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Mn-containing catalytic materials for the total combustion of toluene:
The role of Mn localisation in the structure of LDH precursor
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Abstract

Mg/Mn/Al mixed oxide systems of similar atomic ratios close to 2/0.5/1 were obtained by calcination of Mg,Al layered double hydroxide
(LDH) type precursors containing Mn either in the cationic form within the brucite layer or as permanganate anions in the interlayer. The materials
were characterised with PXRD, thermal analysis, XPS, ESR, TPR and BET. In mixed oxides derived from interlayer-doped precursor PXRD
identified MgO-MnO solid solution and poorly crystalline Al-rich spinel phase, while those obtained from layer-doped LDH contained a better
crystalline Mn-rich spinel. Surface of both materials was covered with poorly crystalline and/or amorphous Mn**-containing phases. Higher
reducibility of this surface coat in calcined layer-doped catalyst, as compared to interlayer-doped one, was attributed to the differences in the nature
of underlying crystalline phases, and was considered the chief reason for the higher catalytic activity of this catalyst in the total oxidation of

toluene.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) emitted during many
industrial processes and transport activities contribute signifi-
cantly to the atmospheric pollution [1,2] and are dangerous for
the human health [3]. One of the most effective and economically
attractive methods of their neutralisation is the catalytic
combustion to carbon dioxide and water [4]. Oxides of the
transition metals, such as Cr, Co, Cu, Ni and Mn are known as
materials active in the catalytic combustion of VOCs [5—-10]. The
use of layered double hydroxide (LDH)-type precursors has been
recognised as a very promising method of obtaining mixed oxide
systems with unique structural and chemical properties [11,12].
Investigation of Mn-containing mixed oxides derived from LDH
precursors concentrated on layer-doped materials [ 13—27], while
only few studies addressed the use of LDHs containing
manganese species in the interlayer [28-33].

The aim of this work was to investigate the influence of
layer-doping versus interlayer-doping with manganese on the
physicochemical properties and catalytic activity in the total
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combustion of toluene of mixed oxides obtained by calcination
of starting LDHs.

2. Experimental

The layer-doped nitrate LDH denoted MgMnAINO; was
prepared by a standard co-precipitation procedure from the
solution of Mg(Il), Mn(Il) and AI(IIl) nitrates, at pH 10,
controlled by addition of 1 M NaOH at 50 °C. The interlayer-
doped MgAIMnO, sample was prepared from the nitrate form
of MgAl LDH by anion exchange with the water solution of
KMnOj, at a constant pH 10 at 50 °C. All syntheses were carried
out in the constant flow of nitrogen. In both materials the
intended ratio of Mg:Mn:Al was 2:0.5:1. Prior to catalytic tests
the starting materials were converted to mixed oxide phases by
4 h calcination in air at 600 °C. The calcined samples are
referred to MgMnAINO3(600) and MgAIMnO4(600).

Samples were characterised with PXRD (Siemens D5005
diffractometer, Ni-filtered Cu Ka radiation), XPS (ESCA 150
Vacuum Science Workshop spectrometers, Al Ko , radiation,
calibration against C 1s from adventitious carbon deposit), ESR
(SE/X X-band spectrometer, Technical University, Wroctaw),
BET (Nova 2000 Quantachrome sorptiometer), chemical (ICP-
AES Plasma 40 Perkin-Elmer spectrometer, after dissolution in
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Fig. 1. XRD diagrams of the as-synthesised MgMnAINO; and MgAIMnO,
LDH samples.

nitric acid) and thermal (Derivatograph Q, static air, 25—
1000 °C, heating rate 10°/min) analyses. Thermal decomposi-
tion of LDH precursors was also studied with Siemens D5005
diffractometer equipped with the high-temperature XRK unit
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Anthon Parr. Temperature-programmed reduction (TPR)
measurements were carried out using a CHEMBET 3000
Quantachrome apparatus. Samples were heated up to 650 °C at
the constant rate of 10 °C/min in the stream of the 5 vol.% H,/
Ar gas mixture at the flow rate of 30 ml/min. Catalytic tests of
the total combustion of toluene were carried under atmospheric
pressure in the fixed-bed flow glass reactor, in the temperature
range 150-410 °C, using 0.5 ml of the catalyst, at 1.5 g/m’
concentration of toluene in air and GHSV = 30,000 h~!.

3. Results and discussion

PXRD diagrams of the starting materials, shown in Fig. 1,
confirm that the solids possess LDH structure [11], with d(0 0 3)
and d(0 0 6) values of 8.30 Aand4.17 A, respectively, observed
for MgMnAINO;, and 8.99 A and 4.54 A, respectively, for
MgAIMnO,. The ratios of Mg:Mn:Al =1.79:0.47:1.00 for
MgMnAINO; and Mg:Mn:Al = 1.73:0.44:1.00 for MgAIMnO,
have been obtained from chemical analysis.

Results of XRD analysis of LDH samples calcined at 600 °C
are presented in Fig. 2a. XRD pattern recorded for
MgMnAINO;(600) shows that in this material crystallisation
of a spinel phase of structure close to that reported for
MgMn; 75Al52504 (ICSD 029221) occurred. Further thermal
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Fig. 2. XRD diagrams of MgMnAINO; and MgAIMnO, calcined for 3 h at: (a) 600 °C and (b) 800 °C.



R. Dula et al./Catalysis Today 119 (2007) 327-331 329

3
G
o
o
o
T T T T I T T T T T T T T T I T T T T T T T T T I T
640 650 660
(a) Binding Energy (eV)
Mn2pa;
3
8
(2]
o
(1]
T T T T I T T T T T T T T T l T T T T T T T T T l T
640 650 660
(b) Binding Energy (eV)

Fig. 3. XPS spectra of Mn 2p region of: (a) MgMnAINO3(600) and (b)
MgAIMnO,4(600) samples.

treatment at 800 °C improves the spinel crystallinity, but no
new phases emerge (Fig. 2b). In the case of MgAIMnO4(600)
broad reflections assignable to poorly crystalline MgO-MnO
(ICSD 060705) solid solution are observed overlapping with an
ill-defined spinel phase (Fig. 2a). The latter becomes more
crystalline in the material subjected to thermal treatment at
800 °C (Fig. 2b). Comparison with the reference pattern of
MgMn, 75Al52504 shows that here the reflections, especially at
higher 20 are shifted towards slightly higher values, than in the
case of spinel present in the MgMnAINO3(800), and closer to
the positions reported for MgAl,O, (ICSD 029444). This
indicates that the chemical composition of spinel structure
evolving in calcined MgAIMnOy, differs from that formed in
calcined MgMnAINOj; by containing less Mn>* and more Al**.
The specific surface area of mixed oxide materials prepared for
the catalytic tests by calcination of the precursors at 600 °C is
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Fig. 4. ESR spectra of MgMnAINO;(600) and MgAIMnO,4(600) samples
recorded at room temperature.

137 and 191 m2/g for MgMnAINO3(600) and MgAIMnO,
(600), respectively, in agreement with the XRD data pointing
to the better crystallinity of the former (Fig. 2a). The XPS
analysis of calcined samples shows that in the Mn2p;/, region
the spectrum may be decomposed into two components (Fig. 3;
Table 1). On the basis of the literature data the observed binding
energies may be tentatively associated with the presence of
Mn** and Mn** ions [34-37]. It has to be born in mind that
identification of the oxidation state of surface manganese
species on the basis of 2ps,, binding energies is associated with
a high degree of uncertainty due to the overlap of energy ranges
reported for various oxidation states of Mn. The Mn 3s
exchange splitting, considered a more accurate means to
determine the nature of manganese ions [34,38—40], could not
be applied in the present case due to the strong overlap with Mg
2s peaks. For this reason we have analysed the difference
between the binding energies of Mn2p;,, and O1s levels, shown
to depend on the oxidation state of the relevant Mn species
[35,41]. The observed values, presented in Table 1, correspond
closely to those reported for Mn** and Mn**, which support the
assignment derived from the analysis of the Mn2p;,, binding
energies. Since the crystalline phases identified by means of
XRD contain Mn at +2 and/or +3 oxidation states, this result
indicates that Mn** containing phases, which exist at the

Table 1

Mn2p;,, and Ols binding energies, FWHM and relative intensities of the different manganese species in calcined samples

Sample Mn2ps,, (BE) [eV] Mn2ps, (FWHM) [eV] Ols (BE) [eV] Ols (FWHM) [eV] AE" [eV] Ton Area [%]

MgMnAINO5(600) 641.83 2.97 529.68 2.16 112.15 Mn** 65.4
643.01 3.69 113.33 Mn** 34.6

MgAIMnO,4(600) 641.63 2.78 529.7 2.17 111.93 Mn** 51.0
642.62 3.98 112.92 Mn** 49.0

"AE = BE(Mn2ps,) — BE(Ols).
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surface of the calcined samples are of poorly crystalline and/or
amorphous nature.

The existence of phases containing Mn** ions is confirmed by
ESR spectroscopy, which can detect Mn?* and Mn**, but not
Mn**. Fig. 4 shows the ESR spectra of MgMnAINO5(600) and
MgAIMnO4(600) recorded at room temperature. Both are
dominated by a broad (AB =340 mT) signal with g=1.94,
characteristic of closely interacting Mn** (as in MnQO,) [42,43].
Additionally, in the spectrum of MgAIMnO,4(600), a component
with g=2.01 and AB=48 mT can be seen, pointing to the
existence of Mn>* centres. The lack of hyperfine splitting
indicates that the Mn>* ions concerned are in close proximity to
each other [44,45]. The appearance of this signal corroborates the
identification of MnO-MgO solid solution phase in this material.

The TPR profiles of both mixed oxide catalysts, presented in
Fig. 5, show that the materials possess considerably different
reducibilities. While the highest hydrogen consumption occurs in
both samples around 500 °C, there is an obvious shift in the area
corresponding to the lowest and the highest temperature regimes,
pointing to the better reducibility of MgMnAINO3(600). This
sample contains easily reducible material responsible for
hydrogen uptake at 250-400 °C, and lacks component respon-
sible for high temperature TPR profile of MgAIMnO,(600). In
view of the multiple oxidation states identified in both materials,
the beginning of reduction corresponds to Mn*" — Mn**
transition, while the high temperature part of both TPR curves
to Mn** — Mn** transitions, the complexity of the profiles being
due to the multiphase composition of the investigated mixed
oxides [46-53]. Thus, the results show that the surface Mn*/
Mn>*-containing phase (or phases) is much more reducible in
MgMnAINO3(600) than in MgAIMnO4(600), and that in the
latter a Mn®*-containing phase exists (or is formed), which is
more difficult to reduce and is responsible for the hydrogen
uptake above 550 °C. The differences in the high temperature
region may be attributed to the different chemical nature of spinel
phases present in both samples, the one identified in
MgAIMnO,4(600) and containing more AI** being more difficult
to reduce. In view of the known effect of the nature of the support
on the reducibility of surface manganese phases [47] it is likely
that the differences in reduction rate of Mn** containing surface
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Fig. 5. TPR curves of MgMnAINO;(600) and MgAIMnO,4(600) samples.
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Fig. 6. Temperature dependence of the toluene conversion at GHSV 30,000 h ™
for MgMnAINO;(600) and MgAIMnO,4(600) catalysts.

layers are due to the different character of the crystalline phases
present in both samples. Thus, better reducibility observed for
MgMnAINO3(600) would be the result of the deposition of Mn-
containing surface coat on the manganese-rich spinel, while
interaction with aluminium-rich spinel and/or MnO-MgO solid
solution would result in lower reducibility of the surface Mn**
present in MgAIMnQO,4(600).

The manner of the incorporation of manganese into the
structure of LDH precursor strongly influences the catalytic
activity of calcined samples in the reaction of total combustion
of toluene. The temperature profiles of toluene conversion,
presented in Fig. 6, show that the catalyst derived from the
layer-doped precursor constitutes a more active material than
that obtained from interlayer-doped LDH. Comparison of the
light-off T’ values (the temperature of 50% conversion) of the
catalysts, marked in Fig. 6, with the Ty, =262 °C obtained
under similar conditions for a commercial VOC catalyst
(Katalizator Ltd.) shows that the catalytic activity of the
MgMnAINO5(600) material is very attractive.

It has been repeatedly demonstrated that the activity of Mn-
based catalysts for the total oxidation of VOCs is associated
with their reducibility [53-55]. Indeed, the TPR experiments
show that the more active MgMnAINO3(600) material, in
particular its Mn**-containing surface component, is more
easily reduced than the MgAIMnO4(600) sample. Thus, it
appears that the catalytic activity of the mixed oxides derived
from the layer-doped precursor depends on the redox properties
of Mn**Mn** system present within the surface oxidic layer,
which in turn are controlled by the nature of underlying
supporting phases.

4. Conclusions

Localisation of manganese in the structure of Mg,Al LDH
determines the properties of mixed oxide materials obtained by
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thermal decomposition of appropriate precursors. Calcination
of interlayer-doped MgAIMnO, LDH leads to formation of
MgO-MnO solid solution and nucleation of poorly crystalline
Al-rich spinel phase, while calcination of layer-doped
MgMnAINO; LDH results in the formation of better crystalline
Mn-rich spinel. Surface of both materials is covered with
poorly crystalline and/or amorphous Mn**-containing phases.
Higher reducibility of calcined layer-doped catalyst as
compared to interlayer-doped one is associated with the
differences in samples phase composition. In particular,
differences in the reduction rate of Mn**-containing surface
coats are attributed to the different nature of the underlying
crystalline phases. Mixed oxide catalyst obtained from the
layer-doped MgMnAINO; LDH is more active in the
combustion of toluene than the one obtained from the
permanganate-intercalated precursor. Enhanced activity of
the former is assigned to the better reducibility of the
amorphous surface layer containing the Mn*”Mn’** redox
system.
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