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The decomposition of formic acid was studied on supported Rh catalysts in a flow reactor at 380
520 K. The dominant process in the decomposition was the dehydrogenation reaction which
followed first-order kinetics. The values of activation energy of the reaction fell in the range 6683
kJ mol-'. The activity of the catalysts, based on the turnover frequencies, decreased in the order
RWTiO; > Rh/ALO; > Rh/MgO = Rh/Si0,. The presence of CO in the gas stream markedly
inhibited the reaction. The effect of different treatments of the catalysts was also examined. In situ
infrared spectroscopic measurements revealed that weakly held HCOOH, adsorbed CO, and for-
mate species were present on the catalyst surfaces during the reaction. Evidence is presented to
show that the surface formate is located not on the Rh, but rather on the support. The stability of
this formate species was investigated by temperature-programmed desorption. It is assumed that
the dissociative adsorption of HCOOH is the slowest step in the catalytic decomposition of formic

acid. © 1985 Academic Press, Inc.

INTRODUCTION

The decomposition of formic acid has
been a very widely used model reaction for
testing the validity of different theories of
heterogeneous catalysis. It was by means
of this reaction that it was first shown that
the catalytic performance of a metal is dras-
tically influenced by the nature of the
support (I-6). The activation energy of
the dehydrogenation of HCOOH on
alumina-supported Ni, Co, and Ag was
claimed by Schwab et al. (I, 2) to depend
on the electrical conductivity properties of
the ALO; support, which led them to as-
sume that there was a strong electronic in-
teraction between the metal and the sup-
port. However, the fact is that the electrical
conduction of the insulator alumina de-
pended hardly at all on the doping of the
alumina with altervalent ions (variation
within 2.5-7 X 10 ohm~' cm~!), and the
activation energy of the dehydrogenation
was similarly almost independent of doping
(variation of +=10%). Accordingly, the cata-
lytic results on this system could hardly be
considered to be a proof of the role of an
electronic interaction between the metals
and ALO; (6). More convincing results of
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the support effect, however, were soon ob-
tained using semiconductor oxides (TiO,,
Cr,0s, NiO) as support materials (3-5).

The increased interest in the support ef-
fect, particularly in TiO, as a support, dur-
ing the past few years prompts us to recall
three observations from the early studies
which have seemed to escape the attention
of most recent investigators:

(i) The doping of the TiO, support and the
variation of the reduction temperature
(673-773 K) of Ni/TiO, strongly influenced
its catalytic performance, and the conclu-
sion was drawn that electrons are transfer-
red from TiO; to Ni in the electronic inter-
action between them (5).

(it) NiO, a p-type semiconductor, exerted
a marked influence on the catalytic proper-
ties of Ni (3, 4). This effect, moreover, de-
pended on the concentration of positive
holes in the NiQO, and therefore was attrib-
uted to a strong, catalytically effective elec-
tronic interaction between Ni and NiO (3,
4).

(iii) Neglect of the effect of unreduced
NiO leads to false conclusions as regards
the role of supports for supported nickel
catalysts (4-6).

Recent results indicate that the study of
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HCOOH decomposition is not only of aca-
demic interest, but also of strong relevance
to some important industrial catalytic pro-
cesses. It has emerged that the adsorbed for-
mate ion is probably a surface intermediate
in several reactions; it has been detected in
the water-gas shift reaction (7, 8) in the
synthesis and decomposition of CH;O0H
(9, 10), and in the methanation of CO (11,
12) and CO, (13-17). Strong bands due to
adsorbed formate ion are also produced in
the low-temperature surface interaction of
H, and CO, (15, 18-21).

Much work has been performed on sup-
ported Rh catalysts in order to elucidate the
mechanism of selectivity in the reactions of
CO and CO, with hydrogen. It seemed to us
necessary to learn more about the behavior
of formate on Rh. In this program we have
recently investigated the interaction of
HCOOH with Rh foil (22) and the single-
crystal Rh(111) surface (23) by means of
electron spectroscopic methods.

In the present paper we report on the cat-
alytic decomposition of HCOOH over sup-
ported rhodium. We have found only very
little reference in the literature to the cata-
lytic decomposition of HCOOH on Rh (24,
25). In the early twenties, Hinshelwood and
Topley (25) studied the decomposition of
HCOOH on Rh foil. The reaction pro-
ceeded at measurable rates at 155-186°C,
with an activation energy of 105 kJ mol~!.
Thus the reaction merits further study both
from the standpoint of the support effect
and the interest in formate as an intermedi-
ate in reactions in general.

EXPERIMENTAL

Materials. The catalysts were prepared
by impregnating oxide supports with solu-
tions of RhCl; - 3H,0 to yield a nominal 1
and 5% of metal. The powder supports used
were: AlL,O; (Degussa P 110 CI), SiO,
(Aerosil 200), MgO (DAB 6), TiO, (Degussa
P 25), and TiO, (BDH). The latter was pre-
calcined at 1273 K. The impregnated pow-
ders were dried at 373 K. Before the mea-
surements, the catalysts were oxidized and
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reduced at 673 K (in both cases for 30 min)
in situ in a flow of O, or H, (~40 ml min—").
After oxidation and reduction, the samples
were flushed with He at 673 K for 15 min,
and then cooled in flowing He to the reac-
tion temperature. For catalytic studies,
fragments of slightly compressed pellets
were used; for ir spectroscopic studies, the
samples were compressed at high pressure
(~1600 atm) into transparent disks (15-20
mg cm™2).

The gases used were of commercial pu-
rity. The He was deoxygenated with an
“Oxy-Trap’” and an ‘‘Indicating Oxy-
Trap” (Altech Co.). The other impurities
were adsorbed with a molecular sieve
(Linde 5A) cooled by liquid air.

HCOOH was a product of Merck, and
was purified by distillation. The purity was
measured by mass spectrometry.

Methods. The dispersion of Rh was de-
termined via H, adsorption at 298 K with
the use of a dynamic impulse method (12).
The kinetic data were obtained in a flow
reactor made from a 15-mm-i.d. Pyrex glass
tube. The dead volume was filled with glass
beads. The HCOOH introduced into the re-
actor was that resulting after bubbling He
or H, or a mixture of He + CO through
concentrated HCOOH. The concentration
of HCOOH was usually about 10%. The
weight of the catalyst sample was 0.3-0.5 g.
The space velocity was 20.000 hr-!. Un-
reacted HCOOH and any water formed in
the reaction were condensed in a trap
cooled to 255 K. Gases were analyzed with
a Hewlett—Packard 5750 gas chromato-
graph. A Poropak QS column was used for
the separation of reactants and products.
Temperature-programmed desorption
(TPD) measurements were carried out in
the catalytic reactor. After injection of 1 ul
(21.6 umol) HCOOH onto the catalyst, the
reactor was flushed with He at room tem-
perature, and then heated at 40 K min~!in a
He stream. The effluent gas was analyzed
with a gas chromatograph using a thermal
conductivity or flame ionization detector.

Infrared spectra were recorded with a
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Specord 75 IR double-beam spectrometer.
In the high-temperature cell, the spectra
were taken at the reaction temperature, ei-
ther in vacuo or in the gas flow (26). The
sample holder of the cell was made from
glass. The sample was brought to the re-
quired temperature by electrically heating
kanthal wires inserted into the sample
holder. To prevent damage to the NaCl
windows due to the high temperature, the
cell was cooled externally with circulating
water. The measurement and regulation of
temperature were performed with iron-
constantan thermocouples.

RESULTS
HCOOH Decomposition in He Flow

The decomposition of HCOOH on sup-
ported Rh (1 wt%) occurred at a measur-
able rate above 380 K. The activities of the
catalysts were very constant with time. A
slight decrease in the activity with time was
observed on Rh/TiO,. The rate of reaction
depended sensitively on the support. The
selectivity factor (CO,/CO; + CO) was 0.6—
1, with the exception of Rh/TiO, (Degussa),
on which it was 0.34-0.4. No alteration in
the selectivity of the catalysts was experi-
enced with variation of reaction tempera-
ture. The dependence of the rate of cata-
lytic decomposition on the partial pressure
of HCOOH was determined on RH/SiO,
(Fig. 1). In the conversion range where the
activation energy of the decomposition was
determined, the reaction order was 0.8. We
obtained a similar result on Rh/Al,O;. In
this case the order of reaction was ~1.0 at
the conversion of ~13%.

It is important to mention that, with the
exception of Degussa TiO,, no decomposi-
tion of HCOOH occurred on the supports
alone up to 550 K. On the Degussa TiO, in
the temperature range 413-513 K, only the
dehydration reaction occurred, with an ac-
tivation energy of 77.5 kJ mol~!. The contri-
bution of the catalytic effect of the TiO,
support was avoided when TiO, (BDH) sin-
tered at 1273 K was used as support. The
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FiG. 1. Dependence of the rate of HCOOH dehydro-
genation on the concentration of HCOOH in He

stream on Rh/SiO, and on Rh/ALO; catalysts at 483 K.
Weo, = rate of CO, formation, umol/g - s.

Arrhenius plots for different samples are
shown in Fig. 2. The activation energy
(Eco,) value of 75.4-83.7 kJ mol™! was
practically the same for Rh supported on
MgO, ALOs, and SiO,. On Rh/TiO;, how-
ever, we obtained the lower value of 66.2 kJ
mol~!. The activation energy for the dehy-
dration reaction was determined only for
RW/TiO, and Rh/ALO; (Table 1).

The specific activities of supported Rh
samples in terms of turnover frequencies
(Nformate and Nco,, rates per unit surface
area of metal) were calculated. The values
obtained at 448 K are shown in Table 1.

It appears that the most effective catalyst
for HCOOH decomposition is Rh/TiO,;. A
higher efficiency was exhibited in both de-
hydrogenation and dehydration. This was
followed in turn by Rh/Al,O3, Rh/MgO, and
Rh/SiO,.

The catalytic decomposition of HCOOH
was also examined on Rh foil, and in the
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FiG. 2. Arrhenius plots for dehydrogenation of
HCOOH on different Rh catalysts. Ngo, = turnover
number, i.e., (molecules formed)/(metal site - s).

same temperature range as on supported
Rh. The reaction occurred almost exclu-
sively in the direction of dehydrogenation.
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No decay in activity was experienced. The
activation energy was 76.7 kJ mol!.

On examining the Rh samples after the
catalytic reaction (after 1-2 hr use), we
found chemisorbed CO, formate, and vari-
ous carbonates (see later). Following elimi-
nation of these surface species in a He flow
at 548 K, no or only very slight methane
formation was observed upon admitting H,
pulses to the sample. Since surface carbon
formed on Rh samples below 573 K shows a
high reactivity toward H; (27), we may con-
clude that no carbon was formed during the
decomposition of HCOOH on Rh catalysts.

In subsequent measurements we exam-
ined the effects of different pretreatments
on the catalytic efficiency of Rh samples,
with special emphasis on Rh/TiO,. No
change in catalytic behavior was found for
the sample reduced at 473 K. When the re-
duction was performed at 773 K, the activ-
ity of the catalyst (on a weight basis) in-
creased by 20-30%. The selectivity and the
activation energy remained unchanged (Ta-
ble 1). The turnover frequencies cannot be
compared, as there was no hydrogen up-
take by Rh/TiO; reduced at 773 K.

TABLE 1

Kinetic Data for the Decomposition of HCOOH on Supported Rh Catalysts

Sample Surface area Rh dispersion Weo, Nco, Sco, Eco,
of the supports (%) (umol/g - s) (s7! X 103) (%) (kJ mol-1)
(m?> g™ at 448 K
He + 10% HCOOH
1% Rh/ALO;* 100 32.6 0.625 19.3 86.2 75.0 £ 3
1% Rh/MgO* 170 15.1 0.206 13.7 89.5 78.1 = 1.2
1% RHW/SiO,° 240 33.0 0.393 11.8 95.4 83.7 25
1% RW/TiO,* 25 30.0 1.18 41.2 63.3 66.2 = 4
1% RW/TiO,? 25 — 1.58 — 71.1 69.8 + 3.2
1% RW/TiO* 25 — 3.0 — 69.7 65.5 =25
H, + 10% HCOOH
1% Rh/ALOs? 100 32.6 0.27 8.3 61.3 69.1 + 1.4
1% RW/TiO,* 25 30.0 0.48 16.5 46.0 74.5 £ 2.1

Note. N¢o, = Turnover number, molecules formed/(metal site -

CO). Wco, = rate of CO, formation, pmol/g - s.
¢ The catalyst was reduced at 673 K.
b The catalyst was reduced at 773 K.
< The catalyst was oxidized at 673 K.

s). Sco, = Selectivity factor, CO,/(CO, +
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A threefold increase in decomposition
rate was experienced on the oxidized sam-
ples (oxidation at 673 K in an O, flow for 60
min, and cooling in a He flow to the reac-
tion temperature), without any alteration in
the selectivity and activation energy. As a
result of the reducing effect of HCOOH af-
ter long use of the oxidized catalyst (~20
hr), the rate of HCOOH decomposition on
the oxidized sample slowly decreased.

Decomposition of HCOOH in the
Presence of CO and H,

The rate of decomposition of HCOOH
was drastically decreased when CO was in-
troduced into the gas stream containing
HCOOH. Detailed data are presented in
Fig. 3. It can be seen that even a small
amount of CO inhibits the reaction: the rate
of decomposition decreased almost to zero
in the presence of 20% CO. This behavior
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F16. 3. The effect of CO concentration on the rate of

dehydrogenation of HCOOH decomposition on sup-
ported Rh catalysts.
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was observed on all catalyst samples (Fig.
3). When CO was adsorbed on the catalyst
just before the catalytic reaction, the inhibi-
tory effect was exhibited only in the first 5—
8 min.

The decomposition of HCOOH was also
investigated under similar conditions, but
in the presence of a large amount of H,. In
this case, instead of He, H, was passed
through the HCOOH solution and was led
to the catalyst bed. The presence of H, de-
creased the rate of decomposition of
HCOOH by 40-50%. The selectivity to-
ward CO, formation was lower and the de-
hydration assumed much greater impor-
tance. At the same time the formation of
CH,; was detected, particularly on Rh/
AlLO;. Methane formation, however, did
not account for more than ~1-3% of the
decomposed HCOOH. This value was a
factor of 3—4 higher when the HCOOH resi-
dence time was increased from 0.16 to 0.48
sec. The activation energy for the dehydro-
genation was somewhat higher than in the
previous cases. The kinetic data are listed
in Table 1.

TPD Measurements

In the subsequent measurements the sur-
face reactions of adsorbed HCOOH were
investigated by TPD spectroscopy. Re-
duced Rh samples cooled in a He stream
were exposed to 1 ul (26.1 umol) HCOOH
at 300 K. The samples were kept in a He
stream for 15 min, and then heated in a He
flow. TPD spectra are shown in Fig. 4.
HCOOH desorption was observed only
from Rh/SiO;, with a peak temperature of
T, = 415 K. Surface reaction took place
first on Rh/Ti0,, as indicated by the forma-
tion of CO, CO,, and CH, above 400 K
(Fig. 4). Desorption occurred in three
stages, at 436, 488, and 600 K.

The desorption of these products from
the other samples proceeded at higher tem-
peratures (Fig. 4). No significant differ-
ences were observed in the product distri-
butions. The results of quantitative analysis
of the gases desorbed are shown in Table 2.
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FiG. 4. Temperature-programmed desorption spectra after injection of 1 ul (21.6 mol) of HCOOH
on different samples at 300 K, showing the effect of the metal. The product distribution of carbon-

containing compounds is given in Table 2.

With the exception of Rh/TiO,, practically
the total amount of HCOOH injected onto
the samples at 300 K remained adsorbed,
and then desorbed and decomposed at
higher temperatures.

As HCOOH adsorbs strongly on oxidic
supports, for evaluation of the role of Rh
similar TPD measurements were performed

TABLE 2

Characteristics of Temperature-Programmed
Desorption after Adsorption of 1 ul HCOOH

Samples T, Relative amount
(K) of carbon
compounds
formed during
desorption
(%)
CO CH, CO,
1% RW/TiO, 436, 488, 600 16 9 75
TiO, — 542, 600 19 — 81
1% RW/ALO; 532, 648 17 8 75
ALO; — 643 18 — 82
1% Rh/MgO 492, 595, 668 10 7 83
MgO — 728 70 — 30

e Temperatures where the rate of desorption of the
products exhibits maxima (see Fig. 4).

with the supports alone. TPD spectra are
also shown in Fig. 4 and the results of gas
analysis in Table 2. Although, as will be
shown later, the formate locates not on the
Rh, but rather on the support, the TPD
results clearly show that the presence of Rh
can accelerate the decomposition of this
surface compound. This feature can be ac-
counted for by an occurrence of a surface
migration of formate species to the Rh.

Infrared Spectroscopic Measurements

Adsorption of HCOOH on reduced sup-
ported Rh samples (except Rh/SiO;) pro-
duced intense absorption bands at 158S,
1395, and 1373 cm~!. A very weak band
was also detected at 2914-2921 cm™!.
These bands were stable against evacuation
at 300 K. On Rh/SiO,, only one band ap-
peared, at 1720 cm™!, and this was elimi-
nated by evacuation at 300 K.

The above bands had high intensities in
the ir spectra taken during the catalytic de-
composition of HCOOH (Fig. 5). In addi-
tion, however, new bands developed at
2030-2050 and 1860 cm~! due to the chemi-
sorbed CO formed in the decomposition of
HCOOH. The intensity of these bands
slightly increased with the reaction time up
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weight was 60 mg.

to 25-50 min (Fig. 5). In addition, a broad
band peaking at about 1780 cm~! due to gas-
eous or weakly held HCOOH appeared in
the spectra. Evacuation of the cell at room
temperature eliminated this band, but re-
sulted in no change in the intensities of the
bands due to adsorbed formate and CO.

DISCUSSION

Although the metal-catalyzed decompo-
sition of HCOOH has been the subject of
very many investigations, the bulk of the
work has been concerned with the study of
this reaction over Cu, Ni, and Cu~Ni alloys
(24, 28, 29). Recent papers provide useful
surveys of the kinetic results (30). While it
was assumed earlier that the slowest step in
the decomposition is the chemisorption of
HCOOH, which involves an electron trans-
fer from HCOOH to the metal (I, 2, 24,
28, 29) or to semiconductor catalysts (3,
31, 32), the identification of a stable
formate species on the surface of Ni (33—
35) and also on many oxides (29) led to the
decomposition of adsorbed formate being
regarded as the rate-limiting step.

The catalytic behavior of Pt metals in this

reaction has received much less attention,
and particularly few data are available as
regards the adsorption of HCOOH, and the
formation and stability of formate species
on these metals. As pointed out previously
(18, 19), there are many misreferences and
unchecked statements in the literature re-
lating to this question. As concerns ir stud-
ies on formic acid chemisorbed on SiO,-
supported Ni, Pd, Pt, Rh, Cu, Ag, and Au,
Bond (24) refers to seven papers, but only
one of these deals with the adsorption of
formic acid on Pt, and even in this work the
authors found no evidence of surface for-
mate ion (35). Mars et al. (28) also refer to
two of these papers (36, 37), stating that
formate ion is present on Pt, Pd, and Rh
surfaces. These misreferences very proba-
bly originated from the paper of Hirota er
al. (33), which deals with ir studies of
HCOOH on Ni and Cu. In this paper
Hirota et al. write that negative formate ion
(HCOO") is produced, among others, on
Pd, Pt, and Rh during the adsorption of for-
mic acid; however, the references given
(36, 37) do not contain any such data con-
cerning these metals.
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Characteristics of the Decomposition of
HCOOH on Supported Rh

The present study shows that the sup-
ported Rh samples are very effective in the
decomposition of HCOOH. The reaction
occurs at measurable rates on 1% Rh-con-
taining catalyst even at 380-420 K, which is
a considerably lower temperature range
than that required to attain the same rate on
supported Ni and Cu catalysts. The pre-
dominant reaction in the decomposition is
dehydrogenation, but the dehydration of
HCOOH also occurred, particularly on Rh/
TiO, and Rh/AlL,O;.

In harmony with this behavior, a rela-
tively strong absorption band due to linear
CO appeared at 2030-2050 cm™! in the ir
spectra of Rh samples in the course of the
catalytic reaction (Fig. 5). The band is
formed, in general, at the beginning of the
reaction, its intensity subsequently increas-
ing only slightly. However, this CO spec-
trum differs basically from that observed
following direct CO adsorption on the same
reduced Rh samples (18, 19, 38, 39). In the
case of CO adsorption on reduced Rh, the
linear CO band occurs at a higher fre-
quency (ca. 2060 cm™!) and there is also the
production of a twin-CO band. Similar
characteristics were experienced in the
low-temperature interaction of H, + CO,
(18, 19) and in the hydrogenation of CO
and CO, (12-14). We believe that the shift
to lower frequency (red shift) of the linear
CO band in these cases is primarily caused
by the formation of Rh-carbonyl-hydride,
and the ‘‘coverage effect’’ on the position
of the linear CO band plays only a minor
role. We have proposed that this species
plays an important role in the methanation
of CO and CO, (12-14), as the presence of
H on the same Rh may promote the dissoci-
ation of CO. The existence of this surface
species and its assumed role were recently
confirmed by Worley et al. (40).

In contrast to the findings on Cu, Ni, and
their alloys, the decomposition of HCOOH
on Rh is not a zero-order process, but is
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nearly first-order. This holds for Rh foil and
supported Rh samples. It may be noted that
Hinshelwood and Topley (25) also found a
first-order dependence. This result makes it
very unlikely that the decomposition of for-
mate species is the rate-determining step in
the catalytic reaction of HCOOH on rho-
dium.

The ir spectra obtained following the ad-
sorption of HCOOH at 300 K and during
the catalytic reaction are apparently in con-
tradiction with the above statement, for
(with the exception of Rh/SiO;) a strong
and stable formate species has been identi-
fied on supported Rh samples. As we have
detected the formation of formate species
in the H, + CO, interaction and reaction on
Rh catalysts (13, 14, 18, 19), a great effort
was made to establish the possible sites of
formate species on these samples. We now
present strong arguments which indicate
that the formate species is located not on
the Rh, but almost exclusively on the sup-
ports. These arguments are

(i) The adsorption of HCOOH on Al,0s,
MgO, and TiO, in the absence of Rh pro-
duces identical ir spectra (18, 19).

(i) The number of formate species pro-
duced by surface reactions (such as H, +
CO; interaction, HCOOH adsorption, etc.)
is 5-8 times higher than that of surface Rh
atoms (18, 19).

(iii) The intensities of the absorption
bands due to CO chemisorbed on Rh are
not influenced if HCOOH is adsorbed on
Rh samples before or after CO adsorption,
yielding intense formate bands (41).

(iv) No formate bands are detected in the
ir spectra of Rh/Si0O, at 300-500 K follow-
ing HCOOH adsorption and during the cat-
alytic decomposition of HCOOH (Fig. 5)
(we may recall that no formate is formed on
the silica surface). This observation, which
is in harmony with our previous results
(18, 19), is particularly decisive.

These collected results suggest that, un-
der our conditions, formate is unstable on
Rh and, if it is formed, decomposes rapidly.
This behavior is in contrast with that on
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silica-supported Ni and Cu catalysts, where
stable formate is present on the surface dur-
ing the catalytic reaction at 300-550 K (33—
37).

The high instability of formate species is
confirmed by our recent studies on Rh foil
(22) and the Rh(111) surface (23) under
UHYV conditions. By means of thermal de-
sorption and electron energy loss spectro-
scopic measurements, we distinguished
molecularly and dissociatively adsorbed
HCOOH. The molecularly adsorbed
HCOOH desorbs with peak temperatures
of T, = 153 and 172 K. The formate species
starts to decompose at around 200 K, yield-
ing H, and CO, as primary products.
The decomposition goes to completion by
300 K.

Taking all these results into account, we
propose the following steps for the decom-
position of HCOOH:

HCOOH(g) = HCOOH(adS) (la)
HCOOH(adS) = H(ads) + Hcoo(ads) (lb)
or HCOOH(g) = H(ads) + HCOO(adS) (2)

HCOO(ads) = H(ads) + Coz(ads) (3)
COZ(ads) = COz(g) (4)
H(ads) + H(ads) = HZ(g) (5)

As the desorption of CO, from Rh occurs
below 300 K, with T, = 244 and 177 K (42),
whereas H, desorbs slightly above 300 K,
with T, = 275-330 K (43), it is not possible
for the desorption of either compound to be
the slowest step in the decomposition. We
also have to assume that the decomposition
of formate on Rh is fast enough not to be
the rate-limiting process. In light of this, it
appears most likely that the dissociative
chemisorption of HCOOH is the slowest
step in the above reaction scheme.

The fact that the decomposition is almost
completely suppressed by the presence of
carbon monoxide in the He carrier gas is in
harmony with this picture. The CO adsorbs
strongly to the Rh and thereby reduces the
number of free Rh sites, decreasing the
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probability of the dissociative adsorption of
HCOOH. It is noteworthy that the pres-
ence of CO in the reacting gas mixture, or
the preadsorption of CO on Rh, did not in-
fluence the development and intensities of
the formate bands, again suggesting that
these bands are due to formate located on
the supports, its occurrence there having
hardly any effect on the reactions on the
Rh.

The lower inhibiting effect of H, can also
be explained in this way, since the Rh—-H
bond is weaker than the Rh—CO bond (43).
The slight inhibitory effect of hydrogen
makes it very unlikely that the reaction

H(ads) + HCOOH(g)
= Hz(g) + HCOO(adS) (6)

plays any important role in the decomposi-
tion of HCOOH on Rh catalysts.

The introduction of CO, into the He flow
exerted no observable influence on the re-
action. This is not surprising, as CO, ad-
sorbs very weakly on the Rh surface at the
temperature of the catalytic reaction (42).

Besides the products of dehydrogenation
and dehydration, traces of CH; were also
detected. In the presence of a larger
amount of H, in the He carrier gas, particu-
larly at lower flow rates, an increase in CH,
formation was clearly observed. The pro-
duction of CH,4 could at first sight be ex-
plained by hydrogenation of the decompo-
sition products CO, and CO. However,
CH, was also produced in the reaction be-
tween the formate adsorbed on the support
and the hydrogen activated on the Rh (46),
at 425 K, i.e., below the methanation tem-
peratures of CO and CO,. We believe that
CH, is formed in the same reaction also in
the present case of formic acid decomposi-
tion. This finding may be important in an
evaluation of the possible routes of the
methanation reaction, and it indicates that
the formate bonded to the support cannot
be considered a totally inactive surface spe-
cies. For further details of this reaction we
refer to our previous work (46).
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Let us now examine the effect of the sup-
port on the catalytic performance of the Rh.
On the basis of the specific activity (Nco,,
the frequency of CO, formation per surface
Rh site), Rh/TiO, is the most effective cata-
lyst, followed in turn by Rh/Al,0;, Rh/
MgO, and Rh/SiO,. The differences in the
specific activities of the last three samples,
however, are very slight, if any.

The RhWTiO, sample also exhibited the
highest specific activity in the dissociation
of CO (27), and in the hydrogenation of CO
(12) and CO, (13, 14). Its activity was only
slightly higher when it was reduced at 773
K, which means that the ‘‘SMSI effect”
does not play any role in its catalytic per-
formance. One may assume that the elec-
tronic interaction between Rh and TiO, is
responsible for the high catalytic activity of
Rh/TiO,, just as was proposed more than 2
decades ago for Ni/TiO, (5).

We believe that this electronic interac-
tion has a dominant role in the hydrogena-
tion of CO and CO,, where the specific ac-
tivity of Rh/TiO, was about two orders of
magnitude higher than those of Rh/MgO
and Rh/SiO, (12-14). Although the elec-
tronic interaction between Rh and TiO,,
i.e., the electron transfer from TiO, to Rh,
can promote the formation of formate anion
on the Rh, we cannot absolutely rule out
that in this case part of the decomposition
also proceeds on the TiO, support.

TiO, was found to be an effective catalyst
for the decomposition of formic acid (29,
31). It catalyzed both the dehydrogenation
and the dehydration. The selectivity of
TiO, depended on the mode of preparation
and on the pretreatment; in general, the
higher the sintering temperature, the higher
was the CO,/CO ratio. It is true that the
decomposition of HCOOH on the TiO,
sample (BDH, sintered at 1273 K) used as
support in the present study was negligible,
actually less than 1% conversion at the
highest reaction temperature, 450 K, but
the possibility cannot be excluded that, due
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to the presence of Rh, the TiO, surface be-
came more active. In this case, Nco, must
be regarded as an upper limit. One possible
means for this activation is that the hydro-
gen formed and activated on the Rh mi-
grates onto the TiO,, creating new active
sites for the decomposition of HCOOH.
The occurrence of this process on Rh/TiO;,
i.e., the formation of additional Ti** cen-
ters, was demonstrated by the ESR, NMR,
and ir measurements of Conesa et al. (44).

The fact that the activity of TiO; can be
enhanced in this way was shown by Burch
and Flambard (45). They found that the ad-
dition of Ni to TiO, significantly increased
the adsorption capacity of the latter. As
TiO, catalyzes the decomposition of
HCOOH in both directions, the occurrence
of HCOOH dehydration on Rh/TiO; may be
a result of the reaction on the support.
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