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Abstract

Complete oxidation of ethanol, as model volatile organic compound, was investigated on manganese oxides catalysts.

The catalysts were prepared by two different methods: (1) oxidative decomposition of MnCO3 under flowing oxygen saturated with water

and (2) oxidation of a MnSO4 dissolved in H2SO4. The solids were characterized by XRD, diffuse reflectance IR spectroscopy (DRIFTS),

DRS–UV–vis and thermogravimetric analyses (TGA). The results showed that both solids belonged to the nsutite phase (g-MnO2). Both

catalysts showed similar catalytic activity in the complete oxidation of ethanol. The maximum activity of the catalysts was related to the

structure of the catalysts (Mn4+ vacancies, presence of Mn3+ ions and OH groups). The catalyst obtained by decomposition of MnCO3 is the

best catalyst because it is easier to prepare. The theoretical results revealed two possible adsorption–oxidation sites of C2H5OH on the nsutite

phase; the OH groups formed from Mn4+ vacancies, where ethanol could be oxidized to CO2 and the terminal oxygen of the pyrolusite lattice,

where ethanol could be partially oxidized to acetaldehyde, which it could be oxidized to CO2.
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1. Introduction

Manganese oxides (MnO2, Mn2O3 and Mn3O4) have

been reported in some environmental catalysis reactions

such as the selective reduction of NOx and CO, oxidation of

VOCs, total oxidation of methane and elimination of

organoclorates [1–7].

There are many MnO2 polymorphs. The tetragonal

pyrolusite (b-MnO2) and the orthorhombic ramsdellite are

two of them. These form a three dimensional network of

edge and corner-sharing MnO6 octahedral arranged in

simple chains (pyrolusite) and double chains (ramsdellite,

R-MnO2) [8]. The nsutite (g-MnO2) is formed by the

intergrowth of domains of pyrolusite and ramsdellite and g-

MnO2 is used as cathode material for dry cell. Chabre and
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Pannetier [8] have reported about 14 g-MnO2 modifications.

This solid is characterized by three types of defects: (a) De

Wolff disorder—the intergrowth of ramsdellite and pyr-

olusite, (b) micro twinning and (c) point defects such as

Mn4+ vacancies and Mn3+ cations. They have shown that

micro twinning and De Wolff disorder are responsible for a

poor crystalline structure and the g-MnO2 electrochemical

properties.

MacLean et al. [9] and Ruestchi and Giovanoli [10] have

demonstrated that the structural and chemical defects are

responsible for the electrochemical properties by the H+

insertion and increasing the Fermi level energy. According

to Volkshtein Electronic Theory [11], these properties make

these oxides interesting, from the catalytic point of view, due

to their high electrical conductivity.

Provided the catalytic interest in these phases of Mn as

destruction of VOC’s, our objective in this work is: (1) to

obtain g-MnO2 by different methods, (2) to study the
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catalytic activity in the complete oxidation of ethanol and

(3) to study theoretically the adsorption–oxidation process

on different sites.
Table 1

Tables of parameters for Extended Hückel Method-ASED [15]

Atom Orbital Hii (eV) zi1 C1 zi2 C2

Mn 4s �9.75 0.97

4p �5.89 0.97

3d �11.67 5.15 0.5139 1.70 0.6929

O 2s �32.3 2.275

2p �14.8 2.275

H 1s �13.6 1.30

C 2s �21.4 1.625

2p �11.4 1.625
2. Experimental

2.1. Samples preparation

Two manganese oxides were prepared by different

methods in order to obtain the nsutite or g-MnO2 phase.

One of them was obtained by oxidative decomposition of

MnCO3 (Riedel de Haen RG) at 350 8C under flowing

oxygen saturated with water (50 cm3 min�1) for 1 h, and

with a heat rate of 20 8C min�1. This oxide is named

hereinafter M1.

The other manganese oxide (M2) was synthesized by

oxidation with flowing oxygen (30 cm3 min�1) of a MnSO4

dissolved in 3 M H2SO4. pH was raised up to 3 with NaOH.

After being filtered and washed with deionized water, the

oxide was dried at 100 8C for 24 h [12].

These oxides were compared with a commercial MnO2

(Baker 99%) and with a synthetic Mn2O3 obtained by

decomposition of MnCO3 [3].

2.2. Characterization

X-ray diffraction patterns were carried out at room

temperature with a Phillips PW 1390 instrument by using Ni

filter and Cu Ka radiation (l = 1.540589 Å) in the 2u range

between 5 and 608. For phase identification purposes,

JCPDS database of reference compounds was used [13].

DRIFTS spectra were obtained in a Bruker IFS66

infrared spectrometer with a KBr optics and DTGS detector

in the 600–4000 cm�1 range. The spectra were obtained by

co-adding 200 scans collected at 4 cm�1.

DRS–UV–vis spectra were recorded on a Cary 2300

spectrophotometer in the 200–2000 nm region.

Thermal analyses of small sample portions of the samples

(16 mg) were carried out on a DTA-TG 50 Shimadzu

analyzer, between room temperature and 900 8C; at

10 8C min�1 in a flowing air atmosphere (30 cm3 min�1).

2.3. Catalytic activity

The ethanol combustion reaction was carried out at

atmospheric pressure in a continuous flow tubular glass

reactor filled with 0.200 g of catalysts. An air stream

saturated with ethanol was created by using a saturator

equipped with temperature and pressure controls, and then

diluted with pure air resulting in a 300 ppm ethanol

concentration in the reactor feed. The total gas flow was

20 cm3 min�1.

The reactants and reaction products were analyzed using

on-line gas chromatograph (Shimadzu GC 8A) equipped

with thermal conductivity detector. The analysis of ethanol,
acetaldehyde and CO2 was conducted through a Porapack T

column.

2.4. Theoretical method

Extended Hückel Method (EHMO-ASED) is an accep-

table approach to the electronic structure of a solid when

transition metals are involved. Although the method does not

give absolute representative results, it predicts well the

relative trends defined by a simple calculation procedure

[14]. The relative energy of the system (Er), includes terms

for both repulsion and binding energies and the Hii

parameter and coefficients (j) used for the calculations

are indicated in Table 1 [15]. The Wolfsberg–Helhmotz

constant employed was 1.70.

To represent nsutite structures the MOLMOD program

was used. We used the atomic distances of MnO6 octahedra

reported by Bystrom [16]. Once the octahedral was

obtained, the structures of pyrolusite and ramsdellite were

configured, in accordance with the data reported by Potter

and Rossman [17].

Nsutite structure was studied by calculating the minimum

relative system energy of the system (Er). Nsutite structure

was built up from pyrolusite elements interspersed in a

ramsdellite matrix. Once the nsutite energy minimum was

determined, we introduced one Mn4+ vacancy into a

ramsdellite or pyrolusite cell. For charge compensation,

protons that made four of the six oxygen anions surrounding

the vacancy OH� anions were used.

For C2H4OH molecule, gaseous bond length and angles

were employed [18]. The adsorption–oxidation process was

studied on the basis of calculations of the total system

energy. This energy (Er) was calculated as the difference

between the system energy when the molecule is at a finite

distance from the surface and the energy at infinite distance.
3. Results and discussion

Data from XRD indicated the presence of b-MnO2 or

pyrolusite phase (JCPDS 24-0735) for the commercial

manganese dioxide and a well crystallized a-Mn2O3

(JCPDS 41-1442) for the synthesized Mn2O3.
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Fig. 2. DRIFTS spectra of manganese oxides samples: (a) M1, (b) M2 and

(c) b-MnO2.
Fig. 1 shows the XRD powder patterns of both

synthesized manganese samples. Neither MnCO3 nor

MnSO4 is present in M1 and M2 samples, respectively,

and it can be seen that both oxides present a nearly

amorphous X-ray powder diffraction pattern, in accordance

with Chabre and Pannetier [8], who have reported that

gamma manganese dioxides generally show poorly resolved

XRD patterns. Nevertheless, some peaks are detected, such

as 378, 428 and 568 in M1 and 228, 378, 388, 428 and 568 in

M2. The XRD patterns of M2 account for a g-MnO2 phase

(JCPDS 17-0510). In the case of the former, it is similar to

M2, except for the missing peaks at 22 and 388, and it could

be a g-MnO2 with more chemical defects [8]. On the other

hand, no crystalline Mn2O3 is observed in these two

samples.

The DRIFTS spectra are shown in Fig. 2. No peaks of

Mn2O3 are detected in the samples [3]. The positions of the

bands in M1 and M2 are coincident with that reported by

Potter and Rossman [17] for the g-MnO2 phase, which is in

agreement with the XRD data. These authors have reported

that ramsdellite presents peaks at 522, 630, 649 and

743 cm�1. As we mentioned in the introduction, MnO2

exists in various polymorphous modifications, so they are

usually represented by T(n,m) where n and m stand for the

dimensions of the tunnels in the two directions perpendi-

cular to the chains of edge-sharing octahedral. In this

representation, pyrolusite and ramsdellite are symbolized by

T(1,1) and T(1,2), respectively. Nsutite or g-MnO2 could be

described as an irregular intergrowth of elements of

ramsdellite and pyrolusite, so that the representation would

be T(1,1)–T(1,2). It is possible to obtain the structural

characteristics of the manganese dioxides taking into

account the correlation of infrared spectra made by Potter

and Rossman [17], who pointed out that IR bands shifted to a

lower wave number with increasing octahedral polymeriza-

tion. This trend can be observed in Fig. 3, where it was

plotted the frequency position of the infrared active modes

of our oxides as a function of the average MnO6 octahedral
Fig. 1. X-ray powder diffraction patterns of the manganese oxides: (a) M1

and (b) M2.
polymerization. It is clearly observed that the IR bands of

M1 and M2 are between the bands of pyrolusite and

ramsdellite. This means that both samples consist of a

distribution of pyrolusite and ramsdellite, in good agreement

with de Wolff [19], Norman et al. [20] and Shaheen and

Selim [21] results.

The presence of Mn3+ and Mn4+ cations was determined

by DRS–UV–vis. Fig. 4 shows the positions of the UV bands

for the synthesized catalysts and the references. M1 and M2

present absorption at approximately 340 nm and in the 450–

550 nm regions. The former absorption is also present in

pyrolusite, where the Mn is present in the 4+ valence, and is

associated to Mn4+ [22]. The latter, which is present in

Mn2O3, is attributed to O2�–Mn3+ charge transfer [23]. In

conclusion, both M1 and M2 samples present Mn3+ and

Mn4+ in their structures.

According to Ruestchi and Giovanoli [10], the presence

of structural water influences electrochemical reactivity,
Fig. 3. Frequency positions of the IR bands as function of the average

MnO6 octahedral polymerization in manganese oxides. (ramsdellite bands,

Potter and Rosmann [17]).
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Fig. 4. DRS–UV–vis spectra of manganese oxides samples: (a) b-MnO2,

(b) M2, (c) M1 and (d) Mn2O3.
density and electronic conductivity. Fig. 5 shows the weight

loss in percentage in each sample. The transformation of

MnO2 to Mn2O3 starts at a higher temperature for pyrolusite

than for the other oxides. This indicated that this oxide is

possibly less active than the others, as reported by González

et al. [24]. The transformation to Mn2O3 in M1 sample

occurs at 585 8C. It can be seen that M2 sample is still losing

weight at 800 8C. Petit et al. [25] have shown that g-MnO2 is

non-stoichiometric unless the temperature is increased up to

800 8C, because there are OH groups in the bulk of the

material, and it is electrochemically active up to 450 8C.

These phenomena make this oxide very interesting for

catalytic purposes, due to the high temperature at which it is

non-stoichiometric.

So far the characterization results have shown that M1

and M2 samples: (i) are members of the nsutite or g-MnO2

family, constituted by an intergrowth of pyrolusite and

ramsdellite, (ii) contain Mn3+ ions in their structure, which

are related to the presence of OH groups but they are not

present in the form of crystalline Mn2O3, (iii) they present
Fig. 5. TGA curves for manganese oxides: (a) M1, (b) M2 and (c) b-MnO2.
different behaviors at high temperature by thermal treat-

ment, nevertheless at low temperature, up to 400 8C their

behaviors are similar and (iv) they have OH groups not only

on the surface but also in the inner part of the tunnels and

they are stable at high temperatures. These characteristics

are in agreement with the postulated Volkenshtein Electro-

nic Theory [11], which pointed out that the formation of

vacancies and defects modifies the Fermi Energy level and

favors the catalytic reactions.

The catalysts were tested in the reaction of complete

oxidation of ethanol according to the experimental

procedure above described. Carbon dioxide, water and

acetaldehyde were the reaction products. Results of ethanol

conversion as a function of the reaction temperature for the

manganese oxide catalysts are shown in Fig. 6. The results

with Mn2O3 as catalyst (which have been reported in a

previous paper [3]) are included for comparison. It can be

seen that both M1 and M2 samples have a similar activity,

characterized by a T50 (temperature at which the conversion

is 50%) of approximately 150 8C. For both catalysts the

conversion reaches 100% below 200 8C, with selectivity to

CO2 of 100%. Acetaldehyde is found at low conversion

values, between 100 and 150 8C. Commercial manganese

dioxide, (b-MnO2), and Mn2O3 have a T50 of 250 and

180 8C, respectively, and conversion reaches 100% above

300 and 230 8C, respectively. Taking into account the

characterization results and the works of Peluso et al. [3],

Shaheen and Selim [21] Radwan [26], Hill et al. [27] and the

studies of Chabre and Pannetier [8] about the correlation

between the electrochemical properties and the crystallinity,

we can say that the high activity of M1 and M2 samples

could be explained by: (i) the existence of the Mn3+–Mn4+

couple, (ii) the poor crystallinity of the oxides and (iii) the

Mn4+ vacancies, which generate OH groups (associated with

loss of water) and are still present at 200 8C when the

conversion is 100%.
Fig. 6. Total ethanol conversion as a function of temperature: (a) M1, (b)

M2, (c) Mn2O3 and (d) b-MnO2.
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Fig. 7. Geometric structure of the nsutite (g-MnO2). One manganese vacancy was placed on the ramsdellite octahedron.
The theoretical calculation by EHMO was carried out by

analyzing the most energetically favorable positions of the

H+. The results show that the protons with the highest

stability were those localized over the oxygen in Mn

vacancies generated in ramsdellite octahedrons (see Fig. 7).

These results are in agreement with that reported by

Ruestchi and Giovanoli [10] who have proposed that the

predominant protons sites are the oxygen atoms surrounding

the Mn vacancies in ramsdellite.

Because CO2 and acetaldehyde were found in the

reaction products, we analyzed on the one hand the

oxidation of ethanol to CO2 and on the other the oxidation

of ethanol to acetaldehyde. For this purpose, once the lattice

was built and the protons were placed, we studied the

adsorption of ethanol over three different positions (see
Fig. 8. Representation of the different sit
Fig. 8). The first studied site (site 1, Fig. 8) was

represented by CH3CH2OH adsorption from the gaseous

phase, which involves an H of the OH group of the alcohol

with an O of the ramsdellite lattice. This interaction turns

the energy (Er) of the system into �3249 eV. The second

position (site 2, Fig. 8) studied involved similar interaction

but with an O of the pyrolusite lattice. The relative energy

(Er) of this interaction was �3335 eV. In the third position

(site 3, Fig. 8), we studied the interaction between the O of

the ethanol OH group with an H+ of the nsutite lattice. This

interaction was the most energetically favorable with a

relative energy (Er) value of �3365 eV. Taking into

account the bond distances, we rotated the adsorbed

ethanol molecule over the third position under study. We

found the minimum energy of the system (Er = �3407 eV)
es for ethanol oxidation (see text).
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when the C of the CH3 group interacted with an O of the

lattice and an H of the CH2 group interacted with another O

of the lattice. The structure of this adsorbed species led to the

formation of a carboxylate group. These results are in

agreement with Finocchio and Busca [28] and Peluso et al.

[3] who have obtained experimental evidence of the

presence of these carboxylate groups in their studies of

adsorbed alcohols over manganese oxides.

Batiot and Donet [29] and Blausim-Aubé et al. [30] have

demonstrated that the ethanol ! acetaldehyde ! CO2

mechanism is more favorable than the ethanol ! CO2

oxidation. Their conclusions and our results allow us to

suggest that the interaction in the site 3 could lead to the

formation of an alcoxide specie strongly adsorbed over the

lattice, and this could be the place where ethanol oxidizes

directly to CO2 at temperatures above the T50. Whereas the

interaction in the site 2 could lead to the formation of

acetaldehyde, which it easily oxidizes to CO2.
4. Conclusions

Two nsutite-like oxides were synthesized by different

methods. The X-ray diffraction patterns, DRIFTS and DRS–

UV–vis demonstrated that both oxides: (i) were nearly

amorphous, (ii) presented IR bands associated with the g-

MnO2 phase and (iii) contain Mn3+ and Mn4+ in their

structures, although no Mn2O3 was detected in either

sample. These samples retained OH species at 200 8C when

the conversion was total, as it was demonstrated by TG

analyses. These materials were active in the ethanol

combustion in the 100–200 8C temperature range. They

showed almost the same activity and were more active than

Mn2O3 and b-MnO2.

Taking into account that Mn2O3 and b-MnO2 have a good

crystalline structure and are stoichometric oxides, the high

activity of our synthesized oxides could be explained by the

poor crystallinity of the samples, the presence of the Mn3+–

Mn4+ couple, and the existence of Mn4+ vacancies, which

generates OH species. EHMO calculations allow us to

conclude that there are two different sites for the adsorption

and oxidation of ethanol. On one site the alcohol is strongly

attached and there could be where ethanol is oxidized

directly to CO2 at temperatures above the T50.

Finally, although both catalysts have shown the same

performance for ethanol oxidation, M1 sample can be

obtained in a more simple way and then it is easier to

prepare.
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