 2 reveals
that the desorption of O, from a second type of Ag site
may contribute to the overall TPD profile leading to
the weak shoulder at about 580 K. Furthermore, the
desorption of O, is found to continue up to the end
temperature of 723 K. The total amount of O, desorbing
during the TPD experiments was obtained by integrating
the TPD traces up to 723 K (table 1) yielding an average
amount of 3.75 yumol O, g

Campbell [12] achieved a saturation coverage of
Op = 0.41 on Ag(111) by dosing O, for 20s at 490K
and at STorr resulting in a p(4 x 4)-O structure. On
Ag(110), a saturation coverage of O = 0.67 was obtained
by dosing O, for 20s at 485K and at 50 Torr leading to a
c(6 x 2)-O structure [32]. Based on our results, a silver sur-
face area of 0.79 m? gga{ can be calculated assuming a mean
site density of 1.15 x 10" Ag atoms m 2 [33] and a mean
surface stoichiometry of Ox/Ag = 1/2. If one assumes
the presence of a subsurface oxygen layer (c¢f. references
[4,26]), a silver surface area of 0.40m’g,. can be
calculated. This value is in very good agreement with the
value for the silver surface area determined from the
SEM micrographs.
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Figure 1. The Ag/Al,O; catalyst after the pretreatment in flowing O, at atmospheric pressure: (left) SEM micrograph, (right) particle size distribution.
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Figure 2. O, TPD spectra obtained after dosing O, at atmospheric pressure using the following heating rates: (A) 2 K min™" (T, = 508 K), (B) 5K min~

1

(Tinax = 520K), (C) 10K min~" (Tpay = 529K), (D) 20K min~"' (T, = 542K). The inset shows the determination of the activation energy and pre-
exponential factor from the heating rate variation assuming associative desorption without readsorption yielding a pre-exponential factor of 2 x 102 s™!

and an activation energy of desorption of 149 kJ mol~'.

The peak maximum temperature (7, ) shifts towards
higher temperatures with increasing heating rates while
the onset of the peaks remains at the same temperature
of about 440K. The full width at half maximum
(FWHM) of about 67K is constant for every TPD
peak indicating the absence of readsorption and mass
transport limitations. The determination of the
activation energy of desorption and the corresponding
pre-exponential factor is straightforward assuming
second-order desorption without readsorption [34].
Plotting In(T, 2.x/B) versus 1/Tp,, results in a straight
line as displayed in the inset of figure 2. Applying
linear regression yields an activation energy of
149 +2kJmol™! and a pre-exponential factor of
2x 10" +1 x 10" 57! within the experimental errors.

For the simulation the microreactor was modeled as a

Table 1
The quantitative O, TPD results (peak maximum tem-
perature Tp,,, amount of O, desorbed) obtained by
varying the heating rate 3

3 (K/min) Trnax (K) O, desorbed (umol/g)
508 4.0
5 520 3.6
10 529 3.8
20 542 3.6

continuous stirred tank reactor (CSTR) combined with
the differential equation for the associative desorption
written in one step using a coverage-independent rate
constant k. In the corresponding equation for the
associative desorption from the Ag surface, * denotes
the active site:

20% — O, + 2% (1)
Faes = kO3 = A TE/RDQY (2)

Figure 3 shows the modeling results for a heating rate of
10 K min~'. The parameters used (4 =2 x 10"?s™!, E =
147kJmol ™", fractional coverage O = N/Npax = 1)
are those within the error bars derived from the TPD
experiments with various heating rates. The onset of
the modeled TPD profile, as well as the position of the
peak maximum, are in very good agreement with the
obtained experimental data. However, the comparison
more clearly reveals that the experimental peak is not
fully symmetric at higher temperatures, indicating the
presence of a second type of adsorption site leading to
the shoulder at about 570 K. The continuous desorption
of O, at higher temperatures most probably results from
oxygen diffusing out of the bulk which is not included in
the model.

Although the interaction of O, with silver has been the
subject of numerous studies, the kinetic parameters of O,
desorption were only determined on Ag single crystal
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Figure 3. Modeling of the O, TPD trace (C) (3 = 10 K min~") based on the
associative one-step mechanism using a pre-exponential factor of
2 x 10" 57! and an activation energy of desorption of 147 kJ mol™~".

surfaces. Campbell [12] derived the activation energy for
oxygen desorption under UHV conditions using flash
desorption from Ag(111) and Ag(110) based on a pre-
exponential factor of 1 x 10">s™' [35,36]. The reported
kinetic data are summarized in table 2. In order to com-
pare our data with those reported by Campbell, the O,
TPD peak positions were calculated based on the one-
step model using equations (1) and (2) with the kinetic
parameters we obtained from the heating rate variation
and the conditions which were applied by Campbell,
ie. UHV and a heating rate of 840Kmin~'. As a
result, T, = 603 K was obtained located between the
value of T,,,, reported for Ag(111) and Ag(110), respec-
tively. Campbell [12] observed that the desorption of O,
from Ag(110) is accompanied with a restructuring of the
adsorbate layer giving rise to two distinguishable peaks
in the desorption spectrum, the low-temperature peak
at 579 K being about half as high as the high-temperature
peak at 617 K. Since we do not observe a second peak at
lower temperatures, even though we applied a signifi-
cantly higher O, dosing pressure compared with the pres-
sures Campbell applied, we are more inclined to assign
the symmetric TPD peak to associative O, desorption
from Ag(111), for which a single symmetric O, TPD
peak at 579K is reported.

According to Campbell [12], a significant difference
between Ag(111) and Ag(110) is the magnitude of the

Table 2
Kinetic parameters derived from Ag single crystal TPD
studies (heating rate: 840K min~!; ©g = 0.4-0.67).
The activation energy of desorption E was derived
using the Redhead equation based on 4 = 10" s7! [12]

Single crystal surface Tnax (K) E (kJ/mol)
Ag(111) 579 167
Ag(110) 617 178

Table 3
Set of starting parameters used in the calculation
with the two-step mechanism; Ag(111) parameters
obtained from reference [12]

Parameter Value
Eos 13.4kJ mol™!
Aygs (400K) 4219 (Pas)™!
Aygs (600K) 344.5 (Pas)”!
Eqes 51.9kJmol ™!
Ages 1.0 x 108 57!
Egis 34.7kJmol ™!
Agis 1.7 x 107 s7!
Erec 167kJ mol ™!
Apee 1x108s7!

initial dissociative O, sticking coefficient which is two
orders of magnitude lower on Ag(111) (s, = 10°) than
on Ag(110) (s =2 x 107%) at 490K. The dissociative
adsorption of O, occurs in two steps via the adsorption
of molecular O, (k,qs) followed by dissociation (kg;):

kads

02 + ok —— 02* (3)
kdis
k is

Oy + % == 20% (4)

krcc

For the dissociation of adsorbed molecular O, on silver,
he reports relatively low values of Eg, = 34.7kJ mol ™
for Ag(111) and Eg = 32.6kJmol~' for Ag(110). The
difference in dissociative sticking probability is therefore
ascribed to the substantial difference in the pre-exponen-
tial factor for dissociation, which is a factor of 100 higher
in case of Ag(110).

In order to study the possible influence of readsorp-
tion on the shape and position of the TPD peaks, the
recombinative desorption of O, was modeled based on
the two-step mechanism using equations (3) and (4).
The set of start parameters is given in table 3, which is
based on the parameters reported by Campbell for
Ag(111) [12]. The following relation holds between A,
and the initial sticking coefficient into the molecularly
chemisorbed state sy;:

Kags = Aads eXp(—Eqas/RT) = % (5)

with [12]
sm = 0.25exp(—E,qs/RT) (6)
where kg is the Boltzmann constant

(kg =138 x 1072 JK™Y), m is the mass of oxygen
(m=531x10"kgmol '), T is the temperature (K)
and d is the density of sites (d = 1.38 x 10" m~? for
Ag(111) [12]).

In figure 4, traces A and B were obtained using the
parameters reported by Campbell and the value for A4
according to equation (5) at 400 and 600 K, respectively
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Figure 4. Modeling of the O, TPD trace (C) (3 = 10 K min~") based on the
two-step mechanism. Trace (A) was obtained with the Ag(111) parameters
as summarized in table 2 using 4,4, (400 K); (B) as (A) with 4,4 (600 K); (C)
as (A) except for Ay =2 % 10”57 and E.. = 147kImol™"; (D) as (C)
except for Ay = 8.5 x 10°s™"; (E) as (C) except for Ay, = 8.5 x 10*s7!;
(F) as (C) except for Ay, = 8.5 x 10°s7".

(see table 3). It can be concluded that there is no signifi-
cant difference between the two desorption patterns.
This shows that the influence of the temperature on A,y
does not have a significant influence on the calculated
pattern. Therefore, 4,4, was set at the value calculated
with 7= 400 K. The onset of the calculated desorption
trace as well as the peak shape does not describe the
experimental result very well. Trace C was calculated
using the kinetic parameters of recombinative desorption
(Aee, Eree) that were experimentally determined in this
study from the variation of the heating rate. It can be
concluded that, although the onset is in good agreement
with the experimental result, the calculated TPD peak
shape is far too broad to describe the experimental
result. In order to decrease the influence of readsorption
in the model the rate of dissociation was decreased by a
factor of 10 leading to a narrower peak shape (trace D).
When lowering rg;; even further by a factor of 100 (trace
E) and 1000 (trace F), in fact resulting in an unreasonably
low value, the modeled trace develops into a shape which
is in very good agreement with the experimental data.
However, the same result can be obtained when 4,4 is
decreased. Thus, we conclude that the overall process of
dissociative adsorption of O, on Ag/Al,O; is a very
slow step in the high-coverage regime reached in the
present study by dosing O, at atmospheric pressure.
Several studies have focused on the experimental
determination of the activation energy and heats of
adsorption of oxygen on supported silver. Auroux and
Gravelle [37] report average heats of formation of
an oxygen monolayer at 473K on Ag/SiO, catalysts
in the range of 205 to 385kJmol~'. The differential
heats of oxygen adsorption were found to decrease as
the amount of adsorbed oxygen increased [37]. Kon-
darides and Verykios [29] report three different oxygen

adsorption activation energies on Ag/a-Al,O3 of 4.2,
43.9 and 100.4kJ mol™!, attributed to the formation of
atomically adsorbed oxygen, weakly held molecularly
adsorbed species and of subsurface oxygen, respectively.
On the same system, Badani and Vannice [38] measured
oxygen heats of adsorption in the range of 159.0 to
188.3kJmol~". It is obvious that the reported values
differ strongly. Further studies are in progress in our
laboratory employing different oxygen dosing pressures
and temperature-programmed adsorption experiments
to unravel the oxygen adsorption kinetics.

4. Conclusions

The temperature-programmed desorption of O, from
a supported Ag catalyst was studied in a microreactor
flow set-up. The results can be described very well by
second-order desorption kinetics. A microkinetic analy-
sis of the TPD traces with different heating rates yielded
an activation energy for desorption of 149 42 kJ mol ™!
and a corresponding pre-exponential factor of
2x 10 +£1x10”s™" in good agreement with the
kinetic parameters reported for O, desorption from
Ag(111) and Ag(110) single crystal surfaces under
UHYV conditions. Due to the absence of readsorption
effects, the rate of dissociative adsorption of O, was
estimated to be at least a factor of 1000 lower than the
rate based on the initial dissociative sticking coefficient
on Ag single crystals.
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