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We analysed previously the interaction of silver with oxygen and characterised three differ-
ent atomic oxygen species. The present communication uses TPRS data to assign a chemical
function to each of these three species prepared on a sample of practical electrolytic silver parti-
cles. With stationary and instationary conversion experiments close to practical conditions
we confirmed the conclusions from the TPRS data also to hold qualitatively for the stationary
operating catalyst. Surface oxygen was found to react in an oxydehydrogenation reaction
with adsorbed methanol with a significant selectivity to total oxidation. “Sub-surface” oxygen
catalyses the dehydrogenation of the adsorbed methanol with no selectivity to total oxida-
tion. Dissolved atomic oxygen from the bulk replenishes both surface species via “sub-surface”
oxygen. The interconversion of all three species at the high reaction temperatures required to
overcome the barriers for the formation and motion of the various atomic oxygen species limits
the overall selectivity of the formaldehyde production.

Keywords: oxygen onsilver; methanol oxidation; temperature-programmed reaction spectros-
copy (TPRS); ion-molecule-reaction mass spectrometry (IMR-MS); dehydrogenation; oxy-
dehydrogenation

1. Introduction

One way for the industrial production of formaldehyde from methanol is the
selective oxidation over elemental silver as catalyst. The process is carried out in a
water—-methanol atmosphere under adiabatic conditions at about 950 K and
atmospheric pressure. The extremely fast reaction conditions (few millimetres
active catalyst bed) and the high throughput (above 0.1 kg cm~2 h~! methanol)
required for efficient production [1] indicate that the reaction is kinetically con-
trolled. Conversion and selectivity values above 95% are possible despite of the fact
that, at 950 K in oxygen, the total oxidation of methanol is thermodynamically
far more favourable.
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The main reactions in the system are [2]:

CH;0H = CH,0 + H, (1)
2CH30H + 0, —~2CH,0 + 2H,0 ()
2CH;0H + 30, —CO, + 2H,0 - (3)
CH,0 + 0, —+CO; + H,O 4)
2H, + 0, —~2H,0 (5)
CH;OH + 0, >~ HCOOH + H,0 (6)
CH,0—CO + H, (7)

The dehydrogenation equilibrium (1) is of practical importance, as a main compo-
nent of the reactor effluent gas is hydrogen. The oxydehydrogenation (2) seems
also to occur as the hydrogen production is understoichiometric. This may,
however, be accounted for by a consecutive reaction (5). The production of steam
resulting from either reaction (2) or (5) is practically observed to balance the
hydrogen gas production. The preferred operation of reaction (5) over reaction (2)
would help to shift the equilibrium (1) to the side of the desired product. The main
total oxidation reactions (3) and (4) can be suppressed efficiently by the mode of
operation of the reactor [1]. They are required to occur to a certain extent in order
to maintain the adiabatic operation at 950 K as reaction (1) is endothermic
(AH = +84 kJ/mol[3]). Formation of formic acid (6) can be suppressed at the high
temperatures of reaction. Decomposition of formaldehyde into hydrogen and
CO, which is highly efficient at the high reaction temperatures, has to be avoided by
a very rapid quench-cooling of the effluent gas phase immediately after the con-
verted bed.

The catalyst is essential for the formaldehyde production. It was further found
that the presence of oxygen is also essential [4] for the reaction, which excludes the
possibility that reaction (1) alone describes the mechanism of formaldehyde pro-
duction. One way to get access to the reaction mechanism is to study the interaction
of oxygen with silver at reaction conditions.

We investigated this interaction under conditions of UHV in addition to exten-
sive literature studies [5-8] and under conditions close to those of technical opera-
tion in detail [9] and found three species of atomic oxygen to be present under
reaction conditions. Using a combination of analytical techniques, a profile of
physical properties of each species was established [10]. One essential difference
between the species is their location either on the surface (a species), or dissolved in
the bulk of the metal (B species) or incorporated in the top atom layer of the silver
as ‘“‘sub-surface” or y species. This latter species was found to interact most
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strongly with the silver atoms which are, however, not oxidised to a binary oxide.
Formation of the y species causes the surface of silver to reconstruct[11,24]in order
to accommodate the lattice mismatch between the enlarged top atomic layer and
the bulk of the silver. It was further found that silver at high temperatures and in
the presence of oxygen forms facets of the (111) orientation irrespective of the crys-
tal orientation of the starting material [11]. This facetting is not only characteristic
of single crystals, but occurs also with foils or even powder samples. The driving
force for this oxygen-induced restructuring is the minimisation of the surface free
energy, which is also indicated by the complete suppression of silver evaporation at
950 K in oxygen[11].

The purpose of the present communication is to show that the various species
of atomic oxygen react differently with methanol. Previous studies using single
crystals and low pressure gas conditions arrived at the conclusion that the oxida-
tion step (2) is the primary reaction pathway [12] although practical exit gases
contain significant amounts of elemental hydrogen. Earlier work under more prac-
tical conditions [4] concluded that both reactions (1) and (2) occur simultaneously
over the catalyst. This discrepancy indicates extrapolation problems when UHV
data and high pressure reaction experiments are directly compared.

We used temperature programmed desorption (TPD) [13] and reaction (TPR)
profiles [14] and compared their results to selectivity data obtained with a reactor
operating at steady state under atmospheric pressure with practical gas feed condi-
tions as isothermal process. In this way it was possible to isolate the conversion
reactions in the temperature programmed low pressure mode and to correlate the
results with data obtained under practical conditions.

2.Experimental

The experiments were all carried out using electrolytic silver particles of about
0.3 mm diameter kindly supplied by BASF (Ludwigshafen).

The TPD-TPRS data were measured in a quartz cell reactor attached to a gas
inlet system allowing us to dose purified molecular oxygen at atmospheric pressure
and methanol vapour (saturation pressure of liquid methanol at 310 K) and to a
Hiden Analytical quadrupole mass spectrometer which operated either in UHV or
in a methanol atmosphere supplied from the reactor at 10~7 mbar. Care was taken
to eliminate background reaction from steel, thermocouples or evaporated silver.
External heating was provided by a high-power mini furnace surrounding the
quartz reactor, which was operated by a software-controlled power supply to guar-
antee linear heating ramps in all segments of the heating range from 300 to
1000 K. The heating rate was always 1 K s~1.

The microreactor experiments were carried out in an air-heated quartz reactor
housing a 15 mm diameter 10 mm thick bed of the catalyst particles. It was oper-
ated at 890 K with 50% methanol/water feed at a load of 1.0 g methanol cm~2
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min~!. Oxygen was fed with 10% understoichiometry relative to methanol. Under
steady state conditions a maximum conversion of 85% and a maximum form-
aldehyde selectivity of 86% were achieved. An IMR-MS ATOMIKA 100 mass
spectrometer was used as on-line gas detector allowing to monitor simultaneously
oxygen, CO, CO,, water, methanol, formaldehyde and formic acid using both Kr
and Xe as primaryions. The time resolution for a full analysis was 10 s.

The instationary experiments were done after keeping the catalyst for 100 h on
stream. The gas feed was replaced for 3 min by nitrogen and then the methanol/
water feed was switched back. A nitrogen gas stream balanced the gas throughput
to the previous value. Only the IMR-MS detector with its extreme sensitivity of
below 0.1 vppm for molecular oxygen allowed us to exclude that traces of molecu-
lar oxygen could have interfered with the experiment.

3. Results and discussion

The exact shape of all TPD/TPRS data depends on the history of the sample.
Reproducible data can only be obtained after cycling a sample 50 times through an
oxygen loading-reaction loop.

In fig. 1 the detection of the three atomic oxygen species is shown in trace A.
The sharp peak arises from surface oxygen (a species). This peak has been observed
in single crystal studies before [5,15,16] with the correct kinetic analysis remaining
controversial [12,16,17]. The shoulder at higher temperatures can become domi-
nant over the main line for heavily aged samples or very low heating rates and indi-
cates diffusion-limited desorption from the silver bulk (B species). The novel y
species gives rise to the high temperature peak. An increase in the exposure time
changes little the intensities, increased exposure pressures increase the abundance
of the f species.

A TPRS experiment with molecular hydrogen was carried out (traces A 4+ B) in
order to study a possible discrimination of the reactivity of the different species.
Only the surface oxygen and some bulk oxygen replenishing the surface oxygen
reacted with hydrogen to form water, not, however, the tightly held y species. The
shape of the water evolution curve, which is not an echo of the oxygen desorption
profile, indicates that within the timescale of the experiment an interchange
between bulk and surface oxygen is possible. In this interconversion of species also
the y species is involved, which is, however, a less efficient reservoir for oxygen
than the bulk. The efficient diffusion of oxygen in the bulk [13] of silver as well as
the blocking influence of a surface limitation of this diffusion (by formation of the
more stable y species) have been described in a recent study of the application of
silver as a selective oxygen separator [18]. We state that reaction (5) is not effi-
ciently carried out with the sub-surface species and that even surface oxygen reacts
only rather slowly with molecular hydrogen.

In fig. 2 we illustrate using a different batch of the catalyst after extensive ageing
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Fig. 1. The interaction of molecular oxygen with silver. A mildly aged (10 cycles) batch of catalyst

(210 mg) was loaded at 923 K with 10 mbar oxygen for 5 min (standard conditions chosen to satu-

rate the surface oxygen species). Trace A: UHV TDS (heating rate 1 K s™!) of the oxygen-loaded
sample. Traces A + B: TPRS in hydrogen.

that the formation of formaldehyde in a TPRS experiment is coupled with the
simultaneous presence of methanol and the oxygen loaded silver catalyst. Traces 1
and 3 illustrate that homogeneous reaction in the quartz reactor under the present
reaction conditions is negligible. Trace 2 shows that the catalyst without oxygen
loading is inefficient and rules out catalysis of reaction (1) by elemental silver.

Trace 4 shows the formation of formaldehyde when methanol and the oxygen
loaded catalyst are heated together. It is most significant that the formaldehyde
production occurs exactly at the peak temperatures of the atomic oxygen de-
sorptions seen in fig. 1. This indicates that chemisorbed oxygen is involved in the
formation of the formaldehyde and rules out any participation of the gas phase in
the reaction (either in an Eley—Rideal mechanism or as homogeneous catalysis
involving silver atoms or clusters in the gas phase). This co-incidence of desorption
and reaction further strongly implies that the rate-limiting step in the overall reac-
tion is the generation of the activated oxygen species.

Fig. 3 shows a complete TPRS experiment. The catalyst was preloaded with
10 mbar oxygen at 923 K. The interconversion of atomic oxygen species allowed to
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Fig. 2. The formation of formaldehyde in the TPRS system. All experiments were carried out at a con-
stant partial pressure of 2 x 10~7 mbar methanol and an aged catalyst sample. Trace 1: Empty reac-
tor filled with quartz wool; trace 2: Reactor filled with aged silver catalyst. The formaldehyde
formation above 850 K is due to residual oxygen segregating out of the bulk of the silver. Fresh cat-
alysts show no formaldehyde activity up to the melting point of the sample. Trace 3: Empty reactor
filled with quartz wool and molecular oxygen (1 x 10~ mbar). Under these conditions massive total
oxidation was observed. Trace 4: Reactor with catalyst loaded with oxygen under standard condi-
tions.

find atomic oxygen desorbing at temperatures below the exposure temperature in
exactly the same way as showninfig. 1.

The top trace shows the consumption of methanol in three different temperature
regimes namely at above 400 K, at 700 K and at 980 K. The products formed
were formaldehyde, carbon dioxide and water besides hydrogen, which was not
detected here. Formaldehyde was formed in all three temperature regions. Carbon
dioxide was formed only in the low and medium temperature region, not, how-
ever, in the high temperature region. This proves that formaldehyde is produced by
partial oxidation with limited selectivity from a and (after diffusion to the sur-
face) from B oxygen. The y species produces formaldehyde in a different reaction
mechanism with ideal selectivity.

The different reaction mechanisms are also reflected in the water evolution trace
showing water as a product of total and partial oxidation at 700 K and not to occur
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Fig. 3. TPRS experiment with a methanol and an oxygen pre-loaded catalyst. The experimental condi-
tions were as stated in the captions of figs. 1 and 2. The data are uncorrected except for the water
curve, which was corrected for a background desorption from the empty reactor system.

at 980 K. This allows to identify the 700 K route as the oxydehydrogenation reac-
tion and the reaction at 980 K as following the dehydrogenation route. The fact
that the methanol-to-formaldehyde reaction is discriminated in two different reac-
tion pathways provides clear evidence for the simultaneous participation of silver,
different oxygen species and methanol in the rate-determining step. This is impor-
tant in the light of the failure to ever observe chemisorbed methanol on clean or
oxygen-covered silver surfaces to be present or even react at temperatures above
180 K[19].

The fundamental difference in the mode of action of the two atomic oxygen spe-
cies is rationalised in terms of their differing location on top and incorporated
into the silver surface and the resulting significant difference in chemical bonding
between silver and oxygen [6,7].

The m/e 44 trace in fig. 3 contains additional structures compared to those aris-
ing from the main conversion processes. The two sharp peaks at 410 and 485 K
are attributed to the decomposition of surface formate [20] and surface carbonate
[14]. These spectator species were formed by reaction of methanol with the oxygen-
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saturated surface in line with earlier reports on “induced adsorption” [14,17]. The
shoulder at around 800 K arises from the decomposition of three-dimensional
basic silver carbonates (“‘black silver oxide” forming from oxygen, water and car-
bon dioxide at around 400 K) as it was concluded from TPD runs at lower heating
rates and independent synthesis experiments [21].

The level of conversion rises with the number of cycles carried out with one cata-
lyst batch, until it reaches a stable regime after more than 100 cycles. Under these
conditions the shape of the 700 K formaldehyde peak has changed into a broad
base and a superimposed sharp line, a pattern which can be seen to emerge in the
data of fig. 3. Comparison with the shape of the water evolution curve, which does
not exhibit the sharp part of the formaldehyde profile, indicates a significant contri-
bution of the dehydrogenation reaction without simultaneous formation of water.
After calibrating the sensitivity factors for water and formaldehyde it is possible
to subtract the inselective reaction contribution from the total formaldehyde con-
version and to arrive at the contribution of the selective dehydrogenation pathway
to the total conversion. This is compared in fig. 4 to the oxygen desorption spec-
trum recorded in UHYV for identical loading conditions. First, we note the perfect
correspondence between the oxygen desorption features and the selective forma-
tion of formaldehyde via dehydrogenation. The irregular peak profiles compared
to the earlier experiments are due to the rough shape of the catalyst surface, which
has undergone massive surface restructuring in the state of stable conversion
visible by the bare eye.

The results presented in fig. 3 allow us to use the selective formation of form-
aldehyde as chemical probe for the presence of y-oxygen. Comparison of figs. 3
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Fig. 4. Comparison between TPRS and TDS experiments for the fully aged catalyst sample used for

the data in fig. 3 (129th catalysis cycle). The formation of formaldehyde via the oxydehydrogenation

route was removed by subtraction of the weighted water evolution profile. The weighting accounted

for the sensitivity factors for water and formaldehyde in the mass spectrometer. The shift in the oxy-
gen desorption maxima compared to the values in fig. 1is due to the surface restructuring.
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and 4 allows us to conclude that the ageing of the catalyst gave rise to the forma-
tion of y oxygen at lower temperatures in the region of the desorption of surface
and bulk oxygen. Surface restructuring with the formation of (111) facets [22] is
thus a pre-requisite for the formation of y oxygen. The fact that we observe in fig. 4
two distinct peaks of activity for the formation of formaldehyde implies that a reac-
tion channel must exist which reduces the abundance of y oxygen in the tempera-
ture interval between 700 and 850 K under our conditions of low gas phase
pressure of oxygen. Raman experiments [7,21] showed earlier that in this tempera-
ture range in the absence of gas phase oxygen the y oxygen is converted into atomic
oxygen dissolved in the bulk (B species). The reaction maximum above 1000 K
indicates that at these temperatures the segregation of bulk dissolved oxygen to
the surface dominates the dissolution process. This is in line with the observation
of a jump in the oxygen permeability through a silver membrane from 198 cm?
m~! h~!at878 Kto 1330 cm® m~! h~'at 1020 K[23].

In summary, the TPRS experiments have clearly shown that the two different
surface a and y species of atomic oxygen react either as oxydehydrogenation cen-
tres (a) or as dehydrogenation centres (y). This is in line with integral kinetic data
[4] suggesting the simultaneous action of both reaction pathways. The data further
clearly show that the reaction is a conventional surface Langmuir-Hinshelwood
type reaction with short-lived organic intermediates accumulating under reaction
conditions to amounts insufficient to be detected by spectroscopy. The fact that the
reaction to formaldehyde and the desorption of pre-adsorbed oxygen coincide on
the temperature (energy) scale is a strong confirmation for the dominating influ-
ence of the silver—oxygen interaction on the overall reaction kinetics. The failure of
many previous studies [11] to observe these results, although they used the same
techniques as the present investigation, is due to the fact that the partial pressure
effect of oxygen on the nature of the silver—oxygen species was overlooked due to
experimental difficulties. In the discussion of the review by Barteau and Madix [14]
it is, however, stated that adsorption pressures may have an important effect on
the course of the partial oxidation reaction.

The data also highlight the participation of structural effects (oxygen-induced
facetting as on-line activation process) and the equilibration of oxygen concentra-
tions on the surface and in the bulk of the catalyst as functions of temperature and
gas phase partial pressure of oxygen.

These conclusions may be criticised as being again experimentally far from the
“real” system. For this purpose an instationary kinetic experiment with the “real”
system under operating conditions close to practical conditions was designed in
order to prove the action of two independent reaction pathways. This was possible
due to the knowledge of the behaviour of a and y oxygen at surfaces under high tem-
perature and high and low partial pressures of molecular oxygen from previous
ISS [10] and in situ Raman experiments [24]. These data show that at high partial
pressures of oxygen both atomic oxygen species are present in large abundances.
Removal of surface oxygen by reaction or ion bombardment brings the abundance



392 H. Schubert et al. / Selective oxidation of methanol over elemental silver

of a oxygen quickly to low values, whereas y oxygen is accumulating at very low
partial pressures of molecular oxygen by segregation of bulk p oxygen to the initi-
ally clean surface. Only after reaching a steady state surface abundance after about
35 min at 900 K is the interconversion of y oxygen into the surface a species
observed by XPS and UPS[10].

Fig. 5 summarises and instationary (see also Experimental section) conversion
experiment. It occurs that two regimes of reactivity are present. In the first 2 min of
the reaction the formation of formaldehyde via the oxydehydrogenation mechan-
ism with limited selectivity is the dominating process. After this period the selectiv-
ity rises steeply to 100% indicative of the now exclusive operation of the
dehydrogenation mechanism. This is in full agreement with the oxygen chemisorp-
tion behaviour on silver outlined above.

Interruption of the stationary feed leaves a surface covered with both oxygen
species. The top surface atomic oxygen reacts after addition of the organic sub-
strate and is consumed stoichiometrically by the formation of both water and car-
bon dioxide. After removal of the o species the remaining firmly held (see fig. 1) v
oxygen acts as fully selective dehydrogenation agent. It is, however, progressively
consumed and converted most likely to water (where it cannot be analysed due to
the excess of steam in the system). The long tail of the conversion curve after 10 min
indicates the re-formation of the y oxygen from segregated atomic oxygen from
the bulk. It takes more than 90 min until the formaldehyde production has come to
a complete end. The fact that the conversion falls to zero in the absence of oxygen
supports the experiments of fig. 2 as being significant for practical reaction

conditions.
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Fig. 5. Conversion experiments in the microreactor: IMR-MS response curves for an instationary

experiment. After prolonged steady-state operation the reactor was flushed with preheated nitrogen

until no educts or products were detectable. Then, at time = 0 the methanol-water feed was applied

together with a nitrogen stream balancing the total flow for the omitted oxygen gas stream. Note that
55% of the total formaldehyde formation occurred at 100% selectivity.
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If the findings in fig. 4 about two distinct temperature regimes of selective dehy-
drogenation are also valid under practical conditions, then we should observe two
peaks in the selectivity curve of our steady state experiment. This is indeed the case
as can be seen from the formaldehyde selectivity pattern displayed in fig. 6. A sec-
tion through the parameter space with the temperature and the ratio of redox
equivalents (methanol as reducing agent and atomic oxygen as oxidising agent)
being the variables. The maximum selectivity is reached at slightly understoichio-
metric redox equivalents indicating the participation of the dehydrogenation in the
overall reaction. As function of temperature we observe the expected two-peak
structure at temperatures close to the TPRS experiments. In addition, a regime of
catalyst operation exists at low temperatures and highly understoichiometric feed
where good selectivities are achieved. This further confirms the relevance of the
dehydrogenation pathway in the overall conversion process. These conditions are,
however, unfavourable for practical operation as the conversion of methanol
under fixed flow conditions is significantly lower than in the region of the param-
eter space (almost stoichiometric feed, high temperatures), where the catalyst is
operated practically.

4. Conclusion

The reactivity of silver loaded with oxygen under practical partial pressures in
the methanol to formaldehyde reaction was studied. Evidence was found for the

Selectivity (%)
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Fig. 6. Conversion experiments in the microreactor: section through the operating parameter space

presented as formaldehyde selectivity. Each data point is averaged from two independent experi-

ments and was checked for steady-state for 24 h. The catalyst mass, total gas stream and feed loading

(from a 45% water-methanol mixture) were fixed. The two x-axis variables were the catalyst tempera-

ture and the ratio of redox equivalents (methanol to oxygen, x100). The low selectivity to form-
aldehyde at oxygen-rich conditions is due to extensive total oxidation.
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participation of three different atomic oxygen species in the reaction sequence.
These three species were identified earlier as to exhibit different locations and
hence chemical bonding to the substrate. For this reason it is not surprising that
their mode of operation in the methanol conversion is also different. Surface oxy-
gen acts as oxydehydrogenation agent and is stoichiometrically consumed as water
or carbon dioxide. The firmly held sub-surface species acts as strong Lewis base
and catalyses dehydrogenation with 100% selectivity. Its reactivity to the primary
product hydrogen is low (see fig. 1) so that catalytic amounts of this species are suf-
ficient. Under conditions of low partial pressures of molecular oxygen the atomic
oxygen dissolved in the bulk segregates to the surface and replenishes the pool of
sub-surface oxygen without contributing significantly to the formation of surface
atomic oxygen. Earlier Raman studies and the data in fig. 1 show that sub-surface
oxygen is converted only in the absence of a reactive species in the gas phase to sur-
face atomic oxygen.

The present data allow us to assign a specific catalytic function to each of the
spectroscopically characterised oxygen species. This assignment is also valid under
practical reaction conditions. The present findings do not contradict the conjec-
ture in the literature [14] about two qualitatively different atomic oxygen species
chemisorbed on the surface as explanation for the selectivity of the partial oxida-
tion reaction. Arguments of adsorbate—adsorbate interaction and hence coverage
effects were made responsible for the postulated different mode of chemical bond-
ing between silver and oxygen causing different degrees of Lewis basicity to the
two species. Our results are also full support for the conclusions by Lefferts [25],
who pointed out the catalytic relevance of a strongly bonded oxygen species (our y
oxygen) which he detected in very small amounts in his TDS patterns.

It cannot be decided on the basis of the present results how much of the total con-
version is contributed by each of both reaction channels. The obvious fast reaction
of surface oxygen is to be compared to the catalytic action of the sub-surface oxy-
gen and not to the slow kinetics of its formation. As all species interconvert into
each other under steady state conditions, it will remain a difficult task to determine
relevant kinetic constants. Of importance will further be the spatial distribution
of sub-surface oxygen sites and surface oxygen sites which can be translated into
the fractional coverage of the real catalyst with (111) facets. Work is in progress to
determine this quantity.

The present results are of relevance in a study on experimental possibilities for
the closure of the pressure gap between essential UHV characterisation data and
practical reaction conditions by a combination of problem-adapted measurements.
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