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Abstract Co—Mn-Al hydrotalcite type solids were syn-
thesized as precursors of catalysts for the total oxidation of
toluene in air. For the as-prepared solids, XRD measure-
ments indicate the coexistence of hydrotalcite and MnCO5
phases. When calcination is performed at 500 °C, different
mixed oxides are found as a function of Co:Mn molar ratio
and preparation method, and very high specific surface
areas were obtained for the Co—Mn solids. The comparison
of catalytic activities in the presence of calcined hydro-
talcites with those in the presence of calcined hydroxides
evidences the superiority of the first oxides due to their
higher reducibility. Co—-Mn-Al nano-oxides synthesized
using hydrotalcite type solids as precursors, are very
promising candidates for the substitution of noble metal
based solids.

Keywords Catalytic oxidation - VOC removal -
Hydrotalcite precursors - Nano-oxides - Redox properties
1 Introduction

Volatile Organic Compounds (VOCs) are among the most
common air pollutants emitted from chemical, petro-
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chemical, and allied industries. VOCs are one of the main
sources of photochemical reaction in the atmosphere
leading to various environmental hazards. In France, since
1988, VOC emissions decreased around of 44% [1].
According to the Goteborg protocol, the maximum emis-
sion level should be of 1100 kt in 2010. In order to achieve
the objective, different techniques such as absorption,
catalytic oxidation and thermal incineration can be used.
Catalytic oxidation is a promising process for VOCs
elimination, since the reaction operates at temperatures
much lower than those required for thermal incineration.
The advantage of low oxidation temperature is the reduc-
tion of fuel consumption, particularly for large volumes of
diluted VOC polluted air. Noble metal catalysts present
higher activity than other metal catalysts, but their manu-
facturing cost is high. Therefore, efforts have been done to
develop transition metal oxides with high catalytic activity.
Among them, manganese or cobalt oxides are the most
active phases for catalytic oxidation of VOCs [2-4] but
these oxides usually present low specific surface area and
poor thermal stability. An interesting way to obtain mixed
oxides catalysts is through the use of hydrotalcites (HTs) or
layered double hydroxides (LDHs) as precursors. Indeed
after a calcination treatment mixed oxides are formed and
possess unique properties like high surface area, good
thermal stability, good mixed oxides homogeneity and
basic properties [S]. The structure of hydrotalcites can be
derived from a brucite structure (Mg(OH),) [5] in which
part of the Mg?* cations is substituted by a trivalent metal
like AI’*. Partial or total substitution of Mg®" and AI’* by,
divalent cations (M>* = Zn?*, NiZ*, Cu®*, Co**, ...) and
trivalent cations (M>* = Fe**, Cr’*, ...) respectively is
possible, creating an excess of positive charges. These
positive charges of the metal hydroxide layers is compen-
sated by interstitial layers built of anions (A™ = CO5™",
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NOj™...) and water molecules. Subsequently, the general
formula of a hydrotalcite like compound has the form:
M**_ M* (OH),]*" (A™)ym - nH,O. These materials
gain increasing importance as catalysts precursors for
many reactions of industrial interest [6] like CH, and
methanol reforming [7, 8], VOC oxidation [9, 10], hyd-
rodesulfurization of Fluid Catalytic Cracking (FCC)
gasoline [11], NO reduction [12] and removal of SO, and
NOy [13].

Among the metal oxides, manganese and cobalt oxides
are very promising candidates for the catalytic removal of
various VOCs. By example, Lahousse et al. [14] showed
the good performance of yMnO, since this catalyst is much
more active than Au/MnQO, and Au/TiO, for the total
oxidation of n hexane. Wyrwalski et al. [15] demonstrated
that Co30,4 can be a very active phase for the toluene
oxidation if this oxide is present in a nanometric scale.
Since Cobalt and Manganese ions can reach variable oxi-
dation states, the synthesis of mixed-oxide -catalysts
including Co and Mn elements seems very suitable for
redox reactions and then for VOCs oxidation. Kovanda
et al. [16] studied mixed oxides obtained from Magnesium
containing hydrotalcites Co-Mg-Mn, Co-Mg—Al-Mn and
Co-Mg—Al in the total oxidation of ethanol and N,O
decomposition. They reported that hydrotalcite synthesis
was not successful in systems containing exclusively
Co and Mn and stated that high (Co + Mn) content is
essential for the total conversion of ethanol at lower tem-
perature [16].

In the present study, Co/Mn/Al hydrotalcites have
been investigated as precursors of VOCs oxidation cata-
lysts. Co and Mn-rich mixed oxides have been studied with
keeping the Al content unchanged in order to try to opti-
mize their activity. To evaluate the pertinence of using
hydrotalcites precursors, conventional mixed oxides has
also been studied. The solids with several cationic com-
positions have been characterized before and after treat-
ments under oxidizing atmosphere. Since it has been shown
that the reducibility of cations:

(i) strongly depends on the stoechiometry of the catalysts
obtained from HTs [5], and

(i) can be partly associated with the catalytic perfor-
mances towards VOC oxidation [17], experiments
under reducing atmosphere were also performed on
calcined samples.

Toluene has been chosen as a VOC probe molecule
because monocyclic aromatic hydrocarbons are present in
the industrial and automotive emissions [18] and because
toluene presents an important Photochemical Ozone Cre-
ativity Potential (POCP = 63.7) [19].
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2 Experimental Section

2.1 Preparation of Co-Mn-Al Hydrotalcites
and Hydroxides and Corresponding
Calcined Samples

Four samples were synthesized with different Co and Mn
contents: Cog_ Mn,ALHT with x =0; 2; 4 and 6. The
synthesis method was similar to that conventionally
reported: a solution containing appropriate quantities of
Co(NO3),-6H,0 (FLUKA, >98%), Mn(NOj3),-4H,0
(LABOSI, >96%) and Al(NO3)3;-9H,O (FLUKA, >98%)
was added slowly under vigorous stirring into NaOH (2 M)
and Na,COj; (1 M) aqueous solutions. The final pH was
9.5. The resulting slurry was heated at 60 °C for 24 h and
the precipitate was filtered, washed several times with hot
deionized water (7 x 200mL, 50 °C) and dried at 55 °C for
64 h. Conventional CogAl,OH and MngAl,OH samples
were also prepared by co-precipitation of nitrate elements
with NaOH. The final pH was 9.5 and the precipitate was
directly filtered, washed several times with hot deionized
water (7 X 200 mL, 50 °C) and dried at 100 °C for 24 h.
The calcination treatment was performed under a flow of
air 4Lh'—2°C min"'—4 h at 500 °C); the solids
obtained were named Cog_ Mn,AlLHT500 (x = 0; 2; 4; 6),
CogAl,OH500 and MngAl,OH500.

2.2 Characterization Techniques and Methods

The specific surface area of solids was determined by the
BET method at —196 °C using a Quantasorb Junior appara-
tus. Sample pretreatment was performed under flow condi-
tions of pure N,, at 80 °C or 120 °C (for dried or calcined
solids respectively), for 30 min. The N, adsorption was
operated using a nitrogen (30%) and helium (70%) mixture.
Differential Thermal and Thermogravimetric analyses
(DTA/TG) (Netzsch STA 409 equipped with a microbal-
ance) were conducted in a flow (75 mL minfl) of air at a
heating rate of 5 °C min~' from room temperature to
1000 °C with a sample mass of about 30 mg.
Crystallinity of solids was determined at room temper-
ature by X-Ray Diffraction (XRD) technique in a Bruker
D8 Advance diffractometer equipped with a copper anode
(2 = 1.5406 A). The scattering intensities were measured
over an angular range of 4° < 20 < 80° for all the samples
with a step-size of A(20) = 0.02° and a count time of 6 s
per step. The diffraction patterns have been indexed by
comparison with the “Joint Committee on Powder Dif-
fraction Standards” (JCPDS) files. Crystallite size was
determined using a graphics based profile analysis program
(TOPAS from Bruker AXS) and the Scherrer method.
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Temperature-Programmed Reduction (TPR) of the cal-
cined catalysts was carried out in a conventional laboratory
apparatus (Zeton Altamira AMI 200) consisting of a gas
supply system with mass-flow controllers, a quartz U-reac-
tor, a water vapor trap and a Thermal Conductivity Detector
(TCD). Prior to the TPR experiments, ~30 mg samples were
activated under argon at 150 °C for 1 h. The samples were
then heated from ambient to 1000 °C under H, flow (5 vol.
% in argon—30 mL min~') at a heating rate of 5 °C min'.

The activity of the catalysts (100 mg) was measured at
atmospheric pressure in a continuous-flow U-glass reactor
with internal diameter of 0.8 cm. Before each test, the cat-
alyst was reactivated under a flow of air (industrial air from
“Air products”, 2 L h_l) at 500 °C for 4 h. The flow of the
reactant gases (1800 ppm of C;Hg in air) was adjusted
(50 mL min™") by a Calibrage CAL PC-5 apparatus con-
stituted of a saturator and one mass flow controller. After
reaching a stable flow, reactants passed through the catalyst
bed (VVH = 15300 hfl) and the temperature was increased
using an “Eurotherm” controller from ambient temperature
to 500 °C (1 °C min~"). The feed and the reactor outflow
gases were analyzed on line by a micro-gas chromatograph
(VARIAN CP4900) equipped with 2 columns (PPQ"BF
heated at 60 °C for CO and CO, separation and 52CB" he-
ated at 40 °C for toluene, benzene and water separation),
each column being connected to a TCD.

3 Results and Discussion

3.1 Characterization of Non-calcined Hydrotalcites
and Hydroxides Precursors

The XRD patterns of the HT precursors are reported in
Fig. 1. The patterns clearly indicate the good crystalline
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Fig. 1 XRD patterns of Cos_Mn,ALLHT samples

order and the presence of the hydrotalcite phase (JCPDS
220700 for CogALHT ((3) in Fig. 1)) and JCPDS 511526
for MngALHT (1) in Fig. 1))). These results are in good
agreement with those reported by Perez-Ramirez [20],
Kloprogge [21] and Aisawa [22]. When Mn is present, the
coexistence of both MnCO; (JCPDS 441472 ((2) in
Fig. 1))) and hydrotalcite phase is observed. Concentration
of the MnCO5 phase increases with increased Mn content.

The formation of manganese carbonate during the
hydrotalcite synthesis has already been mentioned by
Aisawa et al. [22]. In fact among all anions which can be
used for the precipitation (CI, CO5*, NO5~ and SO,%),
only the use of CI” and NOj™ allows formation of Mn-Al
hydrotalcite alone [22]. On the contrary, Kovanda et al.
[16] found that synthesis of Co—Mn-Al hydrotalcites
without MnCO; formation is possible even if an alkaline
solution of Na,CO; is employed during the preparation.
This apparent discrepancy can be explained by the different
M?*(Co** and/or Mn?>*)/AI** ratios used (ratio of 2 instead
of 3). Indeed instead of forming the hydrotalcite type solid
MngALHT, the solid MnyAl,(OH),:3H,0 (JCPDS
511526) is obtained and subsequently Mn>* species are
available to react with carbonates to produce MnCOs. The
lattice parameters of the prepared HT's are listed in Table 1.
The “a” lattice parameter decreases according to the
decrease of M**/AI’" ratio in Co,Mn,ALHT, due to the
reaction between Mn>* and CO5>~. Mn>* oxidation into the
upper oxidation state (Mn>* and/or Mn**) is possible in our
experimental conditions [23] and should confirm the
decline of “a” lattice parameter, since radii of Mn>** and
Mn** ions are smaller than that of Co”*. The small dif-
ference in “a” lattice parameter seems to indicate that only
a part of Mn”* species are oxidized in Mn** or Mn**.

XRD measurements were also performed on CogAl,OH
and MngAl,OH samples. As expected, the hydrotalcite
phase is not formed. The XRD pattern of CocAl,OH cor-
responds to Cos(Og4gHg 52)NO3 (JCPDS 460605) while
the XRD lines obtained for MngAl,OH have not been
identified.

Table 1 shows the specific surface area values of the
hydrotalcite type solids dried at 130 °C and calcined at
500 °C, the lattice parameters and the half width of (003)
XRD peak. For Cog_xMn,ALLHT samples dried at 130 °C,
the specific surface area decreases with the decrease of the
half widths of (003) XRD peak (20 = 11.62°), indicative of
a lower crystallinity of the hydrotalcite structure when Mn
is present. This decrease can be also explained by the
contribution of MnCOj; phase (see XRD analysis) having a
lower specific surface area. Besides, MngAlLOH synthe-
sized in the absence of carbonates presents a higher specific
surface area than that of MngAlLHT (Table 1).

The thermal decomposition (simultaneous DTA/TG
analysis) behavior of HT and OH precursors is displayed in
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Table 1 XRD parameters and specific surface areas values

Samples Lattice . Half width of (003) Specific surface Specific surface
parameters (A) XRD peak (20 in °) area (m2 g_l) area (m2 g_])
c a T =130 °C T =500 °C
CogALHT 22.875(9) 3.080(5) 0.77 111 121
CosMn,ALHT 22.614(0) 3.068(8) 0.50 66 187
Co,Mn ALHT 22.674(4) - 0.68 72 188
MngALHT 22.685(8) - 0.25 45 115
CogAlLOH - - - 141 53
Mn6A120H - - - 82 57

Fig. 2. The total weight loss of the samples is about
30-32 wt% except for the MngAl,OH solid (25 wt%). For
the CogALHT sample, two weight loss steps associated
with two endothermic peaks are observed. The first endo-
thermic peak (noted A) appears at 170 °C and corresponds
to the loss of interlayer water, without collapse of the
structure [20]. The second one (noted B) at higher tem-
peratures (220 °C) is attributed to both dehydroxylation
and decarbonation [20]. On the other hand, Kloprogge et
al. [21] proposed that the decarbonation takes place during
the first endothermic transition. As it is well known that
Co—Al hydrotalcites decompose at lower temperatures than
other hydrotalcites like Ni—-Al where no collapsing of the
layered structure is observed below 250 °C, the first
explanation seems to be more accurate [24]. From the DTA
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Fig. 2 DTA profiles obtained during the calcination of Cog_

xMn,ALHT, CogAl,OH and MngAl,OH samples (5 °C min~!,
75 mL min™")
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curves (Fig. 2) it can be observed that the Mn substituted
precursors are more thermally stable since the two
decomposition peaks appear at higher temperatures than
those observed for CogAlLLHTS500. A third peak (noted C) is
observed when Co is substituted by Mn. The proportion of
C signal increases with Mn concentration in the solid. Then
“C” peak can be attributed to the thermal decomposition of
MnCOj; into MnO,. Besides, this peak is absent for
MngAl,(OH) according to the absence of MnCOj3 phase in
this sample.

3.2 Characterization of Calcined Co—-Mn-Al
Hydrotalcites and Hydroxides

The calcination at 500 °C of “HT” samples leads to an
enhancement of specific surface area values (Table 1). This
increase is more pronounced for manganese containing
solids. For the “OH” samples, the treatment at 500 °C
leads to a significant decrease of the specific surface area.
These different behaviors can be explained by the initial
presence of the hydrotalcite phase. Indeed the hydrotalcites
calcination leads first to the formation of amorphous
compounds followed by pre-spinel oxides formation which
can significantly contribute to increase the specific surface
area [5]. Moreover, Reichle et al. [25] have earlier attrib-
uted this phenomenon to the pores/craters formation on the
surface of the material through which water molecules and
CO, escape (from interlayer) and showed that 60% of
sample surface area is due to the contribution from these
fine pores. Both explanations could explain our observed
results.

XRD patterns of calcined Co-Mn-Al Hydrotalcites
corroborate the observation made from the DTA/TG
measurements and reveal the destruction of the HT
phase (Fig. 3) and the mixed oxides formation (Table 2).
Calcined CogAl, samples (HT or OH) give similar dif-
fraction peaks. However for CogAl,HT500 the diffraction
peaks are broader according to the higher BET value of this
sample (Table 1). The broadness of diffraction peaks can
be also explained by the presence of a mixture of three
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Fig. 3 XRD patterns of calcined Cos_xMn,Al,HT500, CocAl,OH500
and MngAl,OH500 samples

oxide spinel phases very difficult to differentiate by XRD
[26]: Co3;04 (JCPDS 421467), CoAl,O4 (JCPDS 440160)
and Co,AlO, (JCPDS 380814) (see (4) in Fig. 3 and Ta-
ble 2). The formation of Co30y is due to the easy oxidation
potential of Co®* ions and the thermodynamic stability of
Co30,, higher than that of CoO in air [27]. The XRD
patterns of Cog_Mn,AlLLHT500 with x = 2 and 4 are also
displayed in Fig. 3. The Co-oxide spinel quantity decreases
with the rise of manganese content in the solid and the
crystallize size of these species (Table 2) significantly de-
creases in agreement with the highest specific surface areas
obtained for both solids. In addition to the oxide spinel
phases, MnsOg and CoMnOj; phases are produced (Table 2
and see respectively (5) and (6) in Fig. 3). Fritsch et al.
[28] showed that Mn>* and Mn>* cations can be oxidized in

the temperature range of 300-425 °C according to the
following reaction:

Mn3;04 + 2/5 Oy — 3/5 Mn;50g.

Moreover for Co-free samples, XRD analysis empha-
sizes the importance of the preparation method to obtain
manganese oxides since starting from hydrotalcite precur-
sor, Mn;Oy structure is formed ((7) in Fig. 3) while starting
from hydroxide precursor MnsOg and Mn,Oj3 ((5) and (8)
respectively in Fig. 3) phases are produced. Apparently the
stabilization of Mn?* cations into hydrotalcite and MnCO;
structures does not facilitate the oxidation of Mn;0, into
MHSOg at 500 °C.

TPR patterns of calcined samples are shown in Fig. 4.
A general comment can be made concerning the effect of
the preparation method: the reduction of mixed oxides
synthesized via the hydrotalcite method is easier than that
of mixed oxides conventionally prepared. When supported,
smaller crystallites are usually more difficult to reduce due
to a strong interaction of the species with the carrier.
However the reduction of bulk oxides is easier even if the
particle size of these species is rather small. The TPR
results are in good agreement with XRD measurements
which have demonstrated the formation of small crystal-
lites of mixes oxides using hydrotalcite type solids as
precursor. It is well established that the reduction is
strongly influenced by the crystallite size. Reducibility of
the solids prepared from a hydrotalcite precursor is better
as the particle size is smaller (Table 2).

Based on the studies of Ribet et al. [29], the first peak
observed for CogAl,HT500 sample can be attributed to the
reduction of Co3;04 into metallic Co whereas the second one
to the reduction of CoAl,Oy, these two spinel structures
giving similar XRD patterns. In fact the first peak corre-
sponds to reduction into two steps, Co3;0, — CoO — Co

Table 2 XRD identification of oxides present in calcined Cog_Mn,ALHT samples

Samples Identified phases
Spinel(s)* MnsOg° Mn;0,° CoMnO;* Mn,05°
CogAlLHTS500 u (12)
CogAl,OH500 u (39)
CosMn,AlLHT500 u (7) u (41) u (nd)
Co,MnyALHT500 u (5) u (33) u (nd)
MngAlLHT500 u (39)
MngAl,OH500 = (18) m (47)

* Co304 (JCPDS 421467), CoAl,O4 (JCPDS 440160), Co,AlO, (JCPDS 380814) or MnCo,0,4 (JCPDS 320297)

® JCPDS 391218, “JCPDS 240734, “JCPDS 653696, <JCPDS 411442

Value in brackets corresponds to the crystallite size in nm

nd = “non-determined” due to the low content and crystallinity of this phase
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Fig. 4 H,-TPR profiles of calcined Cos Mn,Al,HT500, CogA-
1,OH500 and MngAl,OH500 samples

which are almost indistinguishable [30, 31]. The polarization
of Co—O bonds by A’ ions in CoAl,O4 compound induces
an increase in reduction temperature of Co®* species and
explains well the presence of the second TPR peak. Since
both peaks are also present for the H, consumption of
CocAl,OH500, Co30,4 and CoAl,O,4 phases contribute to the
mean crystallites size values calculated for CogAl,HT500
and CogAl,OH500 samples (Table 2).

The incorporation of Mn into the Co—Al system causes a
modification of H,-TPR profiles (CosMn,Al,HT(500) and
Co,Mn,AlLHT(500)). In fact the signal is the superposition
of that obtained for CogAl, samples and one additional
signal which can be attributed to the reduction of MnsQOsg,
CoMnOj; and/or MnCo,0, oxides identified or supposed by
XRD measurements. Since MnsOg phase is also observed in
MngAl,OH500, the TPR profiles of Co,Mn,AlLHT(500) and
Co,Mn AlL,HT(500) catalysts have to be compared with that
of MngAl,OH500. Bulk «Mn,05 shows two-step reduction:
the first step can be attributed to the reduction of «Mn,O3
into Mn30,4 (maximum at around 400 °C) whereas the sec-
ond step can be assigned to the reduction of this Mn;O, to
MnO (maximum around 490 °C) [32, 33]. The H,-TPR
profile of MngAl,OH500 evidences the same two-step
reduction between 380 °C and 525 °C according to the
presence of Mn,0O5; phase (Table 2). The peaks at lower
temperatures observed for this sample can be then attributed
to the reduction of MnsOg. Consequently for Coy
Mn,AlLHT(500) and Co,Mn,4Al,HT(500) solids, the signal
at low temperature can be assigned to the reduction of Co304
but also to the reduction of MnsOg species. The signal
intensity at higher temperatures, signal previously attributed
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to reduction of Co ions included in a spinel structure,
decreases with the decrease of the Co content in the sample.

The TPR profile of MngAlLHTS00 is very different from
that of MngAl,OH500 (Fig. 4), in agreement with the XRD
results which have revealed different crystallographic
structures. The pattern of this sample is much more com-
plex and can not be attributed to the single reduction of
Mn;0, into MnO. Therefore it is suggested that reduction
of amorphous compounds, formed after a calcination
treatment at 500 °C (like manganese aluminates) but not
detected by XRD, occurs.

The total amount of hydrogen consumed during reduc-
tion in the temperature range 100-800 °C decreases with
the Mn incorporation in the sample (Table 3) according to
the partial reduction of Mn oxides into MnO and the
complete reduction of Co oxides into metallic Co in the
same temperature range.

3.3 Catalytic Activity of Calcined Co—Mn-Al
Hydrotalcites and Hydroxides

The samples calcined at 500 °C were tested as catalysts in
the total oxidation of toluene (Fig. 5). When the toluene
conversion is complete, H;O and CO, are the only products
observed. However when conversion is incomplete, ben-
zene is produced. Around 50 ppm of benzene are formed
during the catalytic test. Since the initial concentration of
toluene is of 1800 ppm, the quantity of benzene formed is
very low. Maximum benzene production is observed in the
temperature range of 240-350 °C depending on the catalyst
used and the toluene conversion. The formation of benzene
during the oxidation of toluene has already been observed
over rhodium-based catalysts [34]. In the catalytic oxida-
tion of toluene different reaction paths have been already
recognized [35]. The most important reaction path is the
one initiated by attack on the methyl group with subsequent
oxidation steps [36]. However the direct dealkylation of
toluene into benzene is plausible [36] considering the
detection of others products which can be “cracking”
products as ethylene and pentadiene.

Table 3 H,-TPR quantitative results and temperatures measured at
50% of toluene oxidation (Ts) for the calcined samples

Samples H, consumption (umol H, g’l) Tso (°C)
(100-800 °C) (up to 400 °C)
CogAlL,HT500 11423 2400 287
CosMn,ALHTS500 10064 3563 267
Co,MnyAlLHT500 8307 4382 247
MngAlLHTS500 5093 4337 249
CogAl,OH500 12091 2844 343
MngAl,OH500 5256 2132 291
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Fig. 5 Conversion of toluene (%) on Cogs_ Mn,AlLLHT500, CocA-
1, OH500 and MngAl,OH500 catalysts vs reaction temperature (°C)

The Ts, temperature, at which 50% toluene conversion
was achieved, was chosen as a measure of catalytic activity
of the mixed oxides (Table 3). The catalytic activity order
can be established as: Co,MnsALHT(500) = MngAl,
HT(500) > CoyMn,AlLHT(500) > CogAl,HT(500) =
MngAl,OH(500) >> CogAl,OH(500).

The results evidence some correlations between Tsg
values and (i) surface area (ii) mixed oxides composition
and (iii) mixed oxides reducibility.

CogAl>(500) and MngAl,(500) samples are much more
active in the toluene oxidation when catalyst is synthesized
starting from hydrotalcite phase. These catalytic results can
be correlated directly with the highest specific surface area
values obtained for “HT” calcined samples (Table 1). The
difference of activity between MngAlLHT(500) and
MngAl,OH(500) can also be explained by the produced
manganese oxide form, which significantly influences the
catalytic performances in VOC oxidation. Indeed y MnO,
[37] and Mn;0,4 [3] are reported to be very efficient phases
for VOC oxidation. Baldi et al. [38] showed that « Mn,0O3
is however less active than Mn3;O,4 for both propane and
propene oxidation. This result is in good agreement with
our catalytic measurements observed in the presence of
MngAlLHT(500) (Mn304) and MngAl,OH(500) (MnsOg +
Mn,03) samples.

When comparing “HT samples” amongst themselves, it
seems that high Mn contents in the catalyst are desired for
toluene oxidation. However the partial substitution of Mn

by Co giving Co,Mn4Al,HT(500) catalyst led to identical
catalytic activity (Fig. 5 and Table 3). This result can be
partly explained by the high specific surface area of this
solid since despite their similar specific surface area values
and bulk compositions, Co,Mn,AlLHT(500) and CosMn,
ALHT(500) samples have very different catalytic behavior
(Tsp increased of about 20 °C in the presence of the second
catalyst).

The comparison of H,-TPR profiles revealed that the
reduction of mixed oxides starts at lower temperature for
“HT” samples than for “OH” samples. Therefore easier
reducibility can also explain the best catalytic results
obtained in the presence of calcined “HT” samples for the
toluene oxidation in comparison with those observed in
the presence of calcined “OH” solids. In order to clarify
the catalytic results, the amount of hydrogen consumed
during the reduction of calcined HT samples in the tem-
perature range of catalytic activity (up to 400 °C) have
been evaluated from the H,-TPR measurements (Table 3).
It is remarkable to note that the reducibility of mixed
oxides rules the catalytic activity. Indeed a direct rela-
tionship between the reducibility of the mixed oxides
species and their reactivity in the toluene oxidation is
observed. MngAILLHT(500) and Co,Mn4Al,HT(500) sam-
ples consumed the same amount of hydrogen and have the
same catalytic activity.

This result lead us to the conclusion that toluene cata-
lytic oxidation on Co-Mn-Al oxides takes place most
likely via a redox mechanism in which the rate determining
step would be the oxygen removal of the metal oxide to
oxidize toluene. Easier but also higher extend of reduction
of mixed oxides present in MngAlLHT(500) and Co,M-
n4ALHT(500) samples lead to an efficient catalyst for
catalytic toluene removal. Studying the activation process
over Pd perovskite-type oxides, Giraudon et al. [39] have
shown that, in the same test conditions, toluene is fully
oxidized at 225, 250 and 280 °C over respectively
Pd(0.5 wt%)/LaFeO3;, Pd(0.5 wt%)/LaCoO; and Pd(0.5
wt%)/LaNiOj catalysts. Since in our study a temperature of
250 °C is needed to completely convert toluene into CO,
and H,O over Co,Mn4ALHT(500) and MngAl,HT(500)
samples, we can stated that Co—-Mn—Al nano-oxides syn-
thesized by hydrotalcite route are very promising candi-
dates for the substitution of noble metal based solids.

4 Conclusions

In this study, Co-Mn—-Al hydrotalcites with different
compositions were prepared by a coprecipitation method.
The formation of manganese carbonate during the
hydrotalcite synthesis was observed for all Mn containing
solids. The thermal decomposition at 500 °C leads to
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mixed Co-Mn oxides with high specific surface areas
(>180 m*? g™'). Higher activity for toluene oxidation is
observed in the presence of Mn-rich samples especially for
Co,Mny4ALHT(500). This was explained by the highest
reducibility of this solid, which contains in fact a mixing of
nano-crystallites of Co-spinel, MnsOg and CoMnO;
phases. Indeed catalytic measurements and TPR results
suggest that the redox properties of the catalysts play
important role in the total oxidation reaction of the tolu-
ene. The use of hydrotalcite type solids as precursors of
Co—Mn-Al mixed oxide catalysts seems to be an excellent
alternative to noble metal catalysts for the total oxidation
of toluene.
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