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Abstract:   

A series of hydroxyapatite (Hap; of ideal formula: Ca10(PO4)6(OH)2) supported MnOx materials 
(MnxHap ; x = Mn wt.%: 2.5, 5.0, 10, 20, and 30 based on MnO2) has been tested in toluene 
total oxidation (800 ppmv in dry air) at 220°C for 40h. It was shown that the fresh catalysts can 
be ranked as follow by decreasing activity: Mn5Hap > Mn2.5Hap > Mn10Hap > Mn20Hap > 
Mn30Hap and that Mn10Hap exhibited the best resistance to deactivation. Investigation of the 
surface state of the fresh and used catalysts has been performed using X-ray photoelectron 
spectroscopy (XPS) and principal component analysis (PCA) assisted static time-of-flight 
secondary-ion mass spectrometry (ToF-SIMS).  Based on the XPS results a Mn speciation 
scheme can be proposed: initial incorporation of Mn2+ into Hap (2.5 wt% Mn) followed by 
additional well dispersed oxidized manganese species on Hap (5-10 wt% Mn) to end up with 
the formation Mn2O3/-MnO2 particles detected by XRD (20-30 wt% Mn).  Principal 
components analysis (PCA) has been applied to the (+) ToF-SIMS spectra taking into account 
of all the detected significant manganese containing secondary ions.  PC1 (75% of the variance) 
discriminates well the fresh and used samples in a similar way and was related to the surface 
manganese content. The resulting volcano plot obtained by plotting PC2 (12% of the variance) 
as a function of the resistance to deactivation discriminates the catalysts in the same way as 
depicted in the PC2 score plot. Consequently, also taking into account of the PC2 loading plot 
it was suggested that a redispersion of Mnn+/Ca2+ takes place with time on stream preferentially 
for MnxHap (x = 5-10 wt%) improving their catalyst stability. 
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1. Introduction 

Hydroxyapatite (Hap) based materials have attracted much interest for use in a variety of 
applications since they are safe, non-toxic, inexpensive and readily available in the natural 
environment [1]. Furthermore, these materials present a high chemical and thermal stability and 
a weak solubility in water. It is also of importance in many industrial applications, such as 
catalysis, ion exchange, and metal removal [2-5]. However, few studies deal with the dispersion 
of an active phase such as transition metal oxides on hydroxyapatite [6,7]. Supported MnOx 
catalyst may provide a viable prospect for total oxidation of volatile organic compounds 
(VOCs) as MnOx catalysts exhibit an easy redox cycling ability, have long-lifetime, low cost 
and have biocompatibility properties. With that respect Hap supported oxidized Mn (Mn: 10 
wt%) catalysts have been recently investigated for total oxidation of toluene and the effect of 
the counter-anion of the Mn(II) precursor has been particularly studied [8]. The best catalytic 
performances have been associated with the nitrate Mn(II) precursor. The Mn oxidized species 
well dispersed on Ca2+ enriched apatite were responsible for a good toluene conversion. By 
opposition the calcination performed with the acetate Mn precursor resulted in a lower Mn 
dispersion responsible for a lower activity [8].  
Another important question to address in the follow-up to this previous work is the effect of 
Mn loading by the highlight of possible surface-reactivity relationship. Efficient 
complementary tools for surface investigation can be X-ray photoelectron spectroscopy (XPS) 
and time-of-flight secondary-ion mass spectrometry (ToF-SIMS). Indeed, XPS which has a 
depth of detection of about 10 nm can give an average information considering the average state 
of Mn while ToF-SIMS due to its high mass resolution and sensitivity can provide molecular 
information in the outermost layers of the material (1-3nm) [9]. Such ToF-SIMS/ XPS 
combination has been successfully implemented to elucidate mechanism of catalyst 
deactivation in oxidation of chlorinated VOCs as well as the beneficial role of water in the 
performances of a post-plasma catalytic process [10-11]. However, the great number of 
secondary ions in the ToF-SIMS spectra makes direct data interpretation impossible. The 
application of a Multivariate analysis (MVA) is, therefore, necessary. Among them the 
principal component analysis (PCA) [9,12-15] is of considerable interest due to its successfully 
application in the processing of ToF-SIMS data of organic and biological materials [16-21].  In 
the field of heterogeneous catalysis a few studies have been carried out using chemometrics to 
better interpret the catalytic performances in terms of chemical and physical properties of the 
catalysts [22-28]. PCA has been previously applied to evaluate the influence of different 
parameters such as temperature, pressure, Gas Hourly Space Velocity (GHSV), H2/CO ratio on 
the catalytic performances of rhodium promoted catalyst supported on silica for carbon 
monoxide hydrogenation [26]. J.E. Hensley et al. have shown that PCA is an effective tool for 
structure-reactivity correlation. Based on XPS data, PCA allows to clarify the role of surface 
carbide species, coke and oxidation for the deactivation of potassium-promoted cobalt 
molybdenum sulfide for the production of mixed alcohols synthesis [24]. PCA carried out to 
study the relationships between catalytic and physicochemical properties of Co3O4 supported 
on alumina with different loadings for methane combustion by Q. Wang et al. highlights the 
significance of Co species and the redox cycle [25].  
In the present work, a series of hydroxyapatite supported MnOx catalysts (Mn wt. %: 2.5, 5.0, 
10, 20, and 30) has been prepared by wet impregnation using manganese(II) nitrate as precursor 
in order to investigate the effect of Mn loading on the catalytic performances in the total 
oxidation of toluene. For this purpose, the fresh and used catalysts have been studied by PCA 
assisted ToF-SIMS and XPS in order to find possible surface-reactivity relationships.  
 
2. Materials and Methods 
2.1. Synthesis of the catalysts  
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The hydroxyapatite supported manganese materials were prepared using the wet impregnation 
method. Samples loaded with 2.5, 5, 10, 20 and 30 wt.% of manganese (calculated using MnO2 
as the basis) were synthesized using Mn(NO3)2.4H2O (Sigma Aldrich, purity: 97%) as the metal 
precursor. The support material, Hap synthesized according to previous procedure [8], was calcined 
at 400°C for 4 h prior to impregnation. The sample was subsequently dried at 80°C for 20 h and 
then cooled and ground to ensure a homogeneous particle distribution. The sample was then heated 
to 400°C at a heating rate of 2°C/min and was calcined at that temperature for 4h. The materials 
were labelled MnxHap where x stands for the Mn weight percentage.  

2.2. Catalytic tests 
Catalytic oxidation runs for abatement of toluene were performed in a continuous flow fixed 
bed Pyrex micro-reactor at atmospheric pressure. The reactive gas mixture was 800 ppmv of 
toluene diluted in air (100 mL/min) at a fixed GHSV of 30000 mL/(g.h). The flow rate was 
adjusted and controlled with digital flowmeter (MFC Mass Flow Controller). The micro reactor 
was placed in an electrical furnace which provides the required temperature for catalytic 
reaction. The catalysts were pretreated 2 h at 300 C (10 °C/min) in flowing air (75 mL/min) 
before to be cooled at 220 °C (10°C/min). After temperature stabilization, a test of duration in 
800 ppmv of toluene diluted in air (100 mL/min) was carried out for 40h. The catalysts were 
finally allowed to cool down to 20°C in static reactive atmosphere. The catalysts were labelled 
MnxHap-ATS where ATS means after test stabilization.  
The concentrations of the gaseous species in inlet and outlet gas streams were analyzed online 
by Gas Chromatography (7860A Agilent Gas Chromatograph) equipped with a Thermal 
Conductivity Detector (TCD) and Flame Ionization Detector (FID) with two columns: Restek 
Shin Carbon ST/Silco HP NOC 80/100 micropacked, to separate permanent gases (Air, CO and 
CO2) and a capillary column Cp-Wax 52 CB25 m, Ø = 0.25 mm, to separate hydrocarbons and 
aromatic compounds.  
Toluene conversion (Ct), CO yield and rate of toluene conversion r, expressed in mole of reacted 
toluene per mole of manganese and per hour, were calculated as follows: 
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Where [toluene]in and [toluene]out were toluene inlet and outlet concentrations, F was the flow 
rate (mol/h) of toluene and nMn was the molar amount of manganese.  
2.3. XPS measurements 
Spectroscopy XPS experiments were performed using an AXIS Ultra DLD Kratos spectrometer 
equipped with a monochromatised aluminum source (Al K  = 1486.7 eV) and charge 
compensation gun. The binding energies were referenced to the C 1s core level at 285 eV. The 
atomic compositions were estimated from the Ca 2p, P 2p, C 1s, O 1s and Mn 2p core shell 
levels. The average oxidation state (AOS) of Mn was determined from the energy separation of 
the 2 peaks present in the Mn 3s core shell level (see below) with an uncertainty of  0.2. 
2.4. ToF-SIMS 
Positive and negative ToF-SIMS measurements were performed with a TOF.SIMS5 
spectrometer (ION-TOF GmbH Germany) equipped with a bismuth liquid metal ion gun 
(LMIG). The tableted samples were bombarded with pulsed Bi3

+ primary ion beam (25 keV, 
0.25 pA) rastered over a 500500m2 surface area. With a data acquisition of 100 s, the total 
fluence does not amount up to 1012 ions/cm2 ensuring static conditions. Charge effects were 
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compensated by means of a 20 eV pulsed electron flood gun. In these experiments, the mass 
resolution (m/m) was about 3200 at m/z = 175 for Ca2PO4

+. The secondary ions were 
identified by their exact mass, coupled with the appropriate intensities for the expected isotope 
pattern.  
 
2.5. Principal Component Analysis 
PCA was performed on a data set consisting of 20 non-saturated containing Mn secondary ions 
in positive polarity. These secondary ions were identified in bold character in Table 1 which 
contained all the significant positive secondary ions amounting to 41. For this purpose, a 
PLS_Toolbox_794 (Eigenvector Research, Manson, Washington, USA) was run under 
MATLAB version 7.11.0 (R2010b) (The MathWorks, Natick, Massachusetts, USA). A pre-
treatment procedure was performed before PCA analysis: (i) the peak intensities were first 
normalized with respect to total intensity of the selected ions.  The result of the data 
normalization was a [10 х 20] matrix where the rows (10) were the fresh and used catalysts and 
the columns (20) were the variables, namely the normalized intensity of the Mn selected ions; 
(ii) auto-scaling was then performed in order to give equal significance to each m/z ion in the 
spectrum. After the pre-treatment procedure, the data were analyzed by PCA. 
 

 

 
 
 
3. Results and discussion 

 
3.1. Catalytic results 
The MnxHap catalysts have been tested in dry air containing 800ppmv of toluene at 
atmospheric pressure and isothermal conditions (220°C) at a fixed GHSV of 30000mL/(g.h). 
Fig.1 shows the evolution in toluene conversion with time-on-stream over the Hap supported 
Mn based catalysts. The rates of toluene removal expressed per mole of manganese have been 
reported in Table 2. The fresh catalysts can be ranked by decreasing activity as follows: 
Mn5Hap > Mn2.5Hap > Mn10Hap > Mn20Hap > Mn30Hap. It is observed a decrease in 
toluene conversion with time on steam for all catalysts but to different extents. To quantify the 
resistance against deactivation an activity coefficient a220, was defined as the ratio between the 
toluene conversion after 40 h reaction to that at initial time [29]. Plot of a220 against Mn content 
given in Fig.2a shows a volcano plot whose position of the maximum corresponds to the most 
resistant catalyst towards deactivation, namely Mn10Hap. The ranking of the used catalysts by 
decreasing activity (cf. Table 2) now becomes: Mn5Hap-ATS  Mn10Hap-ATS  Mn2.5Hap-
ATS > Mn20Hap-ATS >> Mn30Hap-ATS.  
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Fig. 1. Conversion of toluene as a function of time on stream over MnxHap catalysts. 
 
 

 
Fig. 2: a: Evolution of a220 as a function of Mn (wt%) content ; b: PC2 score as a function of Mn (wt%) content. 
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Fig. 3: CO yield as a function of time on stream over MnxHap catalysts.  
 

 
Along with CO2, which is the main product of oxidation some amount of CO has also been 
detected. Fig.3 displays CO yield as a function of time on stream for the different catalysts. The 
initial CO yield was the highest for Mn5Hap (3.4%) to decrease with time to reach 1.6% after 
40h. Conversely the CO yield increases in the course of the reaction for Mn10Hap from 0.7 to 
1.6% while it keeps rather stable with time regarding the remaining catalysts. Additionally, 
benzene and benzaldehyde were detected as gaseous by-products with concentrations ranging 
from 1.0-4.0 and 0.5-3.5 ppmv, respectively. It is to be noted that carbon balances are equal to 
or higher than 97%.  
 
 
3.2. XPS results 
XPS analysis has been performed to provide surface information regarding the effect of 
manganese loading on the Mn AOS and Mn dispersion. Mn AOS has been determined from the 
energy separation of two peaks which appear in the global envelope of the Mn 3s core level as 
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shown in Fig. 4 and the relevant data as well as XPS compositions of the catalysts are reported 
in Table 3. The appearance of two peaks is due to the coupling of non-ionized 3s electron with 
3d valence-band electrons. Interestingly the magnitude of the peak splitting ΔE is recognized 
to be a diagnostic of Mn AOS as ΔE decreases with the increase of Mn AOS. Some linear 
relationships between ΔE and Mn AOS have been reported in the literature and the one reported 
by Galakhov et al. [30] has been used in that work. Overall, for fresh samples, the Mn AOS 
increases from 1.7 to 3.7 with increased Mn content. The low Mn AOS of 1.7 in Mn2.5Hap, 
close to +2, can be explained by the diffusion of Mn as Mn2+ into the outermost layers of 
hydroxyapatite support, most likely, by exchange with Ca2+ surface sites.  
 

 
Fig. 4: Simulation of the XPS Mn 3s core level spectra of fresh and used Mn5Hap catalysts.  
 
This is supported by the fact that the outmost layer of the bare Hap is enriched in Ca2+ as shown 
by LEIS [31] and that Mn2+ ion readily substitutes for Ca2+ in Hap [32]. The diffusion of Mn 
into the support during calcination therefore seems to be unavoidable despite the dispersion of 
Mn on Hap by wet impregnation. For medium Mn content (5-10 wt%) additional Mn can 
interact with the porous Hap surface to give well dispersed Mn oxide clusters with an Mn AOS 
of about 2.6 in accordance with the low temperature of calcination at 400°C and the oxidizing 
nature of the NO3

- counter-anion of the Mn precursor. Finally, at higher Mn contents (20-30 
wt%) nucleation and growth of manganese oxide particles with higher Mn valence (Mn AOS  
3.4-3.7) are expected to occur. This is consistent with the detection by X-ray diffraction (not 
shown in this study) of -MnO2 and -MnO2/Mn2O3 phases present in the Mn20Hap and 
Mn30Hap samples, respectively. Fig.5a shows a logarithmic evolution of the XPS atomic ratio 
Mn/(Ca + P) as a function of Mn loading both for fresh and spent Mn-Hap samples in agreement 
with a relative loss of Mn manganese dispersion with increasing Mn loading. Interestingly the 
higher position of the trace belonging to the used catalysts, due to higher Mn(Ca+P) atomic 
ratio, might suggest a Mn surface in the depth probed by XPS. It should be noted that the Mn 
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AOS does not differ before and after catalysis for 10-20 wt% Mn loadings but clearly decreases 
for 5 wt% as shown in Fig.4 and 30 wt% Mn loadings (Table 3) due to toluene acting as 
reductant in accordance with a redox mechanism.  
 

 
Fig. 5: a: Evolution of the surface atomic ratio Mn/(Ca + P) as a function of Mn loading ;  
b: PC1 score as a function of Mn loading. 
 

 
 
 
 
3.3. ToF-SIMS results 
Regarding the Hap support, investigation of the (-) mass spectra of the investigated samples 
reveals the following peaks: O-, OH-, P-, O2

-, PO-, PO2
-, and PO3

-. The fragment ions of the 
PO4

3- anion such as P- (m/z = 30.97), PO- (m/z = 46.97), PO2
- (m/z = 62.96), and PO3

- (m/z = 
78.96) are clearly observed. The characteristic peaks shown in the (+) spectra include (ion, m/z 
value): Ca+, 39.96; CaO+, 55.96; CaOH+, 56.96 and Ca2O+, 95.92.  Some impurities are also 
detected such as Na+, Mg+, K+, and hydrocarbons. Several fragment ions were found to be 
derived from the Ca10(PO4)6(OH)2 support (ion, m/z value) such as Ca2PO3

+, 158.88; Ca2PO4
+, 

174.88; Ca3P2O3H+, 230.82; Ca4P2O4H+, 286.78; Ca5P2O5H+, 342.74; Ca6P3O4H2
+, 398.69. 

Subtraction of the hydroxyl ion OH- from Ca5(PO4)3OH affords the ion Ca5(PO4)3
+ detected at 

m/z = 484.67.   
The ToF-SIMS (-) spectra of the Hap supported Mn samples exhibit as the most characteristic 
intense Mn ions MnO2H-, MnO3

- and MnO3H- in the m/z 2-150 range. Additionally, the NO-, 
30.00; NO2

-, 45.99 and NO3
-, 61.99 ions are clearly observed on the fresh MnxHap samples and 
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attest of the presence of residual nitrate after calcination.  
All investigated ToF-SIMS (+) spectra evidence 10 secondary ions both containing Ca and Mn 
ions of general formula CavMnyOzHw

+ (v = 1,2 ; y = 1-3 ; z = 1-4 ; w = 0, 1; labelled (1) to (10) 
in Table 1) among the overall Mn containing ions. As an example, Fig.6 shows characteristic 
secondary ions in the 182-189 m/z range assigned to the Ca2MnO3

 isotopic pattern.  
 

 
Fig. 6: ToF-SIMS (+) spectrum in the m/z 182-189 range collected from the Mn10Hap sample.  
 
It is worth mentioning that the relative contribution of such secondary ions given in Table 4 
increases logarithmically as shown in Fig.7 with Mn content in line with the detection of MnOx 
particles at high Mn content.  

 
Fig. 7: Relative abundance of CavMnyOzHw

+ secondary ions as a function of Mn content.  
 
 
By contrast only one Mn-P related ion, namely PMn2O3H+ (labelled (14) in Table 1) is 

observed. Furthermore, four CaMnP related ions are also detected: CaMn2PO4H+, CaMn2PO5
+, 

Ca2Mn2PO5H+ and Ca2Mn2PO6
+ (labelled (17)-(20) in Table 1). Hence CavMnyOzHw

+ (v, y, z 
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 0) ions strongly contribute to the m/z signals of the spectra in comparison with PxMnyOzHw
+ 

(x, y, z  0) indicating that manganese preferentially interacts with calcium than phosphorus. 
These observations are in accordance with previous works showing that the synthesis of 
hydroxyapatite using a reflux method allows to get an enriched Ca2+ surface as observed by 
LEIS [31] which is believed to promote a better Ca-O-Mn interaction. It should also be noted 
the observance of secondary ions such as CaCO3

+ (m/z = 99.95) and Ca2HCO3
+ (m/z = 140.92) 

showing interaction of Ca2+ with carbonates. 
 
3.4. Principal Component Analysis (PCA) 
It is found that two PC account for about 87% of the data variance as seen in Table 4.  

 
The results are presented in a PC1-PC2 plot given in Fig.8. PC1 variability accounts for 75 % 
of total variance of the data set.  
 

 
Fig. 8: PC1-PC2 score plot of the selected ToF-SIMS data.  
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Interestingly PC1 increases with Mn content up to 20 wt% with scores increasing from -5 to 
+4. Plot of PC1 score as a function of Mn content displayed in Fig.5b shows a logarithmically 
increase in a similar way to that previously noticed when plotting Mn/(Ca+P) ratio against Mn 
wt%. Hence PC1 provides information regarding manganese amount dispersed on the 
hydroxyapatite surface. Additionally, PC1 clearly enables to separate most of the used catalysts 
in a similar way than the fresh ones. As a consequence, similar conclusions hold for the used 
catalysts. Conversely it is found a clear discrimination among the fresh and used catalysts when 
considering the score plot of PC2 in Fig.8. Indeed, the PC2 splits the samples in two groups on 
both sides of PC2 score equal to 0. The used catalysts have globally a positive score while the 
fresh catalysts exhibit a negative one. Consequently, PC2 is mainly related to the manner 
according to which the reactive gaseous mixture affects the outermost layers of the samples. 
Additionally, it is observed in Fig.2b a volcano plot when plotting PC2 scores as a function of 
Mn loading for the used catalysts with the best PC2 score obtained for Mn10Hap. Based on the 
similarities with the previous volcano plot representing the coefficient factor a220 as a function 
of Mn loading (Fig.2a) it follows that PC2 is related to the extent of catalyst deactivation. 
Consequently, it is strongly suggested that a re-dispersion occurs during the first hours of the 
test on MnxHap catalysts (x = 5-10 wt%) implying significant changes in Ca-O-Mn interaction 
consistent with the higher loadings relative to the 2 variables CaOMn+ and Ca2MnO2

+ m/z 
signals as shown in Fig.9.  
 

 
Fig. 9: Loading plot of PC2.  
 
3.5. Discussion  
The oxidation of toluene on hydroxyapatite supported manganese oxides is a complex reaction, 
as among other things, redox, oxygen mobility and acidity can play important roles in the 
reaction. Additionally, these parameters can be easily tuned by modifying the nature and 
number of active sites as well as metal-support interactions with change in manganese loading. 
It has been shown here that at low Mn loading (2.5 wt%) Mn2+ can be incorporated into the 
hydroxyapatite by substitution of Ca2+. With increased Mn loadings (5-10 wt%) additional Mn 
can react with the surface to give well dispersed Mn oxide clusters taking advantages of OH 
groups at the surface of the hydroxyapatite. At higher Mn loadings (20-30 wt%) the detection 
by XRD of manganese oxide particles consistent with -MnO2/Mn2O3 phases is consistent with 
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a decrease in Mn dispersion. The global increase of the XPS Mn AOS with Mn content is in 
accordance with these different manganese locations. It is to be noted that the main PC (PC1) 
is able to discriminate the catalysts as a function of surface Mn dispersion as supported by 
Fig.5b. For low Mn loading the weak Mn(II)-O bond involved in the reaction can lead to the 
formation of more active oxygen species. Conversely assuming a Mars and Van Krevelen 
mechanism, Mn20Hap and Mn30Hap catalysts with highest Mn AOS would have highest 
oxidation activities. Soylu et al. [33] and Carabineiro et al. [34] have showed that the acidity 
of the catalyst has also to be taken account in toluene oxidation reaction. It was shown that 
toluene adsorption occurred through interaction of methyl and phenyl groups on catalyst surface 
followed by H and C subtraction [35-37]. Toluene has not to be not to be strongly adsorbed 
(weak acid sites) in order to facilitate the subsequent oxygen attack from the lattice/surface of 
the catalyst. B.Chen et al. reported elsewhere [6] that the acidity of surface Hap increases when 
adding manganese suggesting that an intermediate acidity is required to better activate the 
toluene molecule. In this study, the Mn5Hap catalyst appears to be the best catalyst for total 
oxidation of toluene. It might be composed of some Mn oxide clusters well-dispersed on Mn2+ 
incorporated hydroxyapatite taking advantage of a (Mn(II)/Mn(III)) valence pair, and might 
present a good oxygen mobility and an intermediate acidity. For higher Mn loading, the lower 
Mn dispersion precludes to get efficient catalysts whereas for lower Mn loading, a lower acidity 
might explain a lower activity.   
The extent of deactivation has been shown to depend on the Mn local environment and location. 
The volcano plots obtained conjointly from the activity coefficient against Mn loading and from 
the PC2 score as a function of Mn content show that PC2 is clearly related to the deactivation 
extent of the catalysts. An investigation by ToF-SIMS in the 50-180 m/z range has been 
performed both in negative and positive polarities in order to track a possible chemical 
deactivation over the catalysts. The search of increase in intensity of possible organic fragment 
secondary ions originated from species formed through partial decomposition/oxidation of 
toluene and inorganic/organic secondary ions consistent with poisoning effects has been carried 
out. The possible change in intensity of the m/z = 60 signal relative to CO3

2- has also been 
investigated to provide evidence of strongly bounded carboxylates. All these studies do not lead 
to significant differences in the intensity of the m/z signals when comparing the fresh and used 
catalysts discarding a priori such chemical schemes of deactivation. Furthermore it is difficult 
to ascertain some significant decrease of the mean crystallite size of the Mn2O3/-MnO2 phases 
detected over MnxHap (x = 20 and 30) enabling to show a possible sintering of the Mn active 
phase. By opposition the decrease in toluene activity which occurs in the five first hours of the 
tests of stability could be attributed to a competition of the reactants and water for the specific 
sites as previously noticed by C. Lahousse et al. on -MnO2 in the total oxidation of hexane 
[38]. Consistent with the PC2 loadings it is postulated a re-dispersion at the outermost layers of 
hydroxyapatite affecting the Ca-O-Mn interaction. This re-dispersion which mainly affects 
Mn5Hap and Mn10Hap samples might lead to a better resistance of the catalyst towards 
deactivation.  
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Conclusion 

Synthesis of Hap supported MnOx materials (Mn wt%: 2.5, 5, 10, 20 and 30) has been carried 
out by wet impregnation using manganese (II) nitrate as precursor followed by calcination at 
400 °C. It has been shown by XPS that Mn loading significantly affects the nature of manganese 
species in terms of Mn dispersion and average oxidation state. PCA assisted ToF-SIMS study 
allows to discriminate the catalysts by their surface manganese content (PC1) and behavior to 
deactivation (PC2) in relation through changes in Mn-O-Ca interactions. 
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