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H,CO oxidation was studied over Ag powder, high surface area
(HSA) a-alumina, and Ag dispersed on both (HSA) a-AlO, and
Si0,. Ag powder was active above 473 K with reaction orders of
unity for O, and zero for H,CO. All the supported Ag catalysts were
active, even below 473 K, but significant deactivation occurred
initially at the lower temperatures. Above 473 K thereaction orders
for the supported Ag catalysts were near 0.3 for both O, and H,CO.
Turnover frequencies were determined for these Ag catalysts for the
first time. Unlike silica, the (HSA) a-aluminas exhibited significant
activity above 473 K. In addition to CO,, CO was also a product
above 493 K in the presence of alumina, probably due to the
decomposition of formate species on the alumina surfaces. The IR
spectra for H,CO adsorption on alumina showed that formate
groups dominated while significant amounts of dioxymethylene
also existed at 303 K. At higher temperatures, dioxymethylene
decomposed or oxidized to form formate groups. The spectra for
H,CO adsorption on a (HSA) a-alumina-supported Ag catalyst
were similar to those for alumina, but a decrease in the formate
species was observed after introducing oxygen at 493 K. Formate
species were observed on the silica-supported Ag catalyst and were
associated with H,CO adsorption on oxygen-covered Ag; introduc-
tion of O, at 493 K after dosing with H,CO resulted in the formation
of gas-phase CO,. A reaction model that assumes O, adsorption
and formate decomposition to CO, to be the two slow steps provided
excellent fits for the data for all catalysts. © 1995 Academic Press, Inc.

INTRODUCTION

Formaldehyde is one of the major pollutants in the
exhaust of methanol-fueled vehicles, and it can also be
released from urea-formaldehyde resins which are used
in a variety of consumer products. Since the carcinogenic-
ity of formaldehyde was reported (1), concerns about its
toxicity have increased and methods of formaldehyde de-
toxification have been examined. Catalytic combustion
of formaldehyde is one of the methods that can effectively
remove formaldehyde from the air. Several studies have
reported on the oxidation of formaldehyde over supported
metal catalysts or metal oxides (2-8); however, few ki-
neti¢c data were obtained and limited information about
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surface species under reaction conditions is available.
Therefore, the aim of this study was to examine the kinetic
behavior of H,CO oxidation over supported metal cata-
lysts and to investigate the adsorbed H,CO species. High
surface area (HSA) a-alumina-supported Ag catalysts
were chosen because they have been shown to be very
active for acetaldehyde oxidation and have been well
characterized (9); consequently, they are promising candi-
dates for efficient formaldehyde oxidation.

At room temperature gaseous formaldehyde easily po-
lymerizes to paraformaldehyde, which can revert to gas-
eous formaldehyde to an appreciable extent when the
temperature rises above certain levels. Therefore heating
paraformaldehyde provides a convenient source of pure
gaseous formaldehyde; however, methods other than this
have been used in past studies of H,CO oxidation over
supported metals. For example, McCabe and Mitchell
employed a prereactor to produce formaldehyde by the
partial oxidation of methanol to simulate vehicle exhaust
in which methanol and CO were also present (2). Imamura
et al. investigated formaldehyde oxidation over CeQ,-
supported precious metals using aqueous formaldehyde
containing methanol as a stabilizer in the feed (3, 4). Reac-
tors other than steady-state, packed-bed reactors have
also been used, such as a batch reactor containing solid
paraformaldehyde (5) or a semibatch reactor with oxygen
flowing through an aqueous solution of formaldehyde (6).
The only studies for H,CO oxidation with pure gaseous
formaldehyde were performed with a Pt wire (7) and nickel
oxide (8). In view of the previous studies, in which no
kinetic data were obtained over supported metal catalysts
using a differential reactor with only H,CO and O, as
reactants, an investigation of the kinetic behavior of H,CO
oxidation under reaction conditions involving only form-
aldehyde and O, clearly was warranted.

These experiments were carried out by warming para-
formaldehyde in a temperature bath under flowing helium
to generate a steady-state partial pressure of gas-phase
formaldehyde. Reaction kinetics were examined between
373 and 523 K over Ag powder, (HSA) a-alumina or silica-
supported Ag catalysts, and the pure supports using a
differential reactor. These Ag catalysts were character-
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ized by oxygen chemisorption and hydrogen titration in
a high-vacuum adsorption system. In addition, diffuse
reflectance FTIR (DRIFTS) was employed to study the
evolution of adsorbed species during formaldehyde ad-
sorption and oxidation.

EXPERIMENTAL

Catalyst Preparation

All the supported Ag catalysts, except for the 1.5%
Ag/Si0, sample, were prepared by an incipient wetness
method using AgNO; (Aldrich Co., 99.9999%) dissolved
in doubly distilled, deionized water followed by drying at
383 K in an oven and storage in a desiccator. The support
materials used were two high surface area (HSA) alumi-
nas—a-Al,04(U) (Alcoa, 78 m? g™') and a-Al,0,(G) (Al-
coa, 104 m? g~")—which were prepared from unground
and ground diaspore, respectively (10), and SiO, (Davi-
son, grade 57,220 m?g~!, 60-80 mesh). In order to achieve
high Ag dispersions, the 1.5% Ag/SiO, sample was pre-
pared by an ion-exchange method with this SiO, (<100
mesh) (11). All supports were heated at 823 K for 2 h in
air (Linde, dry grade) at 500 cm® (STP) min~! prior to
impregnation or ion-exchange with Ag. The Ag loadings
were determined by plasma emission spectroscopy at the
Mineral Constitution Laboratory of Pennsylvania State
University, except for the 16.65% Ag/SiO, catalyst, which
was analyzed at the Dow Chemical Company. Ag powder
(Johnson Matthey, Puratronic, 99.9995%) was used for
studies over unsupported Ag.

Catalyst Characterization

The number of surface Ag atoms was measured by both
oxygen chemisorption and hydrogen titration at 443 K in
a stainless steel adsorption system with an ultimate vac-
uum of 1078 Torr, which has been described previously
(12). The pretreatment consisted of calcination in 10%
0,/90% He (40 cm® (STP) min~') at 773 K for 2 h followed
by reduction in H, (20 cm? (STP) min~!) at 673 K for
2.5 h and was carried out in situ prior to chemisorption
measurements. H, (MG Ind. 99.999%) and He (MG Ind.,
99.999%) were flowed through molecular sieve traps and
Oxytraps (Alitech) while O, (MG Ind., 99.999%) was
passed through a molecular sieve trap.

Catalytic Measurements

Kinetic studies were conducted in the vapor phase at
atmospheric pressure in a Pyrex reactor which was placed
inside a heating mantle equipped with a temperature con-
troller. In situ pretreatments identical to those employed
in the chemisorption measurement were carried out be-
fore the introduction of reactants. A continuous flow of
gaseous formaldehyde was established by passing a car-
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rier gas through a glass flask containing paraformaldehyde
(Aldrich, 95%) which was situated in a temperature bath
(Fisher Scientific, Model 90) held at temperatures from
338 to 353 K, while all the tubing after this formaldehyde
generator and the GC sampling valve were heated to
390 K to prevent recondensation of formaldehyde. The
flow rate of formaldehyde was calibrated by passing the
formaldehyde-containing gas into doubly distilled, deion-
ized water and analyzing the resulting solution by the
sulfite method (13), and the partial pressure of formalde-
hyde determined from these measurements was then con-
trolled by heating paraformaldehyde at different tempera-
tures while the flow rates of O, and He were regulated
by mass flow controllers (Tylan, FC-260). Typically a total
feed flow rate of 10 cm® (STP) min~' containing 1.2%
formaldehyde and 14.8% O, (balance He) was passed
through the reactor containing either 50 mg of supported
Ag catalyst or | g of Ag powder, corresponding to a space
velocity of either 7000 or 1000 h™'. The reaction to form
CO, or CO was studied from 373 to 513 K, and the data
were acquired in an ascending temperature sequence fol-
lowed by a descending temperature sequence to detect
any deactivation. Partial pressure dependencies on form-
aldehyde were typically determined at an O, composition
of 14.8%, while those on O, were determined at a formal-
dehyde composition of 1.2%. An ascending partial pres-
sure of O, or formaldehyde followed by descending partial
pressure was also employed to detect deactivation over
these supported Ag catalysts and aluminas. The activity
was measured after a period of 20 min on stream following
each change in temperature or flow composition. Product
analysis was conducted with a gas chromatograph (Hew-
lett Packard, 5730A) equipped with a Carboxen'® column
(Supelco). The maximum conversions were around 20%,
while most conversions were kept below 10% so that a
differential reactor could be assumed. On the alumina-
supported Ag catalysts, a satisfactory carbon balance
could not be obtained due to the adsorption or polymeriza-
tion of formaldehyde on the alumina surface.

DRIFTS Study

The infrared studies were conducted using a N,-purged
FTIR spectrometer (Mattson Instr., RS-10000) equipped
with a DRIFTS cell (Harrick Scientific, HVC-DR?) in
conjunction with a praying mantis mirror assembly (Har-
rick Scientific, DRA-2C0). Modifications were made to
facilitate height adjustment outside the sample chamber
and to allow the temperature within the catalyst bed to
be measured. Some of these have been described earlier
(14); however, a different apparatus for height adjustment
was used here. It consisted of a lever attached through a
transparent acrylic sample chamber cover to move the
height adjuster of the DRIFTS cell. Catalysts were ground
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(<325 mesh) and loaded into the cell, and the same in
situ pretreatment was employed before the introduction
of reactants, except that the calcination temperature was
673 K. The formaldehyde partial pressure was generated
as before; however, formaldehyde was now manually in-
troduced by pulses from a six-port switching valve instead
of by a steady flow to prevent excessive formaldehyde
condensation on the DRIFTS cell wall. Pulses of formal-
dehyde (ca. 0.43 umol H,CO per pulse) were introduced
to the cell with flowing He (10 cm® (STP) min!) or a
mixture of 15% 0,/85% He (10 cm® (STP) min~') at 303,
393, and 493 K. Interferograms were obtained by averag-
ing 100 scans at a resolution of 4 cm™! after the introduc-
tion of each pulse of formaldehyde.

RESULTS

0, Chemisorption and H, Titration

Table 1 lists O, chemisorption and H, titration uptakes
at 443 K along with Ag dispersions, as defined by H,
titration, i.e., dispersion = Agy,+/ A8 = H i/ Aiora) OF
0,4/ Ag..r = 1. As expected, Ag powder had much lower
gas uptakes and thus a much larger particle size than the
supported Ag catalysts. The dispersions of the (HSA) a-
alumina-supported samples were higher than those of the
silica-supported samples. The Hy,,/O,, titration ratios for
Ag powder and the (HSA) a-alumina-supported samples
were close to two, as expected (12), but a larger deviation
existed with the silica-supported samples.

Kinetic Study

The activities of the Ag catalysts and the (HSA) a-
alumina for H,CO oxidation to CO, at P,, = 112 Torr
and Py o = 9 Torr (1 Torr = 133.3 kPa) are shown by
the Arrilenius plots in Fig. 1. Activity over the Ag powder
was not observed below 470 K but could be measured

TABLE 1
Oxygen Adsorption and Hydrogen Titration on Silver Catalysts

at 443 K
Gas uptake
(umol/g cat) {nitial
dispersion® dt
Catalyst 0, Hytitr.  (Agun/ A8l (nm)

Ag powder 0.65 1.21 0.00013 10,000
0.83% Ag/a-ALOy(U) 16.5 33.0 0.43 3.1
0.71% Ag/a-Al,O4(G) 18.4 34.7 0.53 25
1.5% Ag/SiO, 13.8 34.8 0.25 5.4
16.65% Ag/Si0O, 72.8 126.2 0.082 16.4

“ Based on Hyy,/ Agioa = dispersion, i.e., Ag-O + H,— Ag + H,0y,
(Ref. 12).
b Calculated from o (nm) = 1.34/dispersion.
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FIG. 1. Arrhenius plots of formaldehyde oxidation to CO,; over Ag

catalysts and aluminas at Po_= 112 Torr and Py o = 9 Torr; Ag powder
(O, @), 0.83% Ag/a-AlefU) (O, W), 1.5% Ag/Si0; (A, A), and a-
ALO(U) (<, ¢). Open symbols represent an ascending temperature
sequence and solid symbols represent a descending temperature se-
quence. Dashed line represents initial deactivation of 1.5% Ag/SiO,.

above 473 K, and it exhibited a reversible temperature
dependency without deactivation, as shown by the Ar-
rhenius plot. The supported Ag samples also showed little
deactivation above 473 K, but had noticeably higher ac-
tivity below 473 K when freshly reduced catalysts were
initially tested. For the supported Ag catalysts below
473 K, rapid deactivation occurred, as shown by the Ar-
rhenius plots in Fig. 1, and the activity of the silica-sup-
ported Ag sample decreased to such a low level that CO,
was almost not measurable after the descending tempera-
ture sequence. The extent of deactivation during the rate
measurements could be estimated by the percent of activ-
ity decrease in the Arrhenius plots at 373 K, and this gave
activity losses in this low temperature region of 56% for
0.83% Ag/a-AlL,04(U), 62% for 0.71% Ag/a-Al,O4(G), and
88% for 1.5% Ag/SiO,, thus showing that the deactivation
on the silica-supported sample was more pronounced than
that on the (HSA) a-alumina-supported samples. A caici-
nation treatment at 773 K in a mixture of 10% O, and He
followed by reduction in H, at 673 K did not recover the
activity below 473 K, so activity measurements were then
conducted above 473 K. Deactivation also occurred
above this temperature, but was milder compared to that
below 473 K, as revealed by the extent of deactivation
estimated by the percent of activity decrease at 473 K
during the rate measurements, which was 27% for 0.83%
Ag/a-AlLOL(U), 37% for 0.71% Ag/a-AlO4(G), and 18%
for 1.5% Ag/SiO,. In contrast to the deactivation below
473 K, the silica-supported sample now had the lowest
deactivation among the three supported Ag catalysts. The
pure (HSA) «-Al,O; samples were also active above
473 K, with activities lower than but on the same order
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FIG. 2. Arrhenius plots of formaldehyde oxidation to CO over Ag
catalysts and aluminas at P, = 112 Torr and Py co = 9 Torr: 0.83%
Ag/a-AlLOy(U) (O, @), 0.71% Ag/a-AlL)Oy(G) (O, W), a-ALO(U) (A,
A), and a-ALO4(G) (O, ). Open symbols represent an ascending tem-
perature sequence and solid symbols represent a descending tempera-
ture sequence.

of magnitude as those of the corresponding supported Ag
samples; thus the overall activity of the (HSA) a-alumina-
supported Ag samples includes the reaction on the alu-
mina surface. Deactivation was likewise observed over
these (HSA) a-aluminas, where the extent of deactivation
was 14% for a-Al,0,4(U) and 69% for a-Al,0,(G). No mea-
surable activity was detected with pure silica, so the activ-
ity of the silica-supported sample on Ag surfaces can be
attributed to H,CO oxidation only.

CO was also produced during H,CO oxidation above
493 K over the (HSA) a-alumina-supported Ag catalysts
and the (HSA) a-aluminas, and the Arrhenius plots for
the production of CO at Py, = 112 Torr and Py o = 9
Torr are shown in Fig. 2. In contrast, CO was not observed
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TABLE 2
Formaldehyde Oxidation Kinetics at Temperatures below 443 K

Initial activity at 373 K¢

Catalyst r(mol/g-s x 107) TOF (s~! x 10%) E, (k)/mol)
0.83% Ag/a-ALO(U) 13 19 73
0.71% Agla-ALOY(G) 0.81 23 74
1.5% Ag/SiO, 1.2 3.5 50

Note. Reaction Conditions: Po, = 112 Torr and Puzco = 9 Torr.
¢ Only CO, formed.
b Obtained from descending temperature sequence.

over either Ag powder or the Ag/SiO, sample. The deacti-
vation for CO formation was slight compared to that for
CO;,. Since the activity for CO formation on the aluminas
was always higher than that on the (HSA) a-alumina-
supported Ag catalysts, and since Ag powder did not
produce CO, it is assumed that CO was primarily pro-
duced on the alumina surfaces of the (HSA) a-alumina-
supported Ag catalysts, with the resulting CO possibly
being further oxidized on the Ag surface, as Ag is known
to be active for CO oxidation (15, 16).

As indicated in Fig. 1, the catalytic behavior in the
temperature region below 473 K was different than that
above 473 K, thus kinetic results are given separately
for each region in Tables 2 and 3. In both tables, initial
activities represent values in the ascending temperature
sequence, but the apparent activation energies (E,) in
Table 2 are derived only from the slope of the descending
temperature sequence, to minimize any effect of deactiva-
tion, whereas average values of E, are given in Table
3. Turnover frequencies (TOF) are based on the initial
dispersions given in Table 1. For formaldehyde oxidation
below 473 K, the 0.71% Ag/a-Al,0,(G) had a somewhat

TABLE 3
Formaldehyde Oxidation Kinetics at Temperatures above 443 K

Activity at 493 K*

E, (kJ/mol) Reaction order?
A r TOF —_—_—
Catalyst %) (mol/g-s x 107) s x 10% Co, co 0, H,CO
Ag powder 100 0.030 2.5 71 — 0.95 0
0.83% Agla-ALO(U)Y 82 0.88 1.14 57 148 0.27 0.22
0.71% Ag/a-ALO(G)* 92 1.53 3.24 51 160 0.25 0.34
1.5% Ag/SiOy 100 1.39 4.0 44 —_ 0.32 0.32
a-AL,OU) 76 0.52 - 55 165 0.10 0.36
a-ALO(G) 46 0.41 — 62 145 0.11 0.61

¢ Selectivity at 493 K, defined as mol CO,/(mol CO; + mol CO).

b For CO, formation.
¢ Samples after deactivation below 473 K were used.
4 After correction for the contribution from aluminas.
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lower TOF than the other two Ag catalysts, but the activa-
tion energies of the two (HSA) a-alumina-supported sam-
ples were nearly identical and were larger than that for
the Ag/SiO, catalyst, as shown in Table 2. In Table 3,
the TOFs for CO, formation above 473 K on the Ag/(HSA)
a-Al,O, catalysts were corrected for the contribution from
the support. The Ag/SiO, catalyst was the most active
and still had the lowest E,, while the TOFs of the (HSA)
a-alumina-supported Ag samples were more similar to
that for Ag powder. Since CO was also generated in this
temperature region, selectivity to CO, is defined as mole
CO,/(mole CO, + mole CO) x 100. The selectivity of
supported Ag catalysts was always higher than that of the
supports alone. The activation energy for CO formation
(145-165 kJ mol™") was about two times higher than that
for CO,; consequently, at higher temperatures the selec-
tivity significantly decreased.

The partial pressure dependencies on O, and H,CO for
formaldehyde oxidation to CO, above 473 K were studied
at 493 K after the rates vs temperature curves were ob-
tained, as shown in Figs. 3 and 4, and the results from a
power rate law fit are listed in Table 3; however, the
dependencies below 473 K were not investigated due to
significant deactivation. For Ag powder the reaction order
of O, was near unity and that of H,CO was zero, while
for the supported Ag catalysts the reaction orders with
respect to both O, and H,CO were usually around 0.3,
regardless of the support. For the (HSA) a-aluminas the
reaction order of O, was close to 0.10, which was lower
than that of the Ag catalysts, while the reaction order of
H,CO was higher compared to that of the Ag catalysts.
A correction of the activity in the partial pressure depen-
dency studies for the contribution from the support for
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FIG. 3. Dependence of formaldehyde oxidation on O, pressure over
Ag catalysts and aluminas at 493 K: Ag powder (O), 0.83% Ag/a-
ALOL(UY (O, W), a-AlLLOyU) (A, A), and 1.5% Ag/SiO, (¢, @), Open
symbols represent an ascending pressure sequence and solid symbols
represent a descending pressure sequence.
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FIG. 4. Dependence of formaldehyde oxidation on H,CO pressure
over Ag catalysts and aluminas at 493 K: Ag powder (O), 0.83% Ag/
a-ALO;(U) (O, W), a-AlLO4(U) (A, A), and 1.5% Ag/SiO, (O, ). Open
symbols represent an ascending pressure sequence and solid symbols
represent a descending pressure sequence.

the Ag/a-Al,O; samples was attempted, but it was not
successful because of the presence of deactivation.

Infrared Study

The IR spectra of silica after exposure to H,CO, refer-
enced to a clean pretreated surface, showed no bands
developing even at 303 K, thus indicating that littie or
no H,CO adsorbs onto silica surfaces above 303 K. This
result differs from that reported for H,CO adsorption on
an Aerosil silica in a static system in which polyoxymethy-
[ene (POM) species were observed at room temperature
(the pressure of H,CO was not specified in this paper)
(17); however, this difference is probably due to the very
low concentration of H,CO in each pulse, which cannot
generate high enough concentrations on the surface to
allow condensation of H,CO to POM, plus the fact that
H,CO was introduced at 170 K in the study by Busca
et al. Nevertheless, the fact that no dioxymethylene or
formate species have been reported in the literature after
H,CO adsorption on silica suggests that the interaction
between silica and H,CO is weak. Because there are no
IR features attributable to H,CO adsorbed on silica, any
spectra obtained with the silica-supported Ag catalyst can
be directly related to adsorbed species on Ag; however,
no bands were observed with a freshly reduced 1.5%
Ag/Si0O, sample after introducing H,CO in either the pres-
ence or the absence of O,. This may have been due to
the low Ag loading in this sample. The 1.5% Ag/SiO,
sample used in the kinetic study was taken from the reac-
tor, loaded into the DRIFTS cell, and purged with He
at 493 K, which caused little significant change in the
spectrum. Four pulses of H,CO in He were then intro-
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duced at 493 K and again no significant bands developed,
a result similar to that observed with the freshly reduced
sample. Oxygen was introduced after this dosing of H,CO,
and the band strength at 1710 cm™! decreased while gas-
phase CO, (identified by the two bands near 2340 and
2360 cm™!) was initially produced then disappeared, as
shown in Figs. 5b-5e. The band at 1710 cm™! is assigned
to a weakly adsorbed H,CO species because of the similar-
ity to a band at 1735 cm™! for gas-phase H,CO (18); this
species is probably associated with the Ag surface be-
cause the C=0 stretching band at 1710 cm™! is the same
as that reported for H,CO on Ag(110) (19). A study of
H,CO adsorption on oxygen-covered low-surface-area Ag
powder was also conducted, but no bands associated with
adsorbed species could be detected (20).

Formaldehyde adsorption on a catalyst with higher sil-
ver loading, 16.65% Ag/SiO,, was then studied in an effort
to enhance detection of the adsorbed species on the Ag
surface. After pretreatment, a flow of 15% O, in He was
introduced at 443 K to generate an oxygen-covered Ag
surface. Formaldehyde was then dosed at 303 K in He
and a weak band at 1610 cm™! developed, as shown in
Fig. 6a. Further dosing of H,CO at 393 K did not change
this band, but when the temperature was raised to 493 K,
the band shifted to 1595 cm ™! and two broad bands formed
around 1380 and 990 cm™! (Fig. 6b). Further dosing of
H,CO at 493 K had no effect on these bands, but after
exposure to oxygen at 493 K, the band at 1595 cm™!
shifted to 1585 cm™! and broadened, and CO, formation
was now observed, as shown in Fig. 6¢c. The structures
of possible adsorbed species are shown in Fig. 7. The
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weak band at 1610 cm™! is attributed to the asymmetric
COO stretching mode of formate species on Ag surfaces
(Fig. 7b), based on the studies of formic acid adsorption
on Ag(110) and supported Ag catalysts (21, 22). The ab-
sence of a band for a CH stretching mode around 2900
cm~! may be due to a smaller extinction coefficient and
the low concentration of these formate species. For those
bands present at 493 K, the bands at 1595 and 1380 cm™!
can be attributed to the asymmetric and symmetric COO
stretching vibrations, respectively, of formate groups (19,
21, 22), though they have also been assigned to features
of bicarbonate groups (4). The band at 1595 cm™' was
accompanied by some surrounding perturbation, which
is attributed to gas-phase water as a product of formalde-
hyde oxidation at 493 K. Bands around 990 cm™' have
not yet been assigned in the literature to any particular
mode of formate groups on Ag; however, the monodentate
acetate group in [Pd(ac),(PPh;)], has three COO deforma-
tion bands between 720-920 cm ™! in addition to two bands
at 1629 and 1314 cm™'. These former bands are reduced
in number in bidentate complexes (23). Consequently, the
bands between 900-1000 cm™! are tentatively assigned to
formate species, including a possible monodentate struc-
ture, as shown in Fig. 7c. Bands between 700-800 cm ™!
have also been associated with adsorbed H,O (21). Table
4 lists the assignments of the IR bands associated with
H,CO adsorption on silica-supported Ag.

The spectra for H,CO adsorption on a-alumina were
much more complicated and presented numerous strong
adsorption bands. Both a fresh a-Al,0;(U) sample and
a sample that had been used in the kinetic runs were
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FIG. §.

DRIFT spectra of 1.5% Ag/SiO, (sample after kinetic study) after exposure to 4 pulses of formaldehyde: (a) 40 min after raising

temperature to 493 K in He; (b) 2 min after exposure to O, at 493 K; (c) after 10 min, same conditions as b; (d) after 20 min, same conditions
as b; and (e) after 30 min, same conditions as b. The reference spectrum for (a) is that of the initial sample at 493 K, and the reference spectrum
for (b)—(e) is that after the last dose of H,CO at 493 K. Scale: 1 division = 0.005 absorbance unit.
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FIG. 6. DRIFT spectra of 16.65% Ag/SiO,: (a) after exposure to four pulses of H,CO in He at 303 K; (b) in He at 493 K after last dose of
H,CO at 393 K; (c) 2 min after exposure to O, at 493 K; (d) after 10 min at 493 K; and (e) after 30 min at 493 K. The reference spectrum is that
of the sample prior to dosing H,CO. Scale: 1 division = 0.02 absorbance unit. Gas-phase H,O contributions have been subtracted.

investigated in the infrared studies, and the results are
shown in Figs. 8-11. Figure 8 shows spectra for H,CO
adsorption on the fresh a-Al,0,;(U) sample after the stan-
dard pretreatment under a mixture of 15% O, in He at
303 K. A loss in the OH stretching mode at 3730 cm™!
and the growth of bands around 2500-3000, 1620, 1595,
1300-1500, and 950-1150 cm ™! were observed. The dou-
blet at 1620 and 1595 cm™! was the strongest band. In
order to interpret the spectra, these bands are roughly
divided into two groups according to their different behav-

H H (o) H
H H H
N ) N N/
C C
[ PN ] AN
O A TR TR
M M M M M M
(a) formaldehyde (b) bidentate (c) monodentate  (d) dioxymethylene
formate formate
H H H H HH H H H
\C|/ \c/ \c/ \c/
I N/ "\ /]
(I) ? o] O--[H,CO],--0O (,)
M M M
(e) methoxy (f) polyoxymethylecne

FIG.7. Possible surface species formed from the adsorption of HyCO
onto Ag and Al,0;.

iors after dosing H,CO at higher temperatures, as shown
in Figs. 8 and 9. Group A includes the doublet at 1620
and 1595 cm™!, as well as the band at 1390 cm™!, while

TABLE 4

Wavenumbers (cm™!) of Species Associated with H,CO
Adsorption on Ag and a-ALO, and Their Assignments

Observed
wavenumber
(cm™) Assignment Reference
Formate (possibly monodentate)
on Ag:
9950 COO deformation (23, this study)
Formate on Ag:
1590-1610 COQO asym. stretching (21, 22)
1380 COO sym. stretching (19, 21, 22)
Formaldehyde on Ag:
1710 C=0 stretching (18, 19)
a-Alzog
Formate:
2900 CH stretching (17, 25)
1595, 1620 COO asym. stretching (17, 24, 25)
ca. 1400 CH bending (17, 24, 25)
1370, 1410 COO sym. stretching. (17, 24, 25)
2920-2955, 2850, Dioxymethylene (17, 26)
2745, 1460,
1435, 1300,
1135
2920, 2850, 1000 Methoxy (17, 24)
1200, 1135 Polyoxymethylene (POM) (17, 30-32)
1660 Water (adsorbed) (33, 34)
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FIG. 8.

DRIFT spectra of a-Al,05(U) at 303 and 393 K after exposure to pulses of formaldehyde in 15% O, (balance He): (a) first H,CO at

303 K; (b) fourth H,CO at 303 K; (c) first H,CO at 393 K; (d) fourth H,CO at 393 K; (¢) 10 min after fourth dose of H,CO at 393 K; and (f) after
40 min at 393 K. The reference spectrum for (a) and (b) is that of the sample before dosing H,CO at 303 K, for {c¢) and (d) it is the spectrum at

393 K following (b}, and the reference spectrum for (e) and (f) is that
0.02 absorbance unit.

the remaining bands at 2920, 2850, 2745, 2560, 1460, 1435,
1300, 1135, and 1000 cm™! constitute Group B. When
H,CO was dosed at 393 K, the bands in Group A steadily
increased and two additional bands developed at 1410 and
1370 cm™', which are included in group A, while all the
bands in Group B stopped growing except for those at
2850 and 1300 cm™', which appear as very weak bands in

of the sample after the last dose of H,CO at 393 K. Scale: 1 division =

Fig. 8. Consequently, the bands in Group A are associated
with the dominant organic species at 393 K. The evolution
of peak intensities after the last dose of H,CO at 393 K
revealed that the bands in Group A were further en-
hanced, and a loss in band intensity at 2920, 2850, 1460,
and 1300 cm~! was observed for Group B. Figure 9 shows
spectra during the dosing of H,CO at 493 K, and again a
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FIG. 9. DRIFT spectra of a-ALO;(U}) at 493 K after exposure to pulses of formaldehyde in 15% O, (balance He): (a) first H,CO; (b) fourth
H,CO; (c) 20 min after last dose of H,CO; and (d) after 60 min. The reference spectrum for (a) and (b) is that of the sample before dosing H,CO,
and the reference spectrum for (¢) and (d) is that of the sample after the last dose of H,CO. Scale: 1 division = 0.01 absorbance unit.



238

steady growth of Group A was the predominant feature
while a band at 2900 cm™! along with a weak, Group B
band at 2850 cm™' was also present. The evolution of
peaks after the last dose of H,CO at 493 K was similar
to that at 393 K except that a loss of intensity at 2920
cm™! was replaced by a loss at 2955 cm™'.

The bands associated with Group A can be identified
as features of a bidentate formate species with the peaks
at 1620 and 1595 cm™! assigned to the asymmetric COO
stretching mode on two different sites and the bands at
1410 and 1370 cm™' assigned to the symmetric COO
stretching mode on these two sites, while the band at 2900
cm™! can be assigned to the CH stretching mode (17, 24,
25); evidently, formate species are the dominant adsorbed
species above 393 K. In contrast, interpretation of Group
B is more difficult because it may be composed of several
species. For the spectra at 303 K, all the bands in Group
B, except those at 2560 and 1000 cm™!, can be assigned
to dioxymethylene species (17, 26) which, like the formate
species, are also present in large amounts. The band at
1000 cm™! is possibly due to methoxy groups whose CH,
vibrations overlap those of the dioxymethylene species
(17, 24). In contrast, the band at 2560 cm ! can be assigned
to redshifted OH stretching vibrations caused by H-bond-
ing interactions (27~29). In addition, the existence of POM
at 303 K cannot be ruled out since its characteristic bands
at 1230 and 110 cm ™! are similar to the broad band at 1135
cm™! with a shoulder around 1200 cm~' (17, 30-32). The
bands in Group B did not intensify at higher temperatures
except for the weak bands at 2850 and 1300 cm™!. The
latter appeared as a shoulder at 393 K and corresponds
to dioxymethylene species, while the former can be as-

MAO AND VANNICE

signed to either dioxymethylene or methoxy species. Ta-
ble 4 lists the assignments of the bands observed after
H,0 adsorption on the a-Al,O, surface. An experiment
with fresh «-AlL,O,(U) was also conducted with H,CO
pulses in pure He, instead of 15% O,, and the results
were similar to those obtained with an oxygen-containing
flow (20).

The spectra for adsorbed species on the a-Al,O;(U)
sample after completion of the kinetic studies were very
different from those for H,CO adsorbed on a fresh sample.
Since the surface of the used sample was saturated with
adsorbed species formed under reaction conditions, a
harsh pretreatment was avoided in order to preserve these
species; therefore, the sample was pretreated in flowing
He at 493 K and the evolution of surface species with
time was monitored. This is represented by the spectra
in Fig. 10, which show incremental changes during succes-
sive time periods. During the first 1.5-h period, a broad
band at 1030 cm~! along with weaker bands at 1620, 1595,
and 1415 cm™! continued to grow while a decrease in band
intensity at 2850 and 2730 cm~! was observed; however,
during the next 30 min, no further development occurred.
Loss of band intensity at 1660 cm~! may have occurred
at the beginning but it overlapped the bands at 1620 and
1595 cm™!. Dosing H,CO at 493 K after this heating step
enhanced the bands previously assigned to dioxymethy-
lene, except in the 1000-1200 cm™! region, and caused
the growth of a broad band at 1660 cm™!, as shown in
Fig. 11a. The evolution of bands after the last dose of
H,CO was areversal of that obtained during H,CO dosing,
and growth of bands associated with formate species can
be recognized without ambiguity, as shown in Fig. 11. In
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FIG. 10. DRIFT spectra of a-Al,O4(U) in He (sample after kinetic study) showing incremental changes with time: (a) after first 30-min period
at 493 K in He; (b) after second 30-min period; (c) after third 30-min period; and (d) after fourth 30-min period. The reference spectrum in each
case is that of the preceding case, i.e., the spectrum for (b) is referenced to that of (a), etc. Scale: 1 division = 0.02 absorbance unit.
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FIG. 11. DRIFT spectra of a-al,;O4(U) (sample after kinetic study) at 493 K under He: (a) after 10 doses of H,CO; (b) 20 min after last dose
of H,CO; and (c) after 60 min. The reference spectrum for (a) is that of the sample before dosing H.CO, and the reference spectrum for (b) and
(c) is that of the sample after the last dose of H,CO. Scale: | division = 0.01 absorbance unit.

the previous pretreatment in flowing He at 493 K, the
band at 1030 cm™' suggests the formation of methoxy
groups and those at 1620, 1595, and 1415 cm ™! correspond
to formate species, while the decrease in band strength
at 2850 and 2730 cm ™! implies the loss of dioxymethylene
species (Fig. 10). These spectra are referenced to the used
catalyst covered with surface species; consequently, the
absence of bands in the 2800-3000 cm™! region does not
mean that they do not exist—just that there is little
change. The broad band at 1660 cm™! in Fig. 11 is most
likely due to the scissors-bending mode of molecularly
adsorbed water (33, 34), which had desorbed during the
pretreatment as well as after the last dose of H,CO, but
readsorbed during the introduction of H,CO due to its
presence in the paraformaldehyde. The existence of mo-
lecularly adsorbed water was initially due to the air expo-
sure of the used sample at room temperature after the
kinetic studies. Dosing H,CO at 493 K produced only
dioxymethylene species, in contrast to the fresh sample
on which formate species were dominant. This suggests
the possibility that the formation of dioxymethylene is
favored during H,CO adsorption after surfaces are satu-
rated with formate species; however, species like POM
and methoxy groups are also possible since their charac-
teristic bands are either similar to those of dioxymethy-
lene or lie in the noisy 1000—1200 cm™! region created by
the high absorbance of the alumina itself.

The spectra for H,CO adsorption on fresh 0.83%
Ag/a-ALO,(U) after pretreatment were similar to those
on a-Al,0,(U), and no additional bands were observed
for H,CO adsorption on the Ag surface because of the
low Ag loading and the strong interaction between H,CO

and alumina (20). However, after H,CO adsorption in He
and the introduction of O, at 493 K, the evolution of bands
did not show the growth of formate groups, but instead
a band formed at 1640 cm™' during the early stages while
band intensity decreased between 1400 and 1600 cm™!,
as shown in Fig. 12. After 1 h significant losses of band
strength at 1620, 1595, 1460, and 1370 cm ™! had occurred
(Fig. 12c), which were not observed with pure a-Al,O4(U).
The loss of the doublet at 1620 and 1595 cm™! and the
bands at 1370 and 1460 cm™! indicates a depletion of for-
mate and dioxymethylene species from the surface. The
initial spectra are possibly the combination of two reac-
tions—the formation of formate groups on the alumina
surface and the oxidation of formate ions at the Ag sur-
face. The band at 1640 cm™! is also attributed to formate
species on the alumina surface, perhaps on different sites.
From this result, it seems that formate groups on the
alumina surface may migrate to the Ag surface, where
oxidation occurs at 493 K; however, gas-phase oxidation
products like CO, were not observed in these spectra.

DISCUSSION

Formaldehyde oxidation on supported Group VIII and
Group IB metals has been investigated in the past to a
limited extent (2-6). McCabe and Mitchell studied this
reaction over a variety of alumina-supported metals and
demonstrated that Pt had the highest activity while Ag
showed relatively lower activity which could be enhanced
by adding Pd (2). On the other hand, when dispersed on
cerium oxide, Ru was more active than Pd and Pt, and this
activity was associated with the capability of ruthenium
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FIG. 12. DRIFT spectra of 0.83% Ag/a-ALO,(U) at 493 K after exposure to 12 pulses of formaldehyde in He: (a) 5 min after exposure to O,;
(b) after 20 min; and (c) after 60 min. The reference spectrum is that of the sample after the last dose of H,CO in He. Scale: 1 division = 0.02

absorbance unit.

oxide to transfer its lattice oxygen to formaldehyde (3).
An activity comparable to that of Ru/CeQ, was reported
in a recent study of H,CO oxidation over Ag/CeO, under
similar reaction conditions (4). Sodhi et al. examined this
reaction over Pt/Al,O, and concluded that the conversion
of H,CO could be promoted and the production of CO
reduced by increasing Pt loading, the oxygen/formalde-
hyde ratio, and the reaction temperature (5). Further-
more, the effect of pretreatment on liquid-phase H,CO
oxidation over Pt/TiO, catalysts has been studied to eluci-
date the influence of strong metal-support interactions
(6). It should be noted that the activity of the pure support
was not determined in these studies except in those of
Imamura et al. As shown by our results, this contribution
can be large; consequently, these relative activities must
be accepted cautiously.

This study has shown that both Ag powder and a-AlL,O,
exhibit activity for H,CO oxidation above 473 K, but only
the supported Ag samples were active enough to oxidize
H,CO below 473 K, although significant deactivation was
observed. Since neither Ag powder nor a-Al,O; showed
any detectable activity below 473 K, the activity at these
lower temperatures could be due to certain active sites
which are only available on small Ag crystallites because
the total Ag surface area in each reactor charge was simi-
lar. Among the three supported Ag catalysts showing ac-
tivity below 473 K, the Ag/SiO, sample showed one of
the highest TOFs and the lowest activation energy, though
its deactivation was also the most pronounced. This deac-
tivation is possibly due either to the polymerization of
formaldehyde to cover part of the Ag surface, or to poison-

ing of active sites by certain strongly bound species, or
to pore blockage by polymerized species.

Silica is not active for H,CO oxidation; therefore, the
activity of the Ag/SiO, sample is associated with the Ag
surface. Compared to the results above 473 K for the Ag
powder, the Ag/SiO, sample had a higher TOF, a lower
E, value, considerable deactivation, and reaction orders
of 0.32 for both O, and H,CO, compared to the first- and
zero-order dependencies on O, and H,CO, respectively,
of Ag powder, thus indicating that significant differences
in kinetic behavior exist between small 5-nm Ag crystal-
lites and 10-um Ag crystallites. The activity of the used
Ag/Si0, sample was much lower than that of the fresh
sample if the Arrhenius plot of the fresh sample is extrapo-
lated to temperatures above 473 K; however, the apparent
activation energy was similar in both temperature re-
gimes.

The (HSA) a-Al,O, samples exhibited activities for
H,CO oxidation that were similar to, but somewhat lower
than, those of the corresponding Ag/a-ALO; catalysts.
Deactivation also occurred on these samples, which again
may have been due to polymerization of H,CO to block
active sites. CO was observed as an additional oxidation
product during H,CO oxidation on the a-Al,O, and Ag/
a-Al,O, samples, and this reaction can be attributed to the
decomposition of formate species on the alumina surface
to release gas-phase CO and generate hydroxyl groups.
In the presence of Ag the selectivity to CO, increased,
thus implying that CO may be oxidized to CO, on Ag
under reaction conditions or that a different reaction is
occurring on the Ag to form CO,, as the activity for H,CO



FORMALDEHYDE OXIDATION OVER Ag CATALYSTS

oxidation to CO, on a-Al,O, was consistently lower than
that on the Ag/a-Al, O, catalysts. Compared to the partial
pressure dependencies of H,CO oxidation over the Ag
powder and the supported Ag, those for a-Al,O; showed
a weaker dependence on O, but a stronger one on H,CO.
On the other hand, since both Ag powder and the a-Al,0,4
were active for H,CO oxidation, the kinetic behavior of
the Ag/a-Al,O, samples is obviously a combination of the
activities of both the Ag and the alumina, thus it is not
surprising that their reaction orders fell between those for
Ag powder and those for a-AlLO;.

Only CO, was formed during H,CO oxidation on Ag
powder or silica-supported Ag, whereas significant CO
formation was observed in the presence of (HSA) a-alu-
mina; therefore, CO formation is directly related to H,CO
oxidation over alumina surfaces rather than Ag surfaces.
Any effect due to Ag crystallite size is ruled out based
on the selectivity results in Table 3 and similar Ag crystal-
lite sizes for the 1.5% Ag/SiO, and the two Ag/a-Al,O4
catalysts. Reaction mechanisms for H,CO oxidation have
been proposed for Pt and Pd catalysts (2, 5, 7). The pro-
posed reaction pathway on Pt includes the decomposition
of adsorbed H,CO to adsorbed CO and H, (or adsorbed
H) followed by oxidation or desorption of CO, with CO
oxidation as the rate-determining step (5, 7). This mecha-
nism was supported by the presence of CO in the product
stream and further reinforced by the similarities in kinetic
behavior between H,CO and CO oxidation on Pt (7). How-
ever, the decomposition of adsorbed H,CO prior to oxida-
tion does not seem to occur on Ag surfaces, as evidenced
by the formate species at 493 K identified in the IR spectra
and the absence of CO as a reaction product over Ag
powder and silica-supported Ag. Formaldehyde oxidation
on Pd has been proposed to occur via a direct interaction
of H,CO with adsorbed atomic oxygen to form CO, and
HO, (2). In addition this mechanism does not accurately
describe H,CO oxidation on Ag surfaces because the IR
study of 16.65% Ag/SiO, showed that H,CO adsorption
resulted in formate species which could be oxidized at
higher temperatures to give CO, ; therefore, formate spe-
cies are a more probable intermediate during H,CO oxida-
tion on Ag.

Past studies of H,CO and formic acid adsorption on
Ag(110) can shed some light on the reaction pathway of
H,CO oxidation on Ag surfaces (19, 21, 35, 36). An EELS
study of H,CO adsorption on oxygen-covered Ag(110)
has identified adsorbed species at different temperatures
(19). Both dioxymethylene and polymerized H,CO were
present at 200 K, while the dominant species at 225 K
was dioxymethylene, which completely decomposed to
give formate groups at 250 K. The resulting formate
groups further decomposed at 410 K to produce CO, and
H,. In our study, the IR results show stable formate spe-
cies, which is consistent with the EELS study, though
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the continued existence of formate species at 493 K may
be due to formate species strongly bound to defect sites
on the Ag surface. The formate species generated from the
interaction between adsorbed H,CO and oxygen atoms
chemisorbed on the Ag surface were found to be identical
to those resulting from formic acid adsorption on clean
Ag (35); therefore, the oxidation of formate species on
Ag is applicable to H,CO oxidation. Sault and Madix
reported that in the presence of oxygen the decomposition
temperature of formate species decreases due to the at-
tack of adsorbed oxygen on the formate group, and the
interaction between a formate ion and a neighboring oxy-
gen atom or hydroxyl group releases CO, and forms a
hydroxyl group or water (36). This behavior was also
observed in a recent IR study of formic acid adsorption
on Ag/SiO, (22).

The studies of H,CO adsorption on Ag(110) combined
with this IR study of Ag/SiO, suggest that the formate
group is the most stable organic intermediate and its rate
of decomposition to produce CO, could control the rate
of H,CO oxidation. Adsorbed H,CO and dioxymethylene
can easily transform into formate species under reaction
conditions; therefore, a Langmuir-Hinshelwood (L-H)
model with the decomposition of formate species as the
rate determining step (RDS) was considered to describe
H,CO oxidation over Ag. However, this rate expression
gave a poor correlation between the data and this model
and, in addition, it could not be simplified to give the zero-
order dependence on H,CO and first-order dependence on
O, that was obtained with Ag powder (20). Due to these
two limitations, this L-H model does not describe the
predominant reaction mechanism for H,CO oxidation on
these Ag catalysts. Other L-H models were also unsuc-
cessful (20).

Only one general model was found that successfully fit
all the data—one similar to that proposed by Mars and
van Krevelen for hydrocarbon oxidation in which there
is no rate-determining step but rather two irreversible
steps that control the rate of reaction, i.e., the rate of
reduction of an oxide catalyst surface is equal to its rate
of reoxidation (37). Such an approach, which assumes
that the rate of CO, formation (i.e., H,CO decomposi-
tion—step [le] below) is equal to the rate of oxygen ad-
sorption (step [1a] below) and that all other steps are in
quasi-equilibrium, generates the sequence of elemen-
tary steps

"02
Ky co

H,COy, + S «——> H,CO-§ [1b]

K
H,CO-S + O-S «—> H,CO,-S + S [c]
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K,
H,CO,~S + O—S «—> HCO,-S + HO-S§ [1d]

k
HCO,-S + O-§ —- OH-S + COyp + S [le]

1Ky o

2HO-§ «—— H,0, + O-S + 5, [If]

where § represents an empty active site, kg, and 4; are
rate constants, and Ky ¢, K, K, and Ky , are equilib-
rium constants. Step [le] is consistent with the results of
Sault and Madix (36). The assumptions that formate
groups are the dominant organic reaction intermediate,
which is supported by our DRIFTS data, and that ad-
sorbed O is the most abundant surface intermediate give
a site balance of L = [S] + [HCO,-5] + [O-S], which
simplifies to L = [S] + [O-S] and results in the rate ex-
pression

(1 + k¥? Klijolks Kiyco K1 K2) ™" PRiyo Py Pyicol

r =

k(’)sP01 ké)gPOw
O+ K PYly Py} PR%OT T+ K

,Co] (2]

where K is a parameter containing six constants. This
equation, with only two fitting parameters, was re-
arranged to a linear form and, assuming the weak depen-
dence on water to be relatively constant, it provided ex-
tremely good fits and correlation coefficients near unity.
Furthermore, if the fractional coverage of both reactive
oxygen and formate groups is low, Eq. [2] simplifies to
give a first-order dependence on P, and a zero-order
dependence on Py co; therefore, it can also successfully
describe the data for Ag powder. The parameters obtained
from these linear regressions are listed in Table 5, and
they are quite consistent, particularly the rate constants
for O, adsorption, which vary by only a factor of two.
Furthermore, the preexponential factor of the rate con-
stant for oxygen adsorption, ko, , is around 20 cm s~ ! for
Ag powder, which is below the maximum value of 10* cm
s~ ! expected for adsorption on a clean surface (38). This
model was also fitted to the partial pressure dependency
data for a-Al,O, and Ag/a-AlO;, and correlations were
surprisingly good though it is not known to what extent
dissociative adsorption of oxygen occurs on alumina sur-
faces. Table 5 also lists these parameters, which again
are remarkably consistent. The L-H model that assumes
decomposition of formate species as the RDS again failed
to fit the data for the a-Al,O; and Ag/a-AlLO, samples
(20). However, a model similar to the preceding sequence
except that step [le] invokes an empty site to form an
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TABLE 5

Kinetic Parameters Obtained from Fitting of the Rate
Expression (Eq. [2])

Catalyst ko, K P%fo rr
Ag powder 2.1% —
1.5% AG/SiO, 2.6° 0.32 0.989
0.83% Ag/a-AlLOy(U) 1.8¢ 0.30 0.965
0.71% Ag/a-AlLO4(G) 3.8 0.60 0.958
a-ALOs(U) 3.1¢ 0.65 0.955
a-ALOL(G) 2.8 0.78 0.987

Note. T = 493 K.

¢ Correlation coefficient.

¢ Units (1/s- Torr x 10°).

¢ Units (mol/g-s- Torr x 109%).

H-S species gives an equally good fit for the data for all
the catalysts.

Numerous kinetic studies of gas-phase H,CO oxidation
above 523 K have been reported (39), however, few ki-
netic data are available in the literature for the catalytic
combustion of H,CO. The only work reporting kinetic
data for H,CO oxidation is that of McCabe and McCready,
who utilized a Pt wire and reported an apparent activation
energy of 40 kJ mol~!, a H,CO pressure dependency at
430 K near —0.75, and an O, pressure dependency around
1.5 (7). Our values for Ag powder are different in all
aspects; thus, the reaction mechanisms over Pt and Ag
are very likely different, as discussed previously, and it
is evident that the aforementioned model for Ag cannot
provide agreement with the partial pressure dependencies
of this reaction on Pt. Unfortunately, an accurate compar-
ison of specific activities of different metals is not possible
because the metal surface areas and TOFs have not been
previously reported and the contributions of alumina sup-
ports were not measured. Estimates per gram of metal
(20) indicate our Ag/a-Al,O, catalysts are 2—4 times less
active than the Ag/y-Al,O; catalyst used by McCabe and
Mitchell and an order of magnitude less active than their
v-AlLOs-supported Pt, Pd, and Rh catalysts (2). However,
a greater activity on the y-Al,O; surface could account
for this.

The kinetic behavior of HyCO oxidation over alumina
has not been addressed in the literature, but the use of
Al O, to adsorb H,CO has been reported (40). In either
oxidation or adsorption of H,CO on aluminas, a funda-
mental understanding of the adsorbed H,CO species is
required. The IR study of H,CO adsorption on aluminas
done by Busca et al. covered a wide temperature range
and provides information about the evolution of adsorbed
species on alumina surfaces (17). At temperatures as low
as 170 K, physisorbed H,CO was observed while slow
warming to 200 K led to the identification of POM, dioxy-
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methylene, and coordinated H,CO species, and further
warming to room temperature created formate ions and
methoxy groups. The formation of formate and methoxy
groups was suggested to come from disproportionation
of dioxymethylene although direct oxidation of dioxy-
methylene to formate was not excluded. Formate species
were also observed on alumina by Greenler during metha-
nol adsorption above 443 K (23), and this was attributed
to oxidation of methoxy groups by oxygen atoms from
the alumina surface (41). Further oxidation of formate
species by lattice oxygen atoms may be possible as car-
bonate groups on Fe,0; surfaces have been reported (42).
In our IR study of H,CO adsorption on (HSA) a-alumina,
the decomposition of dioxymethylene species to formate
and methoxy was also observed at 303 K, which is consis-
tent with previous studies (17, 24). The kinetic study
shows formation of both CO, and CO, which is attributed
to separate reactions for the oxidation and decomposition
of formate groups, respectively.

SUMMARY

This kinetic study has shown that both Ag and (HSA)
a-alumina are active for H,CO oxidation above 473 K.
Only complete combustion products were observed over
Ag powder and silica-supported Ag while CO was also
formed over the (HSA) a-aluminas. The reaction orders
for CO, formation on Ag powder were unity for O, and
zero for H,CO but those for the pure aluminas were
around 0.1 for O, and between 0.3 and 0.6 for H,CO.
The reaction orders for the supported Ag catalysts above
473 K were around 0.3 for both O, and H,CO. The sup-
ported Ag catalysts were also active below 473 K but
strong deactivation occurred, and the activities could not
be recovered by utilizing another pretreatment. TOFs for
H,CO oxidation are reported for the first time. A sequence
of elementary steps assuming the rate of O, adsorption
to be equal to the rate of formate decomposition to CO,
was proposed, and this model gave an excellent fit for
the data for all catalysts. This reaction sequence is also
consistent with the IR study because formate groups are
assumed to be the major organic intermediate.

The IR study showed that a strong interaction occurs
between H,CO and the (HSA) a-alumina. Formate groups
were the dominant species in the temperature range stud-
ied and dioxymethylene species also existed in significant
amounts at 303 K, and the presence of POM and methoxy
groups on the alumina surfaces could not be excluded.
The evolution of IR bands after the last dose of H,CO
revealed the growth of formate species and the disappear-
ance of dioxymethylene species, suggesting the conver-
sion of dioxymethylene to formate groups. The spectra
after H,CO adsorption on alumina-supported Ag were
similar to those for the (HSA) a-alumina. The major differ-
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ence with the Ag/a-Al,O; samples was a decrease in band
strength associated with formate groups after exposure
tooxygen at 493 K, which implies the oxidation of formate
species at the Ag surface. Since no bands were observed
after H,CO adsorption on silica, the IR bands from silica-
supported Ag are associated only with the Ag surface.
Formate species were the only adsorbed species that
could be observed after the exposure of H,CO to oxygen-
covered Ag surfaces, and gas-phase CO, was detected
after the introduction of O, at 493 K.
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