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a b s t r a c t

The composition–activity relationship of Zr–Ce–Mn–O materials was investigated for the catalytic
removal of Oxygenated Volatile Organic Compounds (OVOC) emitted by stationary sources. Using a
sol–gel method, very high surface specific areas, small crystallite sizes and high redox properties were
obtained for Zr0.4Ce0.6−xMnxO2 catalytic systems after calcination at 500 ◦C. The textural and redox prop-
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erties were improved when Mn content increased in the material, especially for x = 0.36. As a result the
most active and selective catalyst in the butanol (model of OVOC) oxidation was obtained for the nominal
composition Zr0.4Ce0.24Mn0.36O2 due to a high oxygen mobility and surface Mn4+ concentration.

© 2011 Elsevier B.V. All rights reserved.
r–Ce–Mn mixed oxides
utanol

. Introduction

Volatile organic compounds (or VOCs) are major air pollutants
nd their treatment by catalytic oxidation is one of the most
romising ways to reduce these pollutants. This technique has the
dvantage of operating at low temperatures (200–500 ◦C), thus
eading to low NOx formation. Noble-metal oxide catalysts using
upported Pt or Pd are conventionally used [1,2]. However, atten-
ion has also been given to transition metals due to the limited
vailability and high cost of noble metals [3,4]. To improve the
erformance of transition metal oxide catalysts, the dispersion of
ctive metallic species must be optimized by using a suitable sup-
ort [5] and/or a synergistic effect between different species must
e achieved through the formation of mixed oxides. Among the
ransition metal oxides, mixed-valent manganese oxide materi-
ls are good candidates for oxygenated VOC removal. The �-MnO2
hase has been reported to be more active than �-MnO2 or Mn2O3

n the oxidation of ethanol [6]. In the same reaction, K–oxides
cryptomelane type) are also reported because of the presence
f Mn4+/Mn3+ ions and the hydrophobic character of the solid

7]. Due to the favorable properties of ceria in oxidation cataly-
is, the Mn–Ce–O catalytic system has also been examined in the
OC removal by catalytic wet or dry oxidation [8–11]. MnOx–CeO2
ixed oxides had much higher catalytic activity than that of pure

∗ Corresponding author. Fax: +33 320436561.
E-mail address: jean-francois.lamonier@univ-lille1.fr (J.-F. Lamonier).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.01.135
MnOx and CeO2 owing to the formation of the solid solution
between manganese and cerium oxides [12]. But the interactions
between MnOx and CeO2 vary with the composition and the opti-
mum Mn/Ce ratio depends on (i) the catalyst synthesis method and
(ii) the nature of the pollutant to be destroyed. Besides it is well
known that formation of mixed oxides of ceria with Zr4+ enhanced
oxygen storage properties of ceria and the so-formed mixed oxides
exhibited good thermal stability [13].

Butanol enters the environment from either natural sources
or during its production, transport, storage and use as a chemi-
cal intermediate and a solvent. The primary route for entering the
environment is the release to the atmosphere when used as a sol-
vent for paints, coatings, varnishes, resins, gums, vegetable oils, etc.
Occupational exposure may occur through inhalation and dermal
contact with this compound at workplaces where n-butanol is pro-
duced or used. n-Butanol is not classifiable as to human and animal
carcinogenicity [14]. However a 10 year study, conducted of men
exposed to this compound (>200 ppm of n-butanol) in an industrial
setting, revealed ocular symptoms included a burning sensation,
blurring of vision, lachrymation, and photophobia [15]. Animal
exposed to n-butanol in air may manifest ataxia, central nervous
system depression, prostration. Deaths from acute overexposure
are believed due to respiratory failure. Guinea pigs exposed to

100 ppm, (4 h/day; 6 day/week for 64 exposures) showed a decrease
in number of red blood count. Rats subjected to 130 h of total expo-
sure to a concentration of 8000 ppm showed CNS depression [15].

In spite of numerous studies covering catalytic oxidation of
a wide range of VOCs, only few reports deal with catalytic total

dx.doi.org/10.1016/j.jhazmat.2011.01.135
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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xidation of n-butanol in air, in order to remove this hazardous
ompound [16–18]. Papaefthimiou et al. [16,17] have studied the
xidation of a VOC mixture which includes ethyl acetate, benzene
nd n-butanol. Butanol has been chosen as representative model
ompounds for alcohols. The main scope of this work was to deter-
ine the most active group VIII metal catalysts for the removal of

his VOC mixture. Among them Pt and Pd supported on alumina
16] and titania [17] were the most active metals for benzene and
utanol oxidation. V2O5–WO3/TiO2 catalyst, recognized as com-
ining high activity and selectivity together with a strong stability

n Cl2–HCl environments, has been studied in the oxidation of
arious compounds by Everaert and Baeyens [18]. This work is
ainly focused on chlorinated VOC but butanol oxidation exper-

ment has also been performed and the activation energy for the
utanol is done in comparison with other VOC in the presence of
2O5–WO3/TiO2 catalyst

The present work describes different Zr–Ce–Mn–O catalytic sys-
ems synthesized using a sol–gel method. Generally the sol–gel

ethod has been recognized as an interesting way to prepare
atalysts with the control of their texture, composition, homo-
eneity and structural properties [19]. The focus is to optimize the
erformances of the Zr–Ce–Mn oxides for complete oxidation of
-butanol by examining the effect of Mn amount.

. Experimental

The mixed metal oxides catalysts Zr0.4Ce0.6−xMnxO2 (x = 0; 0.12;
.24; 0.36; 0.48; 0.60) were prepared using a sol–gel method. The
rO(NO3)2·5H2O, Ce(NO3)3·6H2O and Mn(NO3)2·5H2O (0.5 mol/L)
itrates were dissolved separately in ethanol and then mixed
ogether in the desired molar ratio of Zr:Ce:Mn. The resulting solu-
ion was heated at 80 ◦C and deionized water containing 5 vol.% of
thanol was added to it under constant stirring. The resulting gel
as gradually formed after few minutes and the temperature was
aintained for 1.5 h. The gel was then allowed to mature overnight

t room temperature (RT) before being heated at 80 and 100 ◦C,
espectively, in order to remove ethanol and excess water. After
rinding, the resulting powders were calcined by heating from RT
o 300 ◦C (2 h) and from 300 to 500 ◦C (2 h) in flowing air.

The powder X-ray diffraction patterns (XRD) of the samples
ere collected with a D8 Advance-BRUKER diffractometre using
u K� radiation. The diffractograms were recorded with the 2�
ange of 10–80◦ with a step size of 0.02◦ and a step time of
s. The average crystallite size was determined from the Scher-

er equation. The lattice parameter was estimated using FullProf
oftware. The nitrogen adsorption and desorption isotherms were
easured at −196 ◦C on a Micromeritics ASAP 2010 apparatus.

he samples were degassed at 160 ◦C for 4 h before the measure-
ent. The specific surface area was calculated using the BET model.
2-temperature programmed reduction (H2-TPR) was investigated

Micromeritics Autochem II) by heating the samples (50 mg) in H2
5 vol.%)/Ar flow (50 mL min−1) at a heating rate of 5 ◦C min−1 from
0 to 900 ◦C.

X-ray photoelectron spectroscopy (XPS) analyses were con-
ucted with Kratos Axis Ultra DLD spectrometer with a
onochromatic Al K� (h� = 1486.6 eV) radiation source operated at

5 kV and 15 mA. The binding energy (BE) was calibrated based on
he line position of C 1s (285 eV). CasaXPS processing software was
sed to estimate the relative abundance of the different species.

The activity of the catalysts (200 mg) was measured in a continu-

us flow system on a fixed bed reactor at atmospheric pressure and
pace velocity of 12,000 h−1. The flow (100 mL min−1) of the reac-
ant gases (800 ppm of butanol in air) was adjusted by a Calibrage
UL 010 and DGM 110 apparatus comprising of a saturator and one
ass flow controller. The reactor temperature was increased from
Fig. 1. XRD patterns of Zr0.4Ce0.6−xMnxO2 solids.

RT to 400 ◦C (0.5 ◦C min−1). The exit gases were analyzed by a VAR-
IAN 3800 gas chromatograph equipped with a FID for the analysis
of the organic reactants and a TCD for the analysis of CO and CO2.

3. Results and discussion

XRD patterns of Zr0.4Ce0.6−xMnxO2 samples are displayed in
Fig. 1. The pattern of Zr0.4Ce0.6O2 can be satisfactorily indexed in a
fluorite type of structure [20], suggesting the Zr ions incorporation
in the cubic lattice to form a homogeneous Zr–Ce–O solid solu-
tion. The cubic lattice has been confirmed by Raman spectroscopy.
Indeed a strong broad band centered at 480 cm−1 and attributed to
the Raman-active F2g mode has been observed for Zr0.4Ce0.6O2 sam-
ple (not shown). Decrease in the lattice parameter a from 5.4120 Å
for pure CeO2 [21] to 5.315 (±0.001)Å is observed on the cal-
cined Zr0.4Ce0.6O2 sample, in accordance with the smaller ionic
radius of Zr4+ ion (0.84 Å) compared to that of Ce4+ (0.97 Å). When
adding small amounts of manganese, the fluorine-type structure
is preserved (Fig. 1). No manganese and zirconium oxide phases
are detected on Zr0.4Ce0.48Mn0.12O2 solid. The absence of such
phases suggests that Mn and Zr related species may be incorpo-
rated into the CeO2 lattice forming solid solutions [22]. This is also
supported by the lower value of the lattice constant a of Zr0.4Ce
0.48Mn0.12O2 sample (5.303 ± 0.001 Å) due to the low ionic radius
of Mnn+ (Mn2+ = 0.83 Å, Mn3+ = 0.64 Å, and Mn4+ = 0.53 Å). Only a
broad asymmetric peak in the 2� range of 25–35◦ is observed for the
Zr0.4Ce0.36Mn0.24O2 sample with a higher Mn content. As the Mn
content is further increased, (Zr0.4Ce0.24Mn0.36O2) the same peak
is less obvious and appears significantly enlarged. Finally the most
enriched Mn sample containing cerium is totally amorphous. Hence
with increasing content of manganese in the presence of cerium,
amorphous nature of the samples is enhanced. Similar qualita-
tive observations have been reported on Mn–Ce–O composites
elsewhere [22,23]. These authors attribute this to the occurrence
of more defective fluorite like lattices having a lower degree of
crystallinity and a smaller particle size as the sample is enriched
with Mn. Compared to Ce–Mn–O systems, the greater degree of
amorphous nature in this study could be due to presence of zirco-
nium which retards the crystallization of the samples and/or allows
forming some small oxide related crystallites. The XRD pattern of
Zr0.4Mn0.6O2 is constituted of peaks attributed to Mn2O3 phase
(JCPDS 41-1442) without any ZrO2 crystallization.
The addition of Mn to the Zr–Ce–O system leads to increase in
surface area and a corresponding increase and decrease in porous
volume and crystallite size respectively as shown in Table 1. The
specific surface area doubles on increasing x from 0 to 0.48; the
average crystallite size which is 4.5 nm for x = 0 decreases to 1.2 nm
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Fig. 2. Pore size distribution of Zr0.4Ce0.6−xMnxO2 solids.

or x = 0.36. For x = 0.60, an Mn2O3 average crystallite size of 30 nm
s measured, the corresponding high specific area can be explained
y the formation of amorphous zirconia. Similar systems with nom-

nal composition Zr0.3Ce0.6Mn0.1O2 have been synthesized by a
ol–gel method using citric acid as chelating agent [9,24]. Spe-
ific surface area of 55 m2 g−1 has been obtained by the authors
fter a calcination step at 500 ◦C. Then a much higher surface area
>110 m2 g−1) can be reached using our synthesis procedure. Fig. 2
isplays the porous diameter distribution for Zr0.4Ce0.6−xMnxO2
amples. A porous diameter distribution centered on 4 nm is found
hatever the x value and is stressed for the cerium containing sam-
les. Similar correlation between the BET surface area and average
ore radius has been obtained by Fornasiero et al. [20]: for a half
pecific area (50 m2 g−1 for Ce0.6Zr0.4O2 mixed oxides prepared by
itrate method), a double average pore diameter size (8 nm) has
een found.

Fig. 3 shows the H2-TPR profiles of Zr0.4Ce0.6−xMnxO2 samples.
2-TPR profile of Zr0.4Ce0.6O2 exhibits a main reduction peak cen-

ered at 543 ◦C related to the concomitantly reduction of Ce4+ ions
t the surface and in the bulk of the overall solid solution. The pres-

◦
nce in the TPR profile of the shoulder at around 370 C may be
elated to the presence of some ceria impurity not incorporated in
he solid solution [25]. H2-TPR curve of Zr0.4Mn0.6O2 shows two
verlapped strong reduction peaks at 351 and 454 ◦C. Assuming
hat +II is the final reduction state of manganese species, the peak

able 1
extural and redox properties of Zr0.4Ce0.6−xMnxO2 samples.

Samples Average
crystallite size
(nm)

Specific surface
area (m2 g−1)

Vp (cm3 g

Zr0.4Ce0.6O2 4.5 98 0.087
Zr0.4Ce0.48Mn0.12O2 2.8 110 0.084
Zr0.4Ce0.36Mn0.24O2 1.2 157 0.124
Zr0.4Ce0.24Mn0.36O2 1.2 163 0.130
Zr0.4Ce0.12Mn0.48O2 – 199 0.146
Zr0.4Mn0.60O2 30.6 167 0.093
9008007006005004003002001000

Temperature / ºC

Fig. 3. H2-TPR of Zr0.4Ce0.6−xMnxO2 solids.

at low temperature can be ascribed to the reduction of Mn2O3 to
Mn3O4. The peak at high temperature corresponds to the reduc-
tion of Mn3O4 to MnO. Addition of cerium to Zr–Mn solid shifts
the reduction temperature of manganese and cerium species to
lower temperature. The promotion in the temperature reduction
points to the interaction between manganese and cerium species.
From x = 0 to x = 0.36, the reduction onset temperature decreases
(Fig. 3), indicating an increase in the oxygen mobility. From x = 0.36
to x = 0.60, a decrease in oxygen mobility is observed (Table 1 and
Fig. 3). Similar results on mesoporous MnOx–CeO2 samples have
been observed by Zou et al. [26] and an optimum Mn/Ce ratio of 0.67
has been reported. The total H2 consumption is listed in Table 1.
Assuming that both Mnn+ species are reduced completely to Mn2+,
Zr4+ is not reduced in the temperature range studied, and Ce3+/Ce4+

bulk molar ratio is unchanged, an average oxidation number (AON)
of manganese is obtained for each sample (Table 1). AON value of
3 for Zr0.4Mn0.6O2 matches well with the Mn2O3 phase identified
by XRD. AON values >3.2 indicate the presence of Mn3+ and Mn4+

species mixture in the Zr–Ce–Mn solids.
The surface XPS values of Ce/(Ce + Mn), calculated from the area

of the Ce 3d and Mn 2p core levels, are lower than the bulk ratio
expected for the Zr0.4Ce0.12Mn0.48O2 sample (Table 2). This can be
explained by the formation of manganese-rich oxide phase at the
surface. This result has already been observed in Mn–Ce systems
[26]. An example of the XPS spectra of Mn 2p, Mn 3s, O 1s and Ce
3d is depicted in Fig. 4. The O 1s core-level spectra have been fitted
with two peak contributions, referred to as OI and OII components
(Fig. 4). The major peak OI with BE of 529.5–529.9 eV is characteris-
tic of lattice oxygen [27,28]. This component OI is displaced towards
higher BE with Mn content increase (Table 2) due to higher BE of
lattice oxygen in MnOx than in CeO2 [27]. Component OII with BE of

531.2 eV belongs probably to defect oxide, hydroxyl or carbonate
groups [28]. The relative abundance of these two kinds of oxygen
species is similar for all compositions (OI ∼ 63% and OII ∼ 37%). The
Mn 3 s peak splitting widths for different Mn oxides are helpful to
find out the oxidation state of manganese species [29,30], an Mn

−1) H2

consumption
(�mol g−1)

Onset
temperature
(◦C)

Average
oxidation
number of Mn

957 280 –
1700 93 3.8
2423 82 3.7
2880 80 3.4
3467 90 3.2
3579 86 3.0
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Table 2
Data obtained from XPS analyses of Zr0.4Ce0.6−xMnxO2 samples.

Samples (Ce/(Ce + Mn))Bulk (Ce/(Ce + Mn))XPS O 1s BE (eV) �E Mn 3s (eV) % u′′′ Mn 2p

OI OII % Mn3+ % Mn4+

Zr0.4Ce0.6O2 1.00 1.00 529.5 531.2 – 14 –
Zr0.4Ce0.48Mn0.12O2 0.79 0.60 529.6 531.2 5.2 16 66 34
Zr0.4Ce0.36Mn0.24O2 0.58 0.42 529.7 531.2 5.1 15 64 36
Zr0.4Ce0.24Mn0.36O2 0.45 0.28 529.8 531.2 5.1 13 60 40

9.8
9.9

3
o
c
w
(
t
i
s
f
i
c
n
f
t
t
o
M

Zr0.4Ce0.12Mn0.48O2 0.19 0.19 52
Zr0.4Mn0.60O2 – – 52

s splitting width �E of 4.8 and 5.4 eV correspond to the presence
f Mn4+ and Mn3+, respectively. Therefore, Mn4+ and Mn3+ ions are
ertainly present together at the surface, since an Mn 3s splitting
idth �E of 5.1–5.2 eV is observed in all the Ce containing samples

Table 2). This is in agreement with an AON > 3.2 calculated from
he H2-TPR data. Mn 3 s splitting width �E of 5.4 eV is observed
n Zr0.4Mn0.6O2, indicating that Mn3+ is exclusively formed at the
urface when cerium element is absent. This correlates with Mn2O3
ormation observed in XRD analysis. The BE of Mn 2p3/2 photopeak
s rather broad and the co-existence of Mn4+ and Mn3+ at the surface
an be suggested (Fig. 4). Mn 2p3/2 peak can be split in two compo-
ents which give reasonable fitting with BE of 643.4 and 641.8 eV

4+ 3+
or Mn and Mn , respectively. These values are found to be higher
han those recorded from pure MnO2 and Mn2O3, probably due
he strong interaction between manganese, cerium and zirconium
xides. Clearly with increasing Mn, the relative concentration of
n4+ increases from 34% to 40% (Table 2). The same observation
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Fig. 4. XPS spectra of Ce 3d, O 1s, Mn 2p and M
531.4 5.1 11 60 40
531.5 5.4 – 100 –

has been reported on MnOx–CeO2 mixed oxides [8]. The Ce 3d spec-
tra of Ce4+ and Ce3+ can be resolved into six and four components,
respectively [31]. The Ce 3d5/2 BE in ceria is found close to 882.0 eV.
Addition of zirconium and manganese to ceria causes an upper shift
of 0.3–0.4 eV which can be considered as a direct evidence for solid
solution formation. The relative abundance of Ce4+ present in the
solid is assessed through the calculation of the percentage of the
area under the Ce4+ u′′′ (916.7 eV) relative to the total area under
the Ce 3d spectral envelop using the method proposed by Shyu
et al. [32]. Addition of a small amount of Mn causes an increase
in the surface Ce4+ concentration since u′′′ intensity goes from 14%
to 16%. But with further Mn content increase, the concentration of

4+
Ce decreases (Table 2). This result can be explained by an elec-
trons transfer from Mn to Ce, since in parallel, Mn4+ concentration
increases. In Mn–Ce–O composites, Chen et al. [23] suggested an
electron transfer but from Ce to Mn since addition of manganese to
cerium increased the abundance of surface Ce4+ species.
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Appl. Catal. B: Environ. 16 (1998) 105–117.
ig. 5. Catalytic results in butanol oxidation (A) yield of butanal (%) and (B) butanol
onversion (%) as a function of reaction temperature.

The single carbon-containing product of butanol oxidation is
O2 at high conversion levels. Butanal is the major intermediate
roduct in the course of butanol oxidation towards CO2, other
ldehydes such as propanal and ethanal are detected but in neg-
igible concentrations. Fig. 5A presents the conversion of butanol
o butanal over Zr0.4Ce0.6−xMnxO2 catalysts. Mn addition to Zr–Ce
ystem causes the formation of butanal at lower temperatures.

ithout cerium, the maximum of butanal yield is shifted to higher
emperatures. These results are in line with the redox properties
hanges. It is well known that alcohol catalytic oxidation pro-
ides reaction intermediates such as aldehydes, ketons and acetic
cids [11]. The major path appears to be the direct oxidation of
utanal to CO2; its oxidation via the acid is expected to be a minor
ath, because (1) no butanoic acid is detected and (2) CO2 starts
o be produced when the butanal concentration decreases. The
ame reaction scheme “butanol → butanal → CO2” has already been
bserved during the homogeneous oxidation of 150 ppm of butanol
n air [16]. The homogeneous conversion of butanol to butanal is

aximized at around 260 ◦C whereas the maximum is lowered to
25 ◦C in the presence of Zr0.4Ce0.6−xMnxO2 solid solutions.

Fig. 5B shows the butanol conversion over Zr0.4Ce0.6−xMnxO2
atalysts as a function of reaction temperature. From x = 0 to x = 0.24,
he catalytic activity increases with Mn addition. For x ≥ 0.36, the
atalytic activity is similar, indicating that the optimal composition
s obtained for Zr0.4Ce0.24Mn0.36O2. For these compositions, 90% of
utanol is transformed at about 175 ◦C (Fig. 5B). Despite the high

uantity of manganese, the activity of Zr0.4Mn0.60O2 is not the high-
st. This result can be correlated to the absence of Ce4+/Ce3+ and
n4+/Mn3+ redox couples. Indeed the redox properties of catalysts

re known to govern the catalytic activity in the total VOC oxidation

[

[

Materials 188 (2011) 422–427

[5,33]. These results can be connected with (i) the oxygen mobility
and (ii) the surface Mn4+ concentration, both maximum for x = 0.36
value (Table 2). With similar space velocity (15,000 h−1) and over a
monolith Pt/Al2O3 catalyst, conversion of butanol higher than 90%
was obtained in the 180–200 ◦C temperature range by Hermia and
Vigneron [34]. With a double space velocity and over Co, Pd, Pt sup-
ported on � alumina (the majority of commercial catalysts consists
of Pt or Pd supported on alumina supports), 90% of butanol is trans-
formed at 220, 220 and 180 ◦C, respectively [16]. This comparison
with commercial catalysts illustrates the excellent behaviour of the
Zr0.4Ce0.6−xMnxO2 catalytic system for oxygenated VOC removal
since n-butanol conversion of 90% is obtained at 175 ◦C for x = 0.36
value.

4. Conclusion

Zr0.4Ce0.6−xMnxO2 solid solutions were successfully synthesized
by a sol–gel method, characterized and tested for the total oxidation
of butanol. The catalytic results were mainly explained by the tex-
tural (SSA and crystallite size), and bulk/surface properties (oxygen
mobility and Mn4+ concentration). The presence of both Ce4+/Ce3+

and Mn4+/Mn3+ redox couples led to excellent catalytic activity
for n-butanol complete oxidation with an activity maximum for
x = 0.36.
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