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Decomposition

ABSTRACT This paper presents the adsorption and thermal decomposition
mechanism of formic acid on an H-birnessite sample. Changes in the surface
and structure were characterized using infrared spectroscopy, N, gas
adsorption—desorption, and thermal analysis techniques. The acid sites of
H-birnessite were investigated by infrared and thermal analysis using pyri-
dine as a molecular probe. Decomposition of formic acid started on
H-birnessite at 120°C and was complete at 400°C. Infrared spectra revealed
that the molecularly adsorbed formic acid species were transformed to a for-
mate species, and the formate species were transformed to CO. The most
stable adsorption structure for formic acid was found as a molecular
monodentate configuration.

KEYWORDS birnessite, manganese oxide, Mn,0s3, Mn304, MnO,, surface
acidity

INTRODUCTION

The acidic and basic properties of oxide catalysts are very important for
the development of scientific criteria in catalyst applications. The determi-
nation of the strength of acidic and basic sites exposed on the solid surface
as well as their distribution is a necessary requirement to understand the
catalytic properties of solid acids and bases. A complete description of acidic
and basic properties of solid surface requires the determination of acidic and
base strength, acidic or base amount, and nature of such sites.

Decomposition of formic acid is a classic reaction in heterogeneous
catalysis. The selectivity in formic acid decomposition is used for character-
izing acid-base properties of oxide catalysts: dehydration takes place on
acidic oxides, whereas dehydrogenation occurs on basic ones. On the sur-
face of the majority of oxide catalysts, formic acid is adsorbed dissociatively
with the formation of surface formates."! Formate ions stabilized on Lewis
acid sites have been shown to be intermediates in formic acid decompo-
sition via the dehydrogenation mechanism."”! Formic acid dehydration takes
place both on Bronsted acid sites with the participation of protons and on

aprotic sites via intermediate surface formates."
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Manganese can form a number of oxides due to
the different oxidation states. Birnessite-type com-
pounds are nonstoichiometric manganese oxides.
The generic name corresponds to mixed oxides
formed by the well-organized arrangement of octa-
hedral MnOy layers. The Mn"" average oxidation
state is below IV, which corresponds to a basic struc-
ture of Mn(IV) with substitution of some Mn ions for
Mn(1ID) and even Mn(ID.[Z’S] This complex chemistry
provides interesting catalytic properties to the
manganese oxides.*° Among manganese oxides,
birnessite has demonstrated high catalytic activity
for different reactions such as the selective catalytic
reduction of NOx with NH;,” the catalytic decom-
position of ozone,™ or the catalytic combustion of
volatile organic compounds.”’

The determination of the structures of organic mole-
cules adsorbed on surfaces is one of the determining
factors in the efficiency of the decomposition process.
The adsorption geometry of the organic molecules is of
crucial importance for the stability of adsorbed organic
compounds. Because infrared (IR) spectroscopy is
sensitive to small structural changes, it has been widely
used to study the adsorption geometry of small organic
molecules adsorbed to surfaces and to follow reaction
mechanisms on surfaces."*¢

A careful analysis of the existing literature indi-
cates that not many studies have been conducted
for understanding the decomposition pathway of for-
mic acid using manganese oxides. Taking into
account this background, H-birnessite was synthe-
sized and evaluated in the decomposition of formic
acid under atmospheric pressure. IR desorption stu-
dies of formic acid on H-birnessite were performed
to get better insight into the decomposition mech-
anism. Also, the acid sites of H-birnessite were inves-
tigated by IR spectroscopy and thermal analysis (TA)
techniques using pyridine as a molecular probe.

EXPERIMENTAL

Materials and Methods

All reagents, such as aniline, KNOjz, KMnOy,
HNO3, NaOH, and Mn(NO3)3-9H,O, were of analyti-
cal grade and all solutions were prepared with
double-distilled water. K-birnessite was prepared
according to the redox method described in the
literature.””’ The K-birnessite was treated with a
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1-M HNOj solution for 24 hr at room temperature,
then washed with distilled water and dried at 70°C,
which was designated as H-birnessite.

IR spectra of the birnessite samples were recorded
in the region 4000-450cm™ " on a Spectrum-100 FTIR
spectrometer. The thermal gravimetric (TG) and differ-
ential thermal analyses (DTA) curves were obtained
using a PRIS Diamond TG/DTG apparatus under
highly pure nitrogen atmosphere (N, flow rate:
20 cm®/min, heating rate: 10°C min ™', platinum cruci-
bles, mass ~10mg, and temperature range: 30—
1000°C). A Tri Star 3000 (Micromeritics, USA) surface
analyzer was also used to measure the nitrogen
adsorption isotherm at 77K in the range of relative
pressure 107 to 1. Before measurement, the sample
was degassed at 300°CC for 2hr. The surface areas
were calculated by the BET (Brunauer—Emmett—Teller)
method. The XRD analysis data from the samples were
collected using a Rigaku, Miniflex ZD13113 (Japan)
diffractometer with Cu Ko radiation with Ni filter.

The Bronsted and Lewis acid sites were deter-
mined by IR spectroscopy with chemisorbed pyri-
dine. For this purpose, birnessite samples were
dried in a hot-air oven for 24 hr at 120°C prior to
pyridine treatment for IR measurements. The sam-
ples (50 mg each) were poured loosely into a sample
cup. The loosely filled sample was brought in contact
with pyridine (0.1 cm?®) directly. Then the sample cup
was kept in a hot-air oven at 100°C for 1 hr to remove
physisorbed pyridine. After cooling down to room
temperature and adsorption of pyridine, the sample-
adsorbed pyridine was evacuated for 20min at
several temperatures (373°C, 200°C, 300°C, 400°C).
Specimens for measurement were prepared by mix-
ing 0.9mg of the sample powder with 70mg of
KBr and pressing the mixture into a pellet.

The interaction between gas-phase formic acid
and birnessite surface was accomplished in desicca-
tors for 2hr at room temperature. After adsorption
studies, desorption experiments were also done at
elevated temperatures (373—400°C) for 10 min.

RESULTS AND DISCUSSION
Material Characterization

Figures 1la and b show the IR spectra of the
K-birnessite and H-birnessite samples between 4000
and 450 cm ™. In the IR spectrum of the K-birnessite

Surface Acidity of H-Birnessite
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FIGURE 1 IR spectra of the K-birnessite (a) and H-birnessite
(b) samples.

is due to
[18]

sample, the broad peak at 3412cm™’
stretching vibrations of its interlayer hydrates.
For the K-birnessite sample, two strong IR bands
could be observed around 513 and 602cm™*, in
good agreement with the IR characteristic bands of
birnessites."” " Several absorption bands were
observed at 3391, 2923, 2846, 1633, 1384, 1024,
823, 722, 570, and 520cm ™! in the IR spectrum of
the H-birnessite sample. Three bands located within
the 2800-3500 cm ™' region are confirmed to be due
to the components of the asymmetric and symmetric
stretching modes of the H,O molecule. The
3391cm™ ' band was attributed to stretching vibra-
tions of the O-H group of water molecules and the
lattice hydroxyl groups or H3O", and less-ordered
water produces the remaining features at 2923 and
2846cm ™! and a broad band at 1633cm ™', which

supports the argument that interlayer water exists

in H-birnessite.”? Some changes were detected in
the region between 400 and 800cm ™!
gned to Mn-O lattice vibration."'*!
The characteristics of the porous structure, includ-
ing the BET surface area, the pore volume, and the
pore size, obtained from the conventional nitrogen
isotherm analysis are presented in Table 1. As shown
in Table 1, H-birnessite has a higher surface area and
total pore volume and a lower micropore volume than
K-birnessite. The potassium ions may screen out some
of the birnessite surface roughness, which becomes
inaccessible for the nitrogen molecules and then
decreases the BET surface area. Another possibility
leading to the reduction of the BET surface area comes
from the fact that potassium cation may clog some of
the smaller pores; that is, the pore-blocking effect
occurs. The XRD study on H-birnessite indicated that
the layered structure was retained, and almost no
change was observed on the basal spacing of the
layered structure after the acid activation process.

, which assi-

Surface Acidity of H-Birnessite
Sample

Adsorption of pyridine as a base on the surface of
solid acids is one of the most frequently applied
methods for the characterization of surface acidity.
The IR spectra in the spectral region 1400 and
1700cm™ "' after pyridine treatment and thermal
desorption at different temperatures for 20min of
pyridine adsorbed on H-birnessite are presented in
Fig. 2. The IR absorption bands were assigned
according to the literature.”>* After heating at
120°C, important pyridine vibrations were observed
at 1633, 1620, 1601, 1572, 1542, 1508, 1485, 1474,
and 1442cm™'. In Fig. 2, the attention should be
focused on the high-temperature region because at
low temperatures the information about the Lewis
sites is obscured by the band of hydrogen-bonded
pyridine. The band at 1434 cm ™' is stable to heating
at 500°C (Fig. 2). This indicated that this band was

TABLE 1 Porous Structure Parameters of the K-Birnessite and H-Birnessite Samples

Sample Sger (M?/Q) Saxt(m?/9) Smic (M?/Q) V; (cm?/g) Vimic (€m?/g) D% (nm)
K-birnessite 34 29 0.169 0.0027 19.79
H-birnessite 42 39 0.210 0.0015 19.84

a
Sext = Smeso-

b4y /A by BET.

E. Eren et al.
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FIGURE 2 Desorption of pyridine from H-birnessite, after
thermal treatments between 120°C and 600°C.

not assignable to hydrogen-bonded pyridine on
H-birnessite, which is unstable to outgassing at
temperatures as low as 120°C. This band can be
attributed to the ring-stretching vibration of pyridine
coordinately bonded to the Lewis acid centers.*> In
addition, the intensive band at 1620 cm™ " suggested
the presence of Lewis acid centers and the band near
1542 cm™ ! of high intensity signified the presence of
a relatively large amount of Bronsted acid sites.'*”
These species were formed as pyridinium ions, with
a transfer of H* ion from the Bronsted acidic -OH
groups of the H-birnessite to pyridine. Pyridine
bands at 1601 and 1620cm™ "' indicated two types
of pyridine, which directly coordinated with the
adsorption sites on H-birnessite. After thermal acti-
vation at 200°C, the very broad band was observed
near 1633cm™ "
interaction of pyridine with the Lewis sites. The band
at 1487 cm™ ' was attributed to pyridine associated
with both Lewis and Brgnsted acid sites. After heat-
ing at 300°C, a significant amount of pyridine
remained on Lewis acid sites of the H-birnessite.
However, the intensity of the Bregnsted band at
1541cm™" was reduced significantly. After heating
at 500°C, the intensities of the bands assigned to pyri-
dine adsorbed on Lewis sites at 1618 and 1434 cm™*,
however, were still significant.

The thermal stability of the H-birnessite sample
was investigated by DTA-TG (Fig. 3a). The curve
relating to the H-birnessite sample exhibited mass
loss 16.6% at 20-200°C and 17.1% at 200-1000°C
(Fig. 3a). This material has endothermic peaks

including vibration of water and
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FIGURE 3 Thermal analysis curves of the H-birnessite (a) and
H-birnessite/pyridine (b) samples.

around 109°C, 499°C, 580°C, 870°C, and 943°C, each
corresponding to a weight loss, and an exothermic
peak around 553°C was detected, as shown in
Fig. 3b. The endothermic peak at 109°C corresponds
to the evaporation of (surface) adsorbed water in the
H-birnessite. The other endothermic peaks around
499°C, 870°C, and 943°C were assigned to the partial
transformation of the H-birnessite phase to Mn,Os3
(release of oxygen from the H-birnessite phase),
transformation of an Mn,0O3 phase to Mn;O4 phase
(associated with the release of oxygen), and
collapsing of the H-birnessite, respectively.?®*”
The exothermic peak without weight change at
553°C corresponds to a structural transformation
reaction from the layered structure of H-birnessite
to the tunnel structure (Cryptomelane).[21‘26’27] As
shown in Fig. 3, the TG curve for H-birnessite shows
approximately smooth mass loss in the range of tem-
peratures between 580°C and 818°C. This indicated
that the structure of the H-birnessite sample was
stable. Also, the stable range of thermogram between
580°C and 818°C indicated that both the manganese

Surface Acidity of H-Birnessite



oxide phases (i.e., MnO, and Mn,0O3) coexist with a
very slow transition toward Mn;0,.?*?”" The endo-
thermic peak at 870°C for H-birnessite was assigned
to the phase transformation of Mn,O3 to Mn;Oy. In
the H-birnessite sample, the lower temperature for
Mn3zO4 formation may be attributed to the lattice irre-
gularities and dislocations within the crystals.

Thermal desorption of pyridine was also followed
by thermal analyses to estimate the acid strength of
both Brgnsted and Lewis acid centers. Thermal
analysis techniques may provide a simple and effec-
tive tool to understand and control catalysts’ quality.
The amounts of pyridine desorbed can be divided
into three temperature ranges to denote three types
of acid sites: (1) weak acid sites ranging from
100°C to 250°C, (2) moderate acid strength, ranging
from 250°C to 400°C, and (3) high acid strength, ran-
ging from 400°C to 600°C. The total of mass losses up
to 1000°C is 24.7% for the pyridine-adsorbed H-bir-
nessite sample (Fig. 3b). The endothermic peak at
156°C for H-birnessite is associated largely with
weakly chemisorbed pyridine molecules rather than
physically adsorbed pyridine molecules. The total
of mass losses up to 250°C is 11.2% for H-birnessite
samples. This peak is associated with pyridine mole-
cules adsorbed on H-birnessite hydroxyl groups (the
Brgnsted acid sites). High desorption at low tem-
peratures could be due to the interaction of pyridine
with weakly acidic sites in sample. No desorption
maximum from acid sites was observed in the range
of temperature between 250°C and 400°C for the
H-birnessite sample, suggesting absence of the sites
of moderate acid strength.

Desorption of Formic Acid from
H-Birnessite

IR spectra in the absorption mode are shown in
Fig. 4. IR bands are assigned according to the litera-
ture. 32 The first spectrum in Fig. 4 shows the
infrared absorptions measured after desorption of
formic acid on H-birnessite at 120°C, with peaks or
shoulders at 1326, 1392, 1562, 2191, 2905, 2997,
3276, and 3351cm™'. The bands observed within
1800-1200cm ™' are related to OCO stretching
vibration. The bands in this region arise from surface
carbonates or the formate species. The formation of
formate can be detected by analyzing the C-H
stretching vibration region (set of bands at around

E. Eren et al.

3159 2962 | 2734

(120 oc),, . —W A /\“ m\\\(400 °C) N s B
‘ N D
\ \U/ (R

J - \
(200 °C),

/’

on

Transmittance

T R e e mae B e e e e
Wavenumber (cm™)
FIGURE 4 IR spectra of formic acid species adsorbed on

H-birnessite, after thermal treatments samples between 120°C
and 600°C.

2900cm™Y). At 120°C, the C-H stretching vibrations
confirming the generation of formate species were
observed at 2905 and 2997 cm™'. These two bands
(at 2905 and 2997cm™") are possibly due to the
C-H stretching of formate species having different
adsorption geometries. The related C-H stretching
vibrations at 2800-2900cm ™' were also observed
with increasing the temperature values from 200°C
to 400°C. On heating at 500°C, the high-frequency
bands at 2940-2830cm™ ' became much smaller
and were no longer observable above 600°C
(Fig. 4). After heating at 200°C, the COO™ asymmetric
peak shifted from 1562 to 1557 cm ™', and the COO™
symmetric peak shifted from 1326 to 1352cm™'.%°
After increasing the temperature, an increase in the
intensities of absorption bands in the 2200-
1800cm™ ' range, corresponding to surface CO
species, was observed. The 2191cm ™' absorption
started to appear at 120°C, indicating that some of
the surface formic acid molecules decomposed.”"
The appearance of this band can be accepted as
indirect proof of the decomposition of formic acid.
On heating to 300°C, the characteristic bands of che-
misorbed CO at 2172, 2162, and 1977 cm ™" grew up.
Bands at 2172 and 2162 cm ™" can be attributed to ter-
minal, mono-coordinated, or linearly bonded carbon
monoxide, while the broad, convoluted bands at
1997 cm ™! are assigned to multicoordinated CO.B%
In the 300°C spectrum, the carbonyl peak was
located at 1740cm™' and its intensity further
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increased as compared to that in the 200°C spectrum.
Meanwhile, the 1386cm ™! intensity diminished and
the peak shape for the absorption near 1338 cm ™" also
varied. These temperature-dependent results indicate
that a chemical transformation of the surface formic
acid is under way. Heating from 200°C to 300°C and
then further to 400°C clearly illustrated the decompo-
sition and desorption of the remaining formic acid as
determined by the disappearance of the carbonyl
stretching mode at 1740 cm™'. Simultaneously, the
amount of formate reached a maximum at 300°C
and then diminished slightly by 400°C as seen by
the changes of intensity of features at 1309 and
1740 cm ™. Formate also decomposed within the tem-
perature range of 300-400°C to adsorb CO as sug-
gested by the shift of 1973 to 1979cm™". At 300°C,
the 1740 cm ™" is due to carbonyl absorption, but it is
red-shifted as compared to the 1770cm™" observed
for the isolated formic acid gas molecules.”®3? The
shift of the carbonyl band toward lower frequency
arose from its interaction with surface Lewis acid sites
(Mn ions) or OH groups through the lone pair on the
oxygen atom. After heating the sample to 300°C, the
peak at 1595cm™" broadened to include a smaller
peak at 1516cm™ ', as shown in Fig. 4.

Mechanism of Decomposition
Reaction

The difference in OCO antisymmetric and
symmetric stretching frequencies of formate (Av,g.o)
relative to the aqueous ionic formate (Avjgnic=
201 cm™") can reveal formate bonding geometries on
surfaces.®*?> ¥ The correlations between Av,,  and
adsorption geometry have been described as
follows:®?  Av,. > Avjone = monodentate  coordi-
nation; Av,,s < Avjonie =chelating or bidentate
bridging; Av, << AVjonic = bidentate chelating. After
heating at 120°C, the Av, is 236cm™ ' in Fig. 4,
indicating that monodentate formate is on the surface.

CONCLUSION

The influence of temperature on formic acid
decomposition was also investigated in detail. From
pyridine desorption studies, it was found that
acid sites of H-birnessite were predominantly Lewis
acid in nature. Pyridine desorption studies showed
that the Lewis band at 1601 cm ™" splits after heating
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at 200°C. Split bands were distinctly seen in
H-birnessite samples at 1634 and 1613 cm ™", indicat-
ing the presence of two types of Lewis acid sites hav-
ing higher acid strength. During the decomposition
reaction, formates with different adsorption struc-
tures and carbonates were formed as intermediates.
During the heating process, the adsorbed formic acid
species transformed into the formate species. The
formate reacts with surface Lewis acid sites (Mn ions)
or OH groups through the lone pair on the oxygen
atom and releases a proton to form a carbonate that
is finally transformed to CO. The enhancement of the
carbonyl absorption (1740cm™") at 300°C demon-
strates that oxidation of surface formic acid occurs.

APPENDIX A: SUPPLEMENTARY DATA

The analyses of XRD. Supplementary data associated
with this article can be found in the online version.
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