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1. INTRODUCTION

Formic acid decomposes catalytically by dehydration to H20 and CO

or by dehydrogenation to H2 and C02 depending on the nature of the

catalyst (1,2). Metals, such as Cu or Ni, catalyze primarily the

dehydrogenation reaction. On metal oxides both reactions may occur

to some degree. However, on aluminas and silicas the dehydration reaction

dominates (2).

We present here a study of the adsorption of formic acid on two

zeolites: an ammonium-Y (NH4-Y) and an ultrastable hydrogen-Y (H-Y)

zeolite. The decomposition of submonolayer coverages of formic acid on

these zeolites yields almost exclusively CO and H20. Both zeolites have
0

the faujasite-type structure containing nearly spherical cavities 12 A
0

in diameter interconnected by 8 to 9 A openings (3). The ultrastable H-Y

is the "deep-bed" calcination product of the NH4-Y zeolite at about

775 K (4). Although derived fromtheNH4-Y zeolite, the ultrastable H-Y

zeolite is quite different, possessing increased catalytic properties,

increased thermal stability, and increased resistance to acid decomposi-

tion (5). It is proposed that the increased stability is the result of

the removal of a portion of the tetrahedrally coordinated framework

aluminum atoms, yielding cationic aluminum species with charges ranging

from 1 to 3 (6). Specifically, it is suggested that the decomposition

of the NH4-Y to the ultrastable H-Y zeolite creates 9 to 15 aluminum

cations per unit cell (6). This is consistent with ammonia adsorption

studies on the ultrastable H-Y zeolite which indicate the presence of

12 new Brnsted acid sites per unit cell (6). However, although it

Is generally accepted that chemical analysis combined with X-ray
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diffraction of the zeolite suggest an aluminum-deficient structure, the

nature of the nonframework aluminum and the defect site Is still quite

uncertain (7).

The adsorbed state of formic acid on metal oxides has been studied

by various spectroscoples, primarily by transmission infrared techniques

(8,9,10,11). Other techniques include reflectance infrared (12), in-

elastic electron tunneling spectroscopy (IETS) (13,14), and nuclear

magnetic resonance methods (11,15). It is the general conclusion that

the formic acid chemisorbs onto metal oxides via the loss of the acidic

proton. The formate ion is then bonded to the substrate through one or

both of the oxygen atoms. However, there is some discussion regarding

the role of the formate ion in the decomposition reaction. Some studies

indicate that the rate-determining step for the reaction on alumina is

the direct decomposition of the formate ion (9), whereas others maintain

that the formate ions first desorb from the alumina as formic acid and

then react with surface protons (10).

The adsorbed state of the formate ion is important in either the

direct-decomposition or the desorptlon-and-decomposition reaction paths.

The state of the formate ion may be described by any one, or a combination,

of the species shown below.

H H H
I I I
C C C

0 0 0 0 0 0I , I
MM 14 14

III IIl

The unidentate formate structure (species I) is bonded through a single



5

oxygen atom, as in formic acid and formate esters. The bidentate and

bridging bidentate structures (species 11 and I1) may occur in both

symmetrical and unsymmetrical forms, depending on the metal Ion lattice

spacings. Infrared studies on formate salts suggest that the formate

bonding is determined by the ionic radius of the metal atom (16), the

electronegativity of the metal (17), or both properties plus the mass of

the metal atom (18).

Because of the lack of periodicity and low concentrations of the

formate ions on the polycrystalline zeolite samples, it is not feasible

to determine directly the structure of the adsorbate by various

diffraction methods (19). It is, therefore, necessary to examine other

quantities which are sensitive to the molecular geometry and then, through

analogy with known structures, determine the state of the adsorbed

species. In the paper we will examine one such property, the vibrational

spectra of the adsorbed formic acid, with transmission infrared spectro-

scopy. To aid in the assignment of the infrared bands, we will compare

the spectra of the normal formic acid and the 13C-enriched compound to

observe the isotopic frequency shifts. In an accompanying paper, we

measure another property, the chemical shift tensor, with nuclear magnetic

resonance techniques (15).

I. EXPERIMENTAL PROCEDURE

The aumonium-Y (NH4-Y) zeolite, unit cell formula

Na2(NH4 )48(AlO2)50(S102)142"267H20, was prepared by ion exchange with a

sodium-Y zeolite. This NH4-Y zeolite was calcined at 775 K to yield a

Odeep bed" product, the ultrastable hydrogen-Y (H-Y) zeolite, with unit cell

formula Na2 H48(AlO2'Y 0 (S'O2 )142 ,26H20 (4).



6

The zeolites were outgassed and dosed with formic acid in a sample cell

described previously (3), which was designed for transmission Infrared

spectroscopy through powdered substrates. It was not feasible to spray

a water/acetone suspension of the zeolite onto the hot CaF2-windowed

flange, as has been done for alumina samples (20,21). Rather, a thin

layer was deposited onto the CaF2 window by sifting the zeolite through

a 100-mesh sieve (0.147 mm openings). The surface density of the siftedI 2zeolite powders was typically 4 to 5 mg/cm . Taking care not to disturb
the zeolite film, the cell is assembled, evacuated, and heated, with the

CaF2 flange supported horizontally. After cooling, the zeolite layer

adheres to the CaF 2 window and the cell may be rotated to a vertical

position to be placed in the infrared beam without loss of material.

However, such deposits are not so rugged as the sprayed crusts and still

require gentle handling.

The zeolites were outgassed on an ion-pumped all-metal vacuum system

described previously (21). The samples were warmed at a rate of about

1 K/min while being pumped continuously. The NH4-Y zeolite was outgassed

at 395 K for 3 hours, sufficiently cool to ensure that the ammonium ions

do not decompose (22). The ultrastable H-Y zeolite was first re-calcined

in a furnace at 775 K for 6 hours, cooled to about 450 K, and then sifted

onto the CaF2 flange while still warm. The cell was then assembled and

the ultrastable H-Y zeolite was outgassed at SO0 K for 3 hours. The

typical background pressure of the cooled, outgassed substrate was

206 Torr (1 Torr a 133.3 Nm'2

The BET surface area measurements and the formic acid adsorptions
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were carried out on a liquid nitrogen-trapped diffusion-pumped glass

vacuum system. The nitrogen BET surface areas of the zeolites are

459 1 10 m2/g and 515 1 10 m2/g for the NH4-Y and the ultrastable H-Y,

respectively, representing monolayers of about 63 and 84 nitrogen

molecules per unit cell. The formic acid adsorption isotherms for both

zeolites, shown in Figure 1, reveal monolayer coverages of 75 and 56

formic acid molecules per unit cell, or 5.7 x 1014 and 5.5 x 1014

molecules/cm2 , for the NH4-Y and the ultrastable H-Y zeolites, respec-

tively. The formic acid was adsorbed from the gas phase. The predeter-

mined pressure of the vapor to be adsorbed was calculated from the

monomer/dimer equilibrium data of Coolidge (23). The continuous uptake

of formic acid by the NH4-Y zeolite for P/P0 greater than 0.22 suggests

that the zeolite is decomposing under acid attack. The ultrastable H-Y

exhibits no such degradation in the pressures studied (P/Po < 0.5). For

coverages less than 40 molecules per unit cell, the equilibrium pressure

of the formic acid was less than 0.1 Torr, below the range of the

Wallace and Tiernan gauge used in the adsorption studies. A mass

spectrometic analysis of the formic acid desorption products from a

submonolayer coverage on the ultrastable H-Y at 525 K revealed that the

carbon was evolved as 98.5% CO and 1.5% CO2 with no trace on any residual

formic acid detected.

The infrared spectra were measured at subionolayer coverages of

formic acid adsorbed on the zeolites. In this range, though there were

subtle changes in relative peak intensities, no new features developed

at higher coverages. For each zeolite, we report here the spectra of

two typical coverages. Specifically, the NH4-Y zeolite sample contained- ... -
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about 20 molecules per unit cell. The formic acid coverage on the

NH4-Y zeolite is well below the levels which caused structural degradation

of the zeolite. The ratio of hydrogen ions formed during the adsorption

to the number of ammonium ions is still low enough to allow the

zeolitic framework to remain intact (24). The ultrastable H-Y sample

contained about 17 formic acid molecules per unit cell.

The transmission-infrared spectra were measured with a Perkin-Elmer

Model 180 spectrometer, operated in the double-beam mode. The resolution

in the 1800 to 1200 cm" 1 region was set at 2.1 cm"1. The frequencies were

calibrated with liquid films of the formic acid isotopes.

The C formic acid was treated with anhydrous CuSO4 to remove any

water. The isotopically enriched formic acid (91.2% l3C, obtained from

Merck Isotopes, was used without further purification.

III. RESULTS

For comparison, the spectral features of the two formic acid isotopes

are listed in Table 1. The samples were prepared by filling an empty

infrared cell to the saturation pressure of formic acid, thus forming a

liquid film on the CaF2 windows. The band assignments in Table 1 were

determined previously through an analysis of the isotopic shifts of the

various deuterated forms of formic acid relative to the normal compound (25).

The asymmetric vibration of the molecule (C-O stretch) exhibits the most

pronounced effect upon the substitution of 13C, decreasing by about

41 cm"1. The sywmnetric vibration (C-0 stretch) is somewhat less

perturbed, decreasing by only 9 cm-1.

The infrared spectra at 295 K of the outgassed NH4-Y and the

ultrastable H-Y zeolites are shown in Figure 2. The surface coverages
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on the C 2F windows were 3.8 and 4.6 mg/cm2 for the NH4-Y and the

ultrastable H-Y zeolites, respectively, for the two spectra shown. The

spectral features of the NH4-Y zeolite at 1470 and 1430 cm-' have been

identified previously as v4 bending vibrations of NH4 ions (22). The

peak at 1670 oe-1 peak on the NH4Y zeolite has been assigned to the

bending vibration of H20, and the peak at 1705 cm on the ultrastable

N-Y has been associated with H30+ ions (22). The infrared spectral

region for both zeolites was about 2000 one- to 1000 oe-1. Above

this range, 4000 cm"1 to 2000 an 1 , there were prohibitively large

losses in transmittance due to scattering. Below 1000 cm"1, the

spectrum was blacked out by the strong absorbances of the zeolite

substrate.

The infrared spectra for formic acid adsorbed on the NH4-Y and ultra-

stable H-Y zeolites are shown in Figures 3 and 4, respectively. The spectra

were obtained by subtracting the appropriate background spectra in

Figure 2 from the observed spectra. In both Figures 3 and 4, spectrum (a)

is the normal formic acid, and spectrum (b) is the 91% 13C-enriched

compound. The wavenumber markers are included only as references and are

not to be taken literally as the exact assignments of the broad peaks and

sidebands. Although each spectrum is composed of a number of overlapping

bands, it is possible to identify the peaks due to carbon-oxygen stretches

or carbon-hydrogen bands by comparison with the isotopically shifted spectrum.

The shifts indicated in Figures 3 and 4 were determined by assuming that if
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the intensity at a specific frequency decreased upon the substitution of

13C for 12C, the intensity shifted to a lower frequency, but not more than

about 40 o," 1 for peaks in the range 1800 to 1500 cm
1 , and not more than

about 10 cn 1 for peaks in the range 1500 to 1200 cm"1 . This analysis is

rather straightforward in the ultrastable H-Y spectra, but it Is slightly

more arbitrary for the NH4-Y case. For example, in Figure 3, the structure

at 1734 cm 1 of spectrum 3(a) has shifted in spectrum 3(b). Using the

-11
above guidelines, we propose that the peak has shifted to about 1698 cn "1 a

34 cm 1 decrease, and has not shifted to about 1642 1n
1, a decrease of

92 n-1 .

IV. DISCUSSION

Upon isotopic substitution of 13C-enriched formic acid, almost all

of the peaks in the spectra of Figures 3 and 4 shift to lower frequencies.

In addition, all the high frequency peaks (1750 to 1500 an'1 ) have

corresponding peaks within 40 om" and all the lower frequency peaks (1450

to 1200 on"1) have corresponding peaks within about 10 cm
"1. This is

consistent with the observed isotopic shifts of formic acid. Thus, almost

all of the features observed in the range 1800 to 1200 cm 1 of the infrared

spectra of the adsorbed formic acid can be attributed to either carbon-

oxygen stretches or carbon-hydrogen bending modes. The other unshifting
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peaks can also be assigned to surface formate structures on the basis

I of their location, as will be discussed later. To interpret the positions

of the infrared bands, the spectra of the formate ion in various config-

urations, as well as adsorbed on surfaces, will be discussed.

The relative positions of the symmetric and asynmnetric stretches in

the formate structure are indicative of the molecular geometry. For the

covalently bonde4 unidentate structures of formic acid and methyl formate,

the two bands are separated by 635 and 560 cm" , respectively. Upon

transformation to the bidentate structure of formate salts, the carbon-

oxygen double bond is weakened and the carbon-oxygen single bond is

strengthened. Consequently, the separation between the two bands for

typical formate salts is decreased to about 230 cm"1. The infrared

absorbances for some representative formate structures are given in

Table 2.

The correlation between the shifts in the infrared bands and the

structure of the formate group has been invoked in previous vibrational

studies to differentiate between chemically and physically adsorbed formic

acid. Table 3 contains the vibrational spectra of formic acid adsorbed

on A1203 and other surfaces. This is by no means a comprehensive review,

but rather a representative survey of previous studies to demonstrate the

trends of the observed frequencies. In general, the surface formate ion

has an asymmetric stretch in the range 1590 to 1625 an"1 and a symmetric

stretch in the range 1360 to 1468 cm"1 . These frequencies are in good

agreement with those of the formate salts, such as the compounds listed in

Table 2. On the basis of the similarities with the infrared spectra of

I I ~ t
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formate ions in metal salts. It has been proposed that the formate ion is

adsorbed on the surface as symetric bidentate structures (19).

When there is only a slight perturbation in the asymmetric band, It-1
is usually proposed that the formic acid Is physically adsorbed on the

surface (8,11,14). This is most likely the case for formic acid adsorbed

on A1203 at 77 K, which converts to the chemisorbed formate ion upon

warming to room temperature (14). However, we propose that in the case of

formic acid adsorbed on S102 (11) and the Na-Y zeolite (8) at room

temperature, another interpretation of the small shift in the asymmetric

frequency is possible. That is, the acid may be dissociatively adsorbed

on the surface in a covalently bonded unidentate structure. This is

supported by a proton nuclear magnetic resonance study of the formic

acid adsorbed on SiO2 which detected only the carbonyl proton (11). It

is probable that the acidic proton had dissociated from the acid and had

bonded to the SiO 2 surface. Thus, if the proton were still bonded to the

acid it would probably appear in the NMR spectrum, whereas if the proton had

bonded to the surface, the spectrum would be extremely broadened and

thus not be observed. The formate group could be bonded to the

surface through a single oxygen atom to a Si or Al atom of the substrate.

In this configuration, one would expect that the asymmetric band of the

formic acid at 1743 cm"1 would be decreased only slightly, as in the case

of methyl formate. Thus, we maintain that there is equal evidence for the

unidentate structure as well as physically adsorbed formic acid. However,

when the vibrational spectra show no evidence of formic acid OH stretches

at about 3580 cm" 1 or OH bends at about 1218 cm"1 , the unidentate structure

is strongly implied.
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The Infrared spectra of formic acid adsorbed on the NH4-Y and the

ultrastable H-Y zeolites have peaks extending from the physically adsorbed

(or unidentate) region (about 1720 ci "1 ) to the chemisorbed formte ion

region (about 1590 ce 1). The spectrum of the formic acid adsorbed on

the ultrastable H-Y zeolite affords the more itraightforward analysis.

The most intense peaks at 1610 and 1385 an"1 are assigned to the asymmetric

and symmetric stretches of the formate ion, consistent with the assignments

in Table 3. These bands are in close agreement with those of aluinum

formate, listed in Table 2. Since there was no evidence of OH

bending modes of the formic acid molecule and the adsorption isotherm

suggests that the formic acid chemisorbs to the surface, the peaks at

1760 and 1718 cm"1 are interpreted to be the asymmetric and symmetric

stretches of two unidentate formate structures. The corresponding symmetric

stretches of these species are probably combined in the side peak at

1336 cm-1, although it is at a higher frequency than would be expected.

The 1416 cm"1 side peak is interpreted as the CH bend of all the adsorbed

formate species.

The spectrum of the formic acid adsorbed on the NH4-Y zeolite is more

complex and does not immediately suggest an obvious assignment of the various

peaks. However, it is possible to compare the general shape of the spectrum

to that of the ultrastable H-Y sample. In the region of the asymmetric

stretch the maximum intensity has shifted from 1610 cm' to higher

freuqencies, near 1694 and 1734 cm"1. Simultaneously, the maximum

Intensity in the synmetric stretch region has shifted to a lower frequency,

from 1385 to 1292 cm° 1 . Thus, assuming that the extinction coefficients
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of each peak do not change radically from the ultrastable N-Y to the iH4 -Y

zeolite, the infrared spectra suggest that the NH4 -Y sample contains a larger

percentage of unidentate formate groups.

The new peaks that appear in the spectrum of the formic acid adsorbed

on the NH4-Y sample are tentatively interpreted as follows. The minimum

at 1762 an 1 may be only the initial slope of a large dip in the background

4spectrun caused by the loss of NH44 ions upon the adsorption of formic acid.

The 1534 and 1454 cii 1 peaks involve the carbon atom since they are shifted

upon isotopic substitution. These bands do not have analogies in any of

the formate compounds although it is possible that the band at 1454 cm"1

is related to the 1468 a" 1 band observed for formic acid on A1203 (13,14).

V. CONCLUSIONS

Vibrational spectra observed by transmission infrared spectroscopy

and adsorption isotherms suggest that formic acid chemically adsorbs on

the surface of the NH4-Y and ultrastable H-Y zeolites in at least two

configurations. These two structures have been interpreted to be a

covalently bonded unidentate formate group and as a formate ion. Based on

the position of the bands assigned to the formate ion and the agreement

with the bands of aluminum formate, it is likely that the formate ion has

a bidentate structure. It was not possible to determine if the formate

ion is adsorbed as a bidentate or bridging-bidentate species. The presence

of the unidentate formate group, as opposed to physically adsorbed formic

acid, is supported by the adsorption isotherms and the lack of

any OH bending vibrations in the infrared spectra. The unidentate

structure is probably covalently bonded, similar to ester compounds, to
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account for the position Of the infrared bands near 1734 and 1694 am-1.

The frequencies of the asymetric stretches of unidentate salts are generally

not this high (27), whereas unidentate-type esters such as methyl formate

are all within this range. Although there is no direct experimental

evidence to suggest it, the unidentate species would be more likely to form
~at the Si atoms of the zeoltte since the aluminum formate is known to have

a bidentate structure (27).

The adsorption of formic acid is markedly different on the NH4-Y

and ultrastable H-Y zeolites. As revealed by the infrared spectra, the

formic acid is adsorbed on the ultrastable H-Y zeolite primarily as formate

ions, whereas on the NH4-Y zeolite, the unidentate species appears to be

slightly in the majority. Both zeolites have the faujasite structure and

there is no infrared evidence of surface hydroxyl groups on either zeolite.

However, the ultrastable H-Y zeolite is suggested to contain a number of

non-framework aluminum ions in the supercages (6). Therefore it is

likely that the increased proportion of formate ions on the ultrastable

H-Y zeolite is due to the presence of the aluminum ions which act as

adsorption sites for the formic acid. Further studies are required to

determine if these sites are responsible for the enhanced catalytic

properties of the ultrastable H-Y zeolite.

These conclusions will be further examined in an accompanying paper

(15), in which nuclear magnetic resonance techniques are applied to study

the state of the adsorbed formic acid molecule, the nature of the adsorption

site, and the relative populations of these sites.
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TABLE 1

Vibrational Spectra(a) of H
12COOH and H13cOOH(b)

Assignment(c) N12COOH H13COOH AV

O-H stretch 3580 3580 0

C-H stretch (2943) (294N 9)
(2938J 12927J -

C0 stretch f1746N r1701 (41
( .1736J (1694J -42

C-0 stretch 1106 1097 -g

C-H bend 1362 1351 -11

O-H bend 1218 1206 -12

(a) all frequencies in wavenunbers, am"

(b) monomer for of the acid in a liquid film.

(c) based on band assignments in Reference 25.



TABLE 2

Vibrational Spectra of Formate Co.Ipoufds(a)

Cmon (- V(C.-O) 0 0Reference

HC00H 1741 1106 1362 This work

HCOOCH(b) 1722 1162 1377 263

Na(HC0 2) 1592 1364 1381 27

NH4(HCO2) 1592 2364 1406 27

Al(HCO2)3  1613 21387) (2420) 27

(1368J 11406J

(a) all frequencies in wavenubers, cm- 1

(b) HCOOCH 3 in CHC13 solution
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Figure Captions

Figure 1. Adsorption isotherms for formic acid on the NH4 -y(C)

and the ultrastable H-Y (A) zeolites at 297 K.

Figure 2. Background infrared spectra for the NH4-Y and ultrastable

H-Y zeolites.

Figure 3. Background-corrected infrared spectra of formic acid

((a) H12COOH and (b) H13COOH) adsorbed on the HHn-Y

zeolite at 295 K.

Figure 4. Background-corrected Infrared spectra of formic acid

((a) H12COOH and (b) H13COOH) adsorbed on the ultrastable

H-Y zeolite.
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