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Abstract 

The use of catalytic processes in air pollution abatement is widespread and regarded as one of the most 

promising methods for atmospheric pollutants removal. Heterogeneous catalysts are efficiently used to 

reduce toxic emissions, such as Volatile Organic Compounds (VOC), among which toluene was 

selected as model molecule to be used in this study. Hydroxyapatite (Ca10(PO4)6(OH)2), which was 

shown, through previous investigations, to be extremely useful in the field of environmental 

management, owing to its particular structure and attractive properties, was chosen to be the active 

phase support in the current work. Copper and manganese oxides, transition metal oxides which had 

proven to be highly active in the total oxidation of toluene in the past, were designated for the role of 

active phases in the presently prepared hydroxyaptite (Hap) -supported catalysts. Firstly, a close 

examination into the use of Hap supported binary Cu-Mn oxides with different atomic Cu/Mn 

composition (2; 1; 0.5) was conducted. This study showed binary oxide catalysts to be more efficient 

than the single transition metal oxide catalysts, and determined an optimal Cu/Mn molar ratio value 

equal to 2. Secondly, β-cyclodextrin (β-CD), an organic complexing agent, was employed to adjust 

poor copper species dispersion, a problem that limits the performances of Cu-supported catalysts. Not 

only was the success of using β-CD in improving Cu dispersion and reducibility revealed through 

physicochemical analysis, but a meticulous inspection of the interactions taking place within the 

synthesized system, from solution stage to that of calcined product, exposed the role of β-CD at each 

step of the Cu/Hap catalyst preparation, evidencing the occurrence of interactions between β-CD 

molecules and both Cu
2+

 ions derived from copper precursor and Ca
2+

 ions of hydroxyapatite support. 

Finally, an investigation of manganese speciation in Mn/Hap catalysts with different Mn loadings was 

carried out. Results indicated an increase in Mn average oxidation state (AOS) going hand in hand 

with that of Mn content. However, a lower Mn AOS turned out to be more beneficial for the catalyst’s 

reducibility.  

Keywords: Heterogeneous catalysts; VOC; Toluene; Hydroxyapatite; Binary Cu-Mn oxides; β-

cyclodextrin; Cu dispersion; Manganese speciation. 
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Résumé 

L'utilisation de procédés catalytiques dans la réduction de la pollution de l’air est répandue et 

considérée comme l'une des méthodes les plus prometteuses pour l'élimination des polluants 

atmosphériques. Les catalyseurs hétérogènes sont des outils efficaces pour limiter les émissions 

toxiques, tels que les composés organiques volatils (COV), parmi lesquels le toluène a été sélectionné 

comme molécule modèle à utiliser dans cette étude. L'hydroxyapatite (Ca10(PO4)6(OH)2), qui s'est 

avérée, grâce à des études antérieures, être extrêmement utile dans le domaine de la gestion de 

l'environnement, en raison de sa structure particulière et de ses propriétés attrayantes, a été choisie 

pour être le support de la phase active dans le travail en cours. Les oxydes de cuivre et de manganèse, 

oxydes de métaux de transition qui s'étaient révélés très actifs dans l'oxydation totale du toluène dans 

le passé, ont été désignés pour le rôle de phases actives dans les catalyseurs supportés sur 

hydroxyaptite (Hap) actuellement préparés. Tout d'abord, un examen approfondi de l'utilisation des 

oxydes binaires Cu-Mn supportés sur Hap avec différentes compositions atomiques Cu/Mn (2; 1; 0,5) 

a été réalisé. Cette étude a montré que les catalyseurs à oxydes binaires étaient plus efficaces que les 

catalyseurs à oxyde de métal de transition unique et a déterminé une valeur optimale du rapport 

molaire Cu/Mn égale à 2. Deuxièmement, la β-cyclodextrine (β-CD), un agent complexant organique, 

a été employée pour résoudre la mauvaise dispersion des espèces de cuivre, un problème qui limite les 

performances des catalyseurs Cu supportés. Non seulement le succès de l'utilisation de la β-CD dans 

l'amélioration de la dispersion et de la réductibilité du Cu a été démontré par analyses 

physicochimiques, mais une inspection minutieuse des interactions qui ont lieu au sein du système 

synthétisé, du stade de solution à celui de produit calciné, a illustré le rôle de la β-CD à chaque étape 

de la préparation du catalyseur Cu/Hap, mettant en évidence l'occurrence d'interactions entre les 

molécules de β-CD et les ions Cu
2+

 provenant du précurseur de cuivre ainsi que les ions Ca
2+

 du 

support hydroxyapatite. Enfin, une enquête sur la spéciation du manganèse dans les catalyseurs 

Mn/Hap avec différentes teneurs de Mn a été effectuée. Les résultats ont indiqué une augmentation du 

degré d'oxydation moyen du Mn (DOM) allant de pair avec celle de la teneur en Mn. Cependant, un 

faible DOM de Mn s’est avéré plus avantageux pour la réductibilité du catalyseur. 

Mots-clés: Catalyseurs hétérogènes; COV; Toluène; Hydroxyapatite; Oxydes binaires Cu-Mn; β-

cyclodextrine; Dispersion du Cu; Spéciation du manganèse. 
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Introduction 

Air pollution constitutes a major hazard to human health, for it accounts for an estimated 4.2 million 

deaths per year (World Health Organization (WHO), 2019). While an enhancement in air quality was 

noted in many countries, owing to efficient emission control technologies, in other parts of the world 

air quality kept on suffering from severe deterioration. In fact, around 91% of the world’s population 

lives in areas where air quality levels surpass WHO limits. Moreover, seeing as air quality is 

intimately connected with earth’s climate, implementing robust and high-performing air-cleanup 

strategies will not only lessen the weight of illnesses ascribable to air pollution, but also play a role in 

resolving the problem of climate change. 

Volatile Organic Compounds (VOC) are considered to be main contributors towards air pollution. The 

term VOC refers to a broad range of organic compounds which can rapidly evaporate to air as a result 

of their high vapor pressure and low boiling point. European Directive 2004/42/CE provides an even 

more precise definition of the term, by identifying VOC as “any organic compound having an initial 

boiling point less than or equal to 250 °C measured at a standard pressure of 101.3 kPa”. VOC are 

emitted to the atmosphere from various biogenic (vegetation, oceans, soils etc.) and anthropogenic 

(motor vehicles, agriculture, industry etc.) sources. Although the biogenic sources are generally 

predominant over anthropogenic sources, in certain situations the anthropogenic emissions can 

dominate, e.g. in industrialized and densely populated regions. 

To eliminate these pollutants from gas streams, different technologies have been developed and put to 

practice. Thermal incineration is the most common process which requires high temperatures 

(> 1000 °C) to achieve the total combustion of highly concentrated VOC. However, seeing as this 

technique entails high energy consumption, making it thus rather costly, as well as produces 

undesirable by-products such as dioxins and carbon monoxide in the incinerator flue gas, an 

alternative method for VOC removal must be utilized. Catalytic oxidation represents a much more 

effective and economically viable alternative to the formerly discussed process, by completely 

oxidizing VOC into CO2 and water under much lower temperature and potentially increasing the 

reaction rate [1]. 

Among the VOC, toluene, with the chemical formula C6H5CH3, is an aromatic hydrocarbon 

extensively employed as an organic solvent for paints, printing inks, adhesives, and antiseptics 

because of its great capacity to dissolve organic substances. This aromatic VOC is also present in car 

exhausts and cigarette smoke, and has a relatively high photochemical ozone creation potential 

(POCP = 77) [2]. In addition, toluene has a toxic effect on health. Indeed, in mild cases, its vapors can 

be irritating to the eyes and the upper respiratory tract, as well as cause headaches. Furthermore, in 

severe cases, exposure to very high concentrations can cause loss of consciousness and death. It 

follows that finding effective means of abating toluene emission into atmosphere, is of the outmost 

importance. Accordingly, it seemed highly appropriate to choose toluene as a probe molecule in this 

study. 

Catalysts based on noble metals and transition metal oxides have been successfully applied in the past 

for the total oxidation of toluene. While on one hand noble metal catalysts such as Pt, Pd, and Au were 

found to be highly active, their equally high cost limited their application. Transition metal oxides 

(TMO), on the other hand, which are more cost-efficient, have demonstrated great catalytic 

performances in toluene’s complete incineration, with an activity sometimes comparable, or even on 

some occasion superior, to that of noble metal based catalysts. Among said transition metal oxides, 

copper oxide and manganese oxide have proven to be most rewarding in terms of activity and 
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selectivity [3], [4]. Hence, both of these TMO (CuOx and MnOy) were selected as active species in this 

work. 

TMO catalysts can be either unsupported or supported on a carrier material. However, considering that 

higher dispersion of the active components can be achieved over supported catalysts, these latter 

would exhibit higher efficiency in the total oxidation of toluene and be therefore a more catalytically 

favorable choice. Hydroxyapatite (Hap), a calcium phosphate material whose general formula is 

Ca10(PO4)6(OH)2, is considered to be very valuable for air clean-up applications, owing to its 

outstanding characteristics: great adsorption capacities, acid-base adjustability, ion-exchange 

capability, and good thermal stability [5]. Previous reports have shown that these unique features of 

this material have granted Hap with exceptional carrier traits, leading towards the enhancement of 

catalytic performances. This has encouraged its current use as active phase support in the present 

research. 

Consequently, in this study, hydroxyapatite supported copper and/or manganese based catalysts will 

be prepared and examined in the total oxidation of toluene. As a first step, the possibility of creating a 

synergic effect by combining both copper and manganese oxides will be meticulously investigated. 

Subsequently, seeing as both the dispersion of the metal oxide species and the oxidation states of the 

metals are of great importance in determining their catalytic activities, efforts will be made towards 

improving the first (metal oxide dispersion) in the case of copper-based catalysts, and evaluating the 

second (metal oxidation state) in the case of manganese-based catalysts.  

In order to attain enhanced copper species dispersion and reducibility, an organic complexing agent, β-

cyclodextrin (β-CD), will be used. This oligosaccharide has already been successfully employed by 

other researchers for upgrading the dispersion and reducibility of active species over a carrier material, 

an action which effectively prompted a rise in the catalytic performances of the synthesized catalyst 

[6]. Hence, the use of β-CD as active phase dispersant looks to be a very promising strategy. 

This PhD manuscript will be divided into six chapters. In Chapter I, a literature review on the 

structure, properties, and environmental applications of hydroxyapatite will be first provided, followed 

by a report on the catalytic use of copper and manganese oxides for the complete oxidation of toluene, 

subsequent to which, the necessity of employing β-CD to achieve higher Cu dispersion will be full 

outlined, and finally the impact of Mn speciation on the catalytic performances of Mn-based catalysts 

will be clearly indicated. Chapter II will be dedicated to presenting the catalysts synthesis protocols as 

well as the experimental conditions adopted during the physicochemical characterizations and catalytic 

performances evaluation. The remaining four chapters will be devoted to unveiling the results derived 

from the inspection of the presently prepared catalytic systems, tested in toluene’s complete oxidation. 

Thus, Chapter III will discuss all data pertaining to the study of binary Cu-Mn oxides supported on 

hydroxyapatite catalysts. As for Chapter IV, it will be assigned to presenting the effects of a β-CD-

assisted synthesis on the resulting properties and catalytic performances of the obtained Cu-supported 

catalyst. Chapter V will strongly focus on the role played by β-CD at each step of the Cu/Hap catalyst 

preparation. Regarding Chapter VI, it will deal with the determination of manganese speciation in Mn-

based catalysts all while investigating its effect on the physicochemical properties of these Mn-bearing 

materials. This manuscript will be lastly wrapped up with a general conclusion which will highlight 

the main contributions of this work, in addition to shedding some light on future perspectives. 
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Chapter I: Literature Survey 

This chapter will begin by giving a brief outline on the structure of hydroxyapatite (Hap), a material 

which will be employed as a catalyst support in the current work, followed by a literature report on 

data regarding Hap and its use in environmental remediation applications. Secondly, a discussion 

revolving around the catalytic use of copper and manganese oxides for the complete oxidation of 

toluene will be thoroughly conducted, seeing as both these transition metal oxides have been selected 

for the role of active phases in this study. Thirdly, the need for incorporating a complexing agent, such 

as β-cyclodextrin, into the synthesis process of Cu-supported catalyst will be firmly established, 

subsequent to a description of the difficulties faced concerning the maintaining of good Cu dipersion 

with increasing Cu loading. Finally, the importance of performing an in-depth investigation of Mn 

speciation in manganese-bearing materials will be clearly pointed out, as will the influence that Mn 

loading exerts on Mn speciation in the resulting manganese supported solids. 

1.1. Hydroxyapatite, a multifunctional material for air, water and soil 

pollution control 

1.1.1. Introduction 

Calcium phosphates form a privileged class of biomaterials because of their good biocompatibility, 

their possibility of biodegradability and their possible bioreactivity. Depending on the Ca/P ratio, 

several families of calcium orthophosphates can be defined such as pyrophosphate (Ca/P = 1), 

octacalcium phosphate (Ca/P = 1.33), tricalcium phosphate (Ca/P = 1.5), hydroxyapatite (Ca/P = 1.67) 

and tetracalcium phosphate (Ca/P = 2). 

Calcium phosphates are part of the apatites of the general formula Me10(XO4)6Y2 and which crystallize 

in the hexagonal system (space group: P6 3/m), where: 

 (Me) represents a generally divalent cation (Ca
2+

, Sr
2+

, Ba
2+

, Pb
2+

, ...) which can be replaced 

by monovalent cations (Na
+
, Rb

+
, Cs

+
, K

+
...), trivalent cations (Re

3+
 (rare earths), Al

3+
, An

3+
 

(actinides)...) and tetravalent cations (U
4+

, Pu
4+

, Th
4+

...) ; 

 (XO4) is an anionic tetrahedron often trivalent such as PO4
3-

, AsO4
3-

, VO4
3-

 that can be 

substituted by a tetravalent group (SiO4
4-

, GeO4
4-

...) or even bivalent (SO4
2-

, CO3
2-

, HPO4
2-

…) ; 

 Y is a site occupied by an anion that is often monovalent (F
-
, HO

-
, Cl

-
...) and sometimes 

bivalent (O
2-

, CO3
2-

...). Vacancies can also be found on the Y site. 

The most common natural apatites are calcium phosphates of stoichiometry close to the general 

formula Ca10(PO4)6Y2 where Y = HO
-
, F

-
, Cl

-
, where the fluoroapatite (Y = F

-
) is the most 

thermodynamically stable. 

Hydroxyapatite (Hap), whose general formula is Ca10(PO4)6(OH)2, is the primary mineral component 

of bone and teeth and the main factor responsible for their hardness and strength. This bio-inspired 

material is of great interest in many fields because of its remarkable structure and inherent properties. 

To cite a few, hydroxyapatite is considered to be very valuable for medical purposes in which it can be 

used as bone repairing material [1]–[3] or as biocompatible coating for bioimplant materials that suffer 

from high degradation rate [4], [5]. Moreover, Hap finds many applications in pharmaceutical 

industries where it is applied as a protein delivery media [6], [7] and drug releasing agent [8]–[10]. 

Hap is also substantially used in chemical industries where chromatography on hydroxyapatite 
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columns constitutes a powerful technique for separation of proteins and nucleic acids [11], [12]. 

Additionally, seeing as nowadays more and more efforts are being made towards environmental 

remediation industry [13], with the focus being shifted towards the development of new and improved 

ways of eliminating air [14], soil [15], [16] and water [17], [18] pollution, the use of Hap can prove to 

be highly benefic for the removal of contaminants present in gas, liquid and solid phases. 

In fact, employing hydroxyapatite in air, water and soil clean-up will not only constitute a sustainable, 

safe and clean method for pollutants’ removal from contaminated sites, but also make up for a 

valuable resource recovery route, since Hap can be successfully obtained from biological sources, such 

as mineral rocks, plants…, and more importantly from waste, among which essentially figure animal 

bones (fish bones, chicken bone …), as well as biogenic products (eggshells, mussel shells …). 

To put it concisely, an insight will be first provided into the structure and defining properties of 

hydroxyapatite in order to better understand its significant value and vital contribution to the field of 

environmental management. Following this, an extensive survey of the various applications of Hap in 

catalysis, whether as a catalyst/photocatalyst or as the active phase support, will allow highlighting the 

diversified and numerous practical applications of this calcium phosphate complex in catalytic 

reactions, showcasing its contribution in attaining better catalytic performances. 

1.1.2. Hydroxyapatite material 

1.1.2.1. Structure 

Hap crystallizes in the hexagonal system (P63/m space group) and the approximate lattice parameters 

are: a = 9.37 Å and c = 6.88 Å. It is important to note that there are two crystallographically different 

Ca atoms. Hence, the general formula of the Hap can be rewritten as Ca(I)4Ca(II)6(PO4)6(OH)2 . In 

fact, as can be seen in Figure 1.1, the framework of hydroxyapatite can be described as a compact 

assemblage of tetrahedral PO4 groups where each PO4 tetrahedron is shared by one column, and 

delimit two types of unconnected channels. The first channel has a diameter of 2.5 Å and is bordered 

by Ca
2+

 ions (denoted Ca (I)). The second type, which plays an important role in the acid-base and 

electrical properties of apatite-type solids, has a diameter of around 3.5 Å, is bordered by triangular 

Ca
2+

 ions (denoted Ca(II)), and hosts the OH groups along the c-axis in order to balance the positive 

charge of the matrix [19]–[21]. 

 

Figure 1.1. Illustration of the structure of hydroxyapatite [22]. 
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The aforementioned Hap allows large variations in compositions, and, as a matter of fact, can be a 

highly non-stoichiometric solid. Stoichiometric Hap (Hap-S) has the chemical formula 

Ca10(PO4)6(OH)2 where the ratio Ca/P is of 1.67. Calcium deficient Hap (Hap-D) has a Ca/P ratio less 

than 1.67 and its chemical formula is Ca10-x(HPO4)x(PO4)6-x(OH)2-x with 0 < x < 1, and finally 

carbonate-rich hydroxyapatite (Hap-E) with the chemical formula Ca10−x(PO4)6−x(CO3)x(OH)2−x, or 

Ca10-yNay[(PO4)6-y(CO3)y][(OH)2-2x(CO3)x] in case sodium is present, has a Ca/P ratio higher than 1.67 

[23], [24]. 

Furthermore, Hap is poorly soluble in water and insoluble in alkaline solutions. It is, however, soluble 

in acids because both PO4
3

 and HO

 react with H

+
 [25], [26]:  

                                         
               (1.1) 

This apatitic biomaterial has attracted much attention in numerous applications due to its varied useful 

properties, which we will strive to clearly outline in the upcoming part. 

1.1.2.2. Properties 

1.1.2.2.1. Adsorption capacities  

The adsorption properties of a material are of significance when exploring environmental remediation 

technologies and the catalytic activity of heterogeneous surfaces. Indeed, on the one hand, the 

adsorbent material can contribute to the removal of pollutants by retaining them on its surface, and on 

the other hand, it can facilitate the catalytic process seeing as an adsorption followed by an activation 

of the reactants on the surface of catalysts constitutes a critical step in catalytic reactions.  

It is well-known that hydroxyapatite possesses great adsorption capacities, a property which favored 

its use in chromatographic columns for the separation of proteins, nucleic acids and viruses [11], [27]–

[34].  

Indeed, literature reports Hap as having two distinct binding sites, C and P sites, present on its surface. 

C sites, which consists of calcium ions are positively charged, and preferentially adsorb acid 

molecules, while P sites which consists of phosphate groups are negatively charged, and preferentially 

adsorb basic molecules [35], [36].  

In addition, hydroxyapatite presents two types of crystal planes, each displaying its characteristic 

atomic arrangement. In fact, whereas the a(b)-planes expose, primarily, positively charged Ca ions, the 

c-planes expose negatively charged phosphate and hydroxyl groups. This fact encouraged researchers 

to examine the possibility of obtaining a selective adsorption behavior, depending on the orientation of 

prepared Hap material. The work of Zhuang et al. [37], demonstrated the validity of this hypothesis, 

since the study of the adsorption of bovine serum albumin (BSA), an acidic protein, and lysozyme 

(LSZ), a basic protein, onto synthesized Hap particles with preferred orientation to the c- and a(b)-

axes, resulted in a high specificity for the adsorption of BSA and LSZ, on a- and c-oriented 

hydroxyapatite, respectively. 

Moreover, it is really important to realize that based on the properties of the adsorbate, it is possible to 

improve Hap’s adsorption performances by simply adjusting certain parameters to better fit the 

required application. For example, a most influential parameter that should be taken into account when 

synthesizing Hap in the aim of utilizing its adsorption properties, is the molar ratio Ca/P. A variation 

of this ratio could either enhance or worsen Hap’s adsorption efficiency, depending on the acido-

basicity nature of the adsorbate. Since an increase of the molar ratio Ca/P would be beneficial in the 
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case of an acidic molecule’s adsorption, yet disadvantageous in the adsorption of a basic compound 

[7]. 

1.1.2.2.2. Acid-base adjustability  

In the field of heterogeneous catalysis, the acid-base properties of solid catalysts are known to play a 

key-role in their catalytic performance; the number and strength of the acid/base sites being crucial 

factors driving the activity and selectivity of many catalytic reactions, not only in acid-base 

transformations but also in reduction and oxidation reactions. 

Hap has the rare property of containing both acid and basic sites in its inherent structure. This property 

is strongly correlated to the Ca/P atomic ratio in the calcium phosphate compound. Thus, it can be 

modified accordingly in order to obtain the desired acidic and/or basic function [38], [39].  

In fact, the higher the Ca/P ratio is, the lower the acid site density and the higher the basic site density 

is. Indeed, at Ca/P ratio of 1.50, Hap acts as an acid catalyst. However, when Ca/P = 1.67, 

hydroxyapatite demonstrates basic behavior; and so, when the Ca/P ratio is between 1.50 and 1.67, 

Hap develops both acidic and basic attributes. Therefore, deficient Haps are considered to be acid 

solids, and the nearer we draw to the stoichiometric apatite (predominantly basic) the more basic the 

solids are. This was verified by various authors through different Hap catalyzed reactions. Studies of 

the reactivity of ethanol over hydroxyapatite revealed an association between the Ca/P ratio of Hap 

catalysts and selectivity to certain products [40], [41]. Ethylene was the main product when the Ca/P 

ratio of the catalysts was low (Ca/P ratio of 1.50), the acid solid catalyzing predominantly the 

dehydration reaction, whereas the best selectivity for 1,3-butadiene was observed for Ca/P ratio of 

1.62, where the apatitic structure displayed a relative balance of acid and basic sites. On the other 

hand, acetaldehyde, the dehydrogenation product of ethanol, was mainly produced over Hap catalysts 

with high Ca/P ratios. Other reactions were also examined and exhibited many similarities to the one 

described previously [38], [39], [42].  

In order to better understand the correlation between the Ca/P ratio and the acid-base properties, it is 

important to note that the acidity of Hap derives from two types of acid sites: Brönsted acid sites and 

Lewis acid sites, illustrated by Silvester et al. [38] in Figure 1.2. HPO4
2-

 species act as the former 

while Ca
2+

 or HO
-
 vacancies result in the latter. This explains why calcium-deficient apatite HapD has 

a higher number of acid sites. This is due to the contribution from HPO4
2-

 groups, abundantly present 

in this type of apatite, or HO
-
 vacancies. Hence, HapD is more acid and contains more Brönsted acid 

sites, when compared to stoichiometric and calcium-rich hydroxyapatite [38], [40], [43]. 

What is more, regarding water decontamination processes which involve, among other things, metal 

trapping on a suitable adsorbent material, surface properties such as surface acido-basicity of the Hap 

matrix can play an important role in determining the predominance of a particular metal 

immobilization mechanism. Hence, it was useful to not only measure the acid-base properties of 

hydroxyapatite in air [38] but also in water [44], since it would serve to evaluate the characteristics of 

Hap’s surface under real working conditions (decontamination of metal-polluted waters). Surface acid 

and basic sites of hydroxyapatite solid can be measured in gas phase by Thermo-Programmed  

Desorption  of  NH3 (TPD-NH3) and of CO2 (TPD-CO2), respectively, whereas in liquid phase, they 

can be assessed by titration with solutions of 2-phenylethylamine (PEA) and benzoic acid (BA), 

respectively. Interestingly, researchers found that even though stoichiometric Hap is a basic rather than 

an acidic material, in water it only exhibits acidic property because Hap’s basic sites are too weak to 

provide it with lively basicity [44].  
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Figure 1.2. Model of 2-phenylethylamine (used as a probe molecule) adsorption over Lewis and 

Brönsted acid sites on the surface of apatites [(δ+) = HO
-
 vacancies] [38]. 

An additional noteworthy point to consider is the possibility of tuning the surface’s acido-basicity by 

cationic and anionic substitutions [38], [39], [45]–[47]. For example, the addition of sodium ions 

causes a slight increase in the basicity of hydroxyapatite materials [39], whereas acidity is largely 

enhanced by replacing HO
−
 by CO3

2−
 anions [46]. As a matter of fact, this remarkable substitution 

aptitude will be further discussed below. 

1.1.2.2.3. Ion-exchange capability 

Ion-exchange is one of the most common and effective treatment methods used in pollution control. 

Through the removal of hazardous ionic impurities and the recovery of toxic and valuable metals from 

hostile surroundings (nuclear waste), ion-exchange materials play an increasing role in waste 

minimization and management.  

This is why it is important to mention that the apatite lattice is very flexible. Thus, it is very tolerant of 

substitutions and allows the presence of defects and vacancies. The substitution can occur in either the 

cationic or the anionic sites. When it comes to the first one, calcium ions can be replaced by different 

metal ions such as transition metals [48]–[52] (Cu
2+

, Mn
2+

, Ni
2+

, Zn
2+

, Cd
2+

, Co
2+

…), alkaline earth 

metals [50], [53] (Mg
2+

, Sr
2+

, Ba
2+

…) and many other cations [50], [54] (Pb
2+

, Al
3+

, La
3+

…).  

However, the determination of the occupation site remains delicate. Indeed, as explained above, there 

are two types of nonequivalent sites when it comes to calcium ions denoted Ca(I) and Ca(II). 

Discerning an ion’s preferential position requires better understanding of the parameters that govern a 

cation’s affinity to a specific site. According to Zhu et al. [50], the preferential occupancy of metal 

ions can be explained mainly by ionic radius and electronegativity of the metal ions, Ca(II) sites being 

preferentially occupied by cations with bigger ionic radius or electronegativity than Ca
2+

. Hence, these 

authors were able to illustrate the reason for all of Cd
2+

 (similar ionic radius but bigger 

electronegativity), Sr
2+

 (similar electronegativity but bigger ionic radius) and Pb
2+

 ions (bigger ionic 

radius and electronegativity) preferential occupancy of the Ca(II) sites in the apatite structure. These 

findings were also verified by other researchers [51], [55], [56] who confirmed larger ions’ stronger 
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preference towards Ca(II) site and smaller ones towards the Ca(I) site and corroborated 

electronegativity’s impact on the distribution of the cations between the two positions.  

Moreover, it is important to discuss the factors that influence the facility of the exchange process. 

Following the results obtained from their work, Wakamura et al. [52] were able to establish that the 

ion-exchange with Ca
2+

 seems to depend more on the cations’ charge density than on its ionic radius, 

an ion with larger charge density displacing more easily calcium ions than an ion of a similar ionic 

size. 

As for anionic substitutions, they involve either HO
− 

or PO4
3− 

ions or both. HO
−
 can be replaced by F

− 

[57]–[61],
 
Cl

− 
[60]–[62],

 
Br

− 
[61], [63], O

2− 
[64] or CO3

2−  
[65], [66]

 
and PO4

3−
 by HPO4

2− 
[67], AsO4

3− 

[68], [69], VO4
3− 

[70], [71], SO4
2− 

[57], SiO4
4− 

[72] or CO3
2− 

[57], [65], [66]. In the case of 

carboapatites, the replacement with carbonate ions can occur at two different sites as can be seen in the 

following formula Ca10−x/2[(PO4)6−x(CO3)x][(OH)2−2y(CO3)y]. The substitution of hydroxyl and 

phosphate ions by carbonate, leads to A and B type carbonated hydroxyapatite respectively [73], [74]. 

Some studies went even further and identified three structural locations for the carbonate ions by 

differentiating between two types of channel positions: type A1 (apatite channel, oriented with two 

oxygen atoms close to the c-axis) and type A2 (stuffed channel position) [75]. It was also shown that 

the location site of CO3
2−

 is strongly dependent on the synthesis method used to prepare carboapatites. 

In fact, type A apatite can be obtained by synthesizing the material at high temperature (∼900 °C) or 

by heating the hydroxyapatite in a CO2 atmosphere at temperatures of 900–1000 °C for 15–144 h, or 

also, by soaking stoichiometric Hap in an aqueous solution saturated in carbon dioxide for up to 2 

months. Conversely, B type carbonated hydroxyapatite results from low temperatures (∼400 °C) 

synthesis by precipitation at elevated pH [46], [76]. 

In short, Hap’s ion exchange capacity has been widely explored in numerous works, in order to 

incorporate certain entities into the apatite structure [48], [54], [55], [77]–[84]. These added substances 

can alter the physicochemical properties of the material and its effectiveness, thus, inducing the 

enhancement of Hap’s catalytic activity and performance all while maintaining its overall structure. 

1.1.2.2.4. Thermal stability  

Thermal stability is one of the determining factors of a catalyst lifetime, seeing as thermal sintering is 

a major cause of irreversible catalyst deactivation. Therefore, when choosing a material to be utilized 

in environmental remediation processes, its thermal stability is regarded as an important consideration. 

Hence, it comes as a significant value that another primary characteristic of hydroxyapatite is its good 

thermal and chemical stability. In fact, it is one of the major reasons that make it an attractive material 

choice and an excellent candidate for biomedical applications [85]–[89]. Hap maintains its stability at 

a wide pH and temperature range. However, it is known to start to decompose into other phases such 

as tricalcium phosphate (TCP; Ca3(PO4)2) at temperatures higher than 800 °C [90]–[93]: 

                                                  

Nevertheless, there are certain factors influencing Hap’s stability and upon which the latter is 

intrinsically dependent. Indeed, among these factors figure the apatite’s stoichiometry as well as the 

synthesis conditions. It has actually been reported that stoichiometry plays a key role in apatite’s 

stability, non-stoichiometric hydroxyapatites (Ca/P ratios different from 1.67) being less thermally 

stable than stoichiometric ones. In fact, research has shown that Hap with Ca/P = 1.68 can reach 
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temperatures up to 1450 °C without decomposing over a period of 3 h, consequently making 

stoichiometry a most looked-for criteria owing to the stability it provides at high temperatures [94]–

[96]. Furthermore, Fang et al. [97] found an optimum thermal stability (up to 1370 °C) for Hap 

samples prepared by hydrothermal method, whereas Hap synthesized by hydrolysis of brushite started 

to decompose at about 700 °C. In a different study, calcium phosphates which were synthesized by a 

modified wet chemical precipitation route where calcium hydroxide was homogenized with planetary 

mill resulted in a highly thermally stable (up to 1300 °C) hydroxyapatite, hence, demonstrating the 

effect of synthesis parameters on the apatite’s stability [98]. 

Moreover, the incorporation of ions into the hydroxyapatite structure can also affect the crystal lattice 

properties, therefore enhancing or diminishing Hap’s thermal and chemical stability. For example, the 

introduction of fluoride ions into the apatite lattice (Ca10(PO4)6(OH)2-2xF2x) with varying amounts (x = 

0, 0.2, 0.4, and 1.0, in HA, HA02F, HA04F and FA, respectively) improves the thermal and chemical 

stability when x > 0.4 by hindering the decomposition process, as evidenced by Figure 1.3, and by 

ameliorating Hap’s corrosion resistance [99]–[110]. Other substitutions can, on the contrary, reduce 

the material’s stability by increasing its solubility such as strontium, magnesium, manganese, and 

carbonate substitutions [111]–[113]. 

 

Figure 1.3. TGA (thermogravimetric analysis) data of HA (hydroxyapatite), FHA (fluorine-

substituted hydroxyapatite: HA04F and HA02F) and FA (fluoroapatite) powders heated to 1400 °C in 

dry air [104]. 

1.1.2.3. Factors that make Hap an environment-friendly material 

Hydroxyapatite is considered to be an environment-friendly material for many reasons, among which 

figure its non-toxicity and biocompatibility. This latter, combined with its excellent osteoconductive 

property, have led to Hap playing a vital role in clinical applications such as drug delivery [114], bone 

tissue regeneration [115], as well as various other fields which help in reducing the environmental 

pollution.  



21 
 

Besides its intrinsic properties and environmental applications, another aspect makes this calcium 

phosphate compound particularly attractive from an environmental point of view. It is actually its 

capacity to be derived from natural sources, and more precisely from waste. Indeed, Hap has been 

successfully obtained from animal waste such as fish bones [116]–[118], chicken bone [119], fish 

scales [117], [120]–[123], eggshells [124]–[126], and mussel shells [127], all of which were found to 

constitute important bioresources for hydroxyapatite production. Nonetheless, it is important to 

mention that hydroxyapatite derived from natural sources differ from synthetic Hap in terms of lower 

purity, higher degree of substitution and deficiency, lower specific surface area value (4.49 m
2
.g

-1
 for 

natural phosphates [128] while that of synthetic Hap can attain 100 m
2
.g

-1
 and more) and 

consequently, poorer sorption capacities [128]–[135]. Indeed, bio-sources of Hap contain small 

amounts of inorganic compounds other than Hap, such as Ca4O(PO4)2, NaCaPO4, Ca3(PO4)2, CaO, and 

MgO. In addition, through Hap’s substitution ability, natural apatite contains some fluoride or chloride 

in place of hydroxide and some metal ions (aluminum, iron, copper, zinc…) in place of Ca
2+

.  Finally, 

organic matters are also present within natural apatitic materials. All of these alterations in the 

compound’s purity and therefore in the obtained Ca/P value [128], [132], can have a direct influence 

on the efficiency of hydroxyapatite used in environmental remediation applications. This is why, a 

pre-treatment of naturally derived Hap is usually conducted before its use, in order to eliminate 

remaining organic matter and attain a pure hydroxyapatite phase, which would result in a Hap material 

with comparable properties and efficiency as synthetic hydroxyapatite.   

What is important to understand is that this generation of Hap from waste does not only offer 

economic benefits since it relies on the use of cheap, natural, and undesirable materials, but also, 

contributes in achieving a sustainable development by being an active part in the global waste 

management process. In other words, solids which would have accumulated, creating thus a pollution 

source, endangering human, animal, and vegetation’s health, are in this way being utilized for the 

production of very sought-out product. 

All of the above cited factors lead to hydroxyapatite being branded an environment-friendly material, 

making it very suitable for different environmentally related applications. In fact, hydroxyapatite has 

found numerous applications as adsorbent for wastewater and soil treatment. It was shown to not only 

be highly efficient in metal [44], [136]–[157], inorganic [158]–[164] and organic compounds’ [165]–

[169] removal, but to be also superior to other conventional adsorbents such as activated carbon [170], 

[171], zeolite [167], silica [162], [167] and others [146], [162], [167] due to Hap’s formerly indicated 

remarkable properties. However, as mentioned before, the present report will be solely focused around 

the use of Hap in the field of catalysis in the aim of environmental remediation.  

1.1.3. Hap in catalytic reactions 

1.1.3.1. As a catalyst and photocatalyst 

Volatile organic compounds (VOC), emitted from a variety of sources including industrial processes 

and transportation activities, constitute a well-known class of air pollutants. One of the most effective, 

inexpensive and environmentally compatible solutions for the removal of these pollutants is their total 

oxidation in the presence of a catalyst. The advantages of catalytic oxidation on thermal oxidation are 

the reduction of energy consumption since the catalyst lowers the oxidation temperature, and the 

promotion of efficiency since it directs the selectivity towards the desired products (CO2 and H2O).  

Among said VOC, formaldehyde (HCHO), which is a short-chain oxygenated compound, is 

recognized as being a carcinogenic VOC and thus a major hazard to human health. Although HCHO 
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catalytic oxidation is usually carried out over precious metal catalysts such as platinum or palladium, 

recent studies have shown that hydroxyapatite is not just catalytically active in the combustion of 

formaldehyde but that it also exhibits an excellent performance at room temperature, which makes this 

non-precious metal catalyst an ideal candidate for HCHO removal [172], [173]. Furthermore, when the 

activity of hydroxyapatite was compared with that of a supported precious metal catalyst, 

Pd (3 wt%) / γ-Al2O3, results revealed that at room temperature the conversion of formaldehyde was 

ca. 45% for Hap, only slightly lower than for the Pd catalyst (ca. 57%). However, while formaldehyde 

conversion over Hap remained stable at 45% for the first 2 h of reaction at room temperature before 

dropping to 28% after running for 10 h, the catalytic activity of Pd-based catalyst decreased rapidly 

from 57% to 33%. Finally but most importantly, Hap displayed higher mass-specific and turnover rate 

values than Pd (3 wt%) / γ-Al2O3; all of which goes to demonstrate hydroxyapatite’s good catalytic 

performances (good activity and stability) when it comes to HCHO combustion under ambient 

conditions [172]. It should be noted that Hap’s catalytic activity was attributed to the hydroxyl groups 

bonded with the channel Ca
2+

. Indeed, these groups would play an important role in 

activating/oxidizing the formaldehyde compound, assisting thus the catalytic process. 

Hap was, in addition, tested as a possible catalyst for the oxidation of other VOC, namely gaseous 

toluene, ethyl acetate and iso-propanol [24], and was found equally active in the oxidative 

decomposition of these volatile organic compounds at 400–500 °C. In fact, in this case, the oxidation 

of the studied organic compounds was instigated by the activation of oxygen due to the electron 

trapped on vacancy in Hap, this electron being generated by thermal excitation. 

On another note, chlorinated organic compounds, whose treatment is vital in order to prevent their 

harmful effects on the environment and health, have also found a viable catalyst option in 

hydroxyapatite. In fact, calcium deficient Hap manifested a good performance in the oxidative 

decomposition of trichloroethylene vapor at 400–500 °C and was able to capture as well the Cl species 

since only a small amount of HCl was found in the effluent gas [174], [175]. It was supposed that Cl
- 

would replace HO
-
 in hydroxyapatite, producing thus chloroapatite. The same was shown to be true in 

the study conducted by Nishikawa et al. [176], where chlorobenzene was oxidatively decomposed at 

400–500 °C, over calcium deficient Hap (DAp), with the major part of Cl being seized by the calcium 

phosphate catalyst according to the data reported in Table 1.1. 

Just as Hap was proven to be a performant catalyst in the previously mentioned fields, it was also 

revealed to display good photocatalytic activity whether combined with other photocatalytic materials 

[177]–[194], or undoped [195]–[200]. Indeed, it was explained that under UV irradiation the electronic 

state of the surface phosphate group will be altered and produce a vacancy on hydroxyapatite, and then 

an electron transfer occurs from the vacancy formed in apatitic structure to atmospheric oxygen 

present on Hap resulting in the formation of O2
.-
 radicals, which will oxidize the pollutant compounds 

[201], [202]. Thus, the addition of Hap improved the photocatalytic performance of commonly known 

photocatalysts such as TiO2 [177]–[180]. In fact, TiO2/Hap composite proved to be highly efficient in 

the photodegradation of dyes [177]–[180] and organic pollutants such as pentachlorophenol [187] and 

formaldehyde [188]. Moreover, TiO2/Hap composite was shown to be highly active in photocatalytic 

nitric oxides (NOx) removal [190]–[192] where it demonstrated a superior photocatalytic activity 

compared to pure TiO2 component. This improved behavior, acquired by hydroxyapatite incorporation, 

was credited to an enhanced chemisorption of NO due to a greater amount of surface OH groups, as 

well as to higher separation efficiency and faster transfer of the photo-generated electron-holes pairs. 

Furthermore, it should be noted, that a study examining undoped hydroxyapatite has demonstrated that 

the latter manifested a better performance in the photocalatytic degradation of the 17α-

methyltestosterone hormone than TiO2 and nickel or copper-doped Hap [198].  
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Up until this moment, we have reported the use of Hap in catalysis as a catalyst and photocatalyst, and 

demonstrated its added value in each of these departments. However, one important aspect of the 

catalytic applications of Hap remains to be seen, which is none other than the use of hydroxyapatite as 

a support for an active phase in various environmentally oriented catalytic reactions. 

Table 1.1. Cl
-
 amounts in fresh and reacted DAp

[a]
 [176]. 

 Cl
-
/DAp (mg.g

-1
) A/B

[c]
 

 (A) Found (B) Calcd
[b]

 % 

Fresh None - - 

Reacted 1.6 1.86 86 

[a] Reaction conditions: chlorobenzene = 40.1 ppm (v/v); DAp = 1 g; reaction temperature = 450 °C. [b] 

Theoretical amounts when the DAp was completely chlorinated with chlorobenzene reacted. [c] Cl
-
 amount 

in DAp to Cl amount in decomposed chlorobenzene. 

1.1.3.2. As a support for an active phase 

Due to its textural and structural characteristics, hydroxyapatite is of considerable interest as catalyst’s 

support in numerous oxidation processes. In fact, in alkane oxidation reactions such as methane 

combustion, Hap’s tunable acidic and basic properties were found to be of particular consequence on 

the catalytic activity. Previous studies had shown, that catalysts’ basic sites could be held responsible 

for the activation of methane. This, therefore, explains the choice of hydroxyapatite as metal carrier in 

several works [81], [203]–[205]. A study conducted by Boukha et al. [205], using Pd loaded Hap, led 

to results with similar performance in methane’s oxidation to that of conventional Pd/Al2O3 catalysts, 

thus, proving the apatite material’s efficiency as a carrier in this reaction. In addition to 

hydroxyapatite’s modulable acid/base properties, its relatively high surface area came into play in the 

oxidation of 1,2-dichloroethane, catalyzed by cobalt supported on Hap [206]. Tests showed that the 

good dispersion of cobalt active species, led to a significant improvement in the catalytic activity, 

when compared to bulk Co3O4 catalyst.  

As for aromatics and aldehydes’ combustion, in a work conducted by Wang et al. [207], 

hydroxyapatite was reported to enhance the thermal stability of gold against sintering. A detailed 

examination showed that apatite’s phosphate groups were the source of gold nanoparticles 

stabilization at lower temperature (≤400 °C), while hydroxyl group were at the origin of higher 

temperature stability (≤600 °C). To better point out Hap’s stabilizing effect, a comparison was made 

between Au/CeO2/Hap and Au/CeO2 catalysts, both calcined at 600 °C, in formaldehyde oxidation 

reaction. Results indicated a high HCHO conversion for the Au/CeO2/Hap material (98% conversion) 

in opposition to Au/CeO2 that only gave 5% HCHO conversion because of its poor stability in regard 

to sintering. Furthermore, toluene’s total oxidation, assessed over various metals supported on 

hydroxyapatite, led to the conclusion of oxidation activity being related to the high dispersion of active 

species as well as the carrier’s acid characteristics. In fact, the support’s acidic centers heighten the 

prospect of an electrophilic attack of adsorbed oxygen, hence, the oxidation of toluene molecules; the 

electrons trapped in Hap’s vacancies are considered as accountable for oxygen activation. Indeed, 

palladium loaded on hydroxyapatite were more performant than Pd supported on classical alumina in 

total toluene combustion. The specific rates on apatites supports were four to six times higher even 

though the palladium content was lower on Hap (0.25 wt% of Pd on Hap vs 0.4 wt% of Pd on Al2O3) 
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[23]. This was also true when the active phase used was manganese. The toluene conversion increased 

when passing from Mn supported on alumina (Mn-Al) to the one supported on hydroxyapatite 

(MnNit-Hap and MnAc-Hap), and that no matter the nature of the precursor used (manganese nitrate: 

MnNit or manganese acetate: MnAc) to incorporate manganese active species on Hap (Figure 1.4) 

[208]. Besides, a paper examining the total oxidation of toluene over Cu supported on Hap materials 

[209] revealed good catalytic activity for very low Cu loadings (2.5 wt%), which was correlated with 

the presence of acid sites with a moderate strength, provided by none other than the hydroxyapatite 

support, as well as finely dispersed CuO species on the Hap. Hydroxyapatite’s acidic properties were 

also found to be responsible for methanol’s activation in a study conducted by Aellach et al. [210] 

over calcium-deficient and stoichiometric hydroxyapatites promoted by cobalt, for the catalytic 

oxidation of methanol. Indeed, the authors found that while the redox properties of Co3O4 entities 

formed on the catalyst’s surface were mainly responsible for the catalytic activity of the supported 

material, an enhancement in the catalytic performances could be noted when replacing a 

stoichiometric Hap support with a calcium-deficient one. The specific role of this Ca-deficient support 

in that particular case was explained by the presence of surface acid sites in the form of HPO4
2- 

species 

and surface cationic vacancies, believed as accountable for methanol activation at low temperature, 

resulting thus in improved catalytic activity. Moreover, Hap’s ion-exchange capacity, as well as its 

great recyclability permitted for a synthesized Cu doped Hap catalyst to be reused in the oxidation of 

formaldehyde without significant loss in its catalytic activity [211]. 

 

Figure 1.4. Toluene conversion over the catalysts (GHSV = 30,000 mL.h
−1

.g
−1

; 800 ppmv toluene in 

air) [208]. 

Studies for the applicability of hydroxyapatite supported gold in CO elimination processes, were 

conducted by several researchers [212]–[219]. The aim was to find a support whose properties would 

amplify the reactivity of nanosized gold. As already mentioned above, Hap succeeded in enhancing 

the stability of Au nanoparticles creating a highly durable catalyst. This renders the apatitic material an 

ideal alternative to metal oxide supports such as CuMn2O3 and TiO2, hindered by a rapid deactivation 

caused by Au crystals’ growth; these carriers becoming thus, unsuitable for long term use [215]. What 
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is more, Domínguez et al. [214] revealed Hap’s implication in the enhancement of the catalytic 

activity, in the oxidation of CO at room temperature. Apparently, structural vacancies in the apatite 

structure can activate oxygen to produce peroxide species which are behind CO’s room temperature 

oxidation. 

Besides Hap’s use as a support for catalysts applied in the oxidation of toxic pollutants, it was also 

employed as carrier material for catalysts examined in the reduction of NOx [48], [78], [220]–[225], 

where owing to its ability to highly disperse active species [48], [78], [220] and good basic properties  

[221]–[223], hydroxyapatite proved to be more conductive than a series of traditional supports (Al2O3, 

TiO2, SiO2, ZrO2, TiO2–ZrO2 and Ga2O3) for achieving high DeNOx activity. 

Moreover, Hap aroused considerable interest in view of its potential use as host material for 

compounds employed in hydrogen production, derived either from hydrides’ hydrolysis [226]–[232] 

or  methane conversion [233]–[237]. Indeed this support’s flexibility via its high ion-exchange ability 

resulted in catalysts being more efficient when supported on Hap solid than on other materials. 

Finally, the suitability of Hap as support for desulfurization processes was also confirmed through 

several works [80], [238]–[240]. These researches showed that in the case of apatite supported NiMo 

catalysts, the presence of superficial HPO4
2-

 groups and related surface defects, which by acting as 

grafting sites of Ni-Mo oxides facilitate the dispersion of these active species, were at the origin of this 

material’s higher activity when compared to industrial alumina supported NiMo catalyst, despite 

having lower specific surface area. 

 

All of the aforementioned appraisal of Hap’s role in environmental remediation culminates in one 

single fact: hydroxyapatite is a perfectly suitable, and highly promising bio-inspired material for 

various environmental applications. The unique features of this material accord it with exceptional 

carrier traits resulting in the enhancement of catalytic performances. Therefore, in the particular case 

of toluene total oxidation, which is the target reaction of the current work, Hap will be used as host to 

selected active species. The reasons that inspired the choice of these active species will be the focus of 

the upcoming section. 

1.2. Choice of Cu-Mn as active phase 

1.2.1. Mn-based catalysts for toluene total oxidation 

As is commonly known, the choice of catalyst is crucial in catalytic oxidation technology. Indeed, to 

attain high efficiency for toluene elimination and high selectivity towards target products (CO2 and 

H2O), the development of economical and efficient catalysts is required. While noble metals-based 

catalysts have been shown to exhibit great catalytic activity in toluene total oxidation [23], [241]–

[243], their high price and low-resistance to poisons [244]–[246] limits their applicability. 

Alternatively, transition metal oxides appear as more attractive substitutes due to their low cost and 

high resistance to poisons, despite being slightly less active than noble metals in most cases.  

Among the transition metal oxides, manganese oxides have attracted much attention in recent years 

due to their excellent performances in the removal of VOC. A study conducted by Lahousse et al. 

[247] has shown that γ-MnO2 manifests even better catalytic activity than supported noble metal solid, 

Pt/TiO2, for the removal of various VOC. Regarding, the total oxidation of toluene, both bulk [248]–

[261] and supported Mn oxides [208], [262]–[274] have proven to be highly efficient catalysts, owing 
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to a combination of factors, namely their strong oxygen storage/release ability and excellent redox 

properties. In fact, MnOx-based materials revealed enhanced catalytic performances compared to other 

transition metal oxide-based solids, in the removal of toluene. For instance, in the case of bulk MnOx 

catalysts, manganese oxide demonstrated higher catalytic activity than both iron oxide [251] and 

cerium oxide [258] in the total oxidation of toluene; even more interestingly, the work of Sihaib et al. 

[255] showed manganese oxide to be more active than commercial Pd/Al2O3 catalyst in low 

temperature range (< 225 °C) because of its very high reducibility. Furthermore, in terms of supported 

Mn oxide solids, several studies performed over metal oxides supported on clinoptilolite-type zeolite 

[269], [270] indicated that among the various clinoptilolite-supported transition metal oxides (MnO2, 

Co3O4, Fe2O3, CuO) which were tested in the catalytic incineration of toluene, it was the one bearing 

manganese oxide that turned out to be the most active and durable. The authors attributed the 

improved catalytic performance to a higher acidity of the surface of the Mn-based compound 

compared to the other tested catalysts; the acid property being in other words enhanced by MnO2 

incorporation. In addition, an investigation of toluene oxidation at room temperature over HZSM-5-

supported Mn and Ag materials [271], revealed greater catalytic activity in the case of Mn/HZSM-5. 

This was explained as being due to a higher ratio of oxygen vacancies over lattice oxygen (OV/Ol, 

determined by X-ray photoelectron spectroscopy (XPS) analysis) on Mn/HZSM-5 catalyst compared 

to Ag/HZSM-5, leading to an improvement in the mobility of lattice oxygen as well as the generation 

of reactive oxygen species, which ultimately resulted in enhanced activity in toluene oxidation 

process. 

On another note, it has been demonstrated that for supported manganese oxide catalysts, the nature of 

the used support produces a significant effect on the catalytic activity of the resulting material in 

toluene total oxidation. Indeed, previous works examining the influence of the support on the catalytic 

behavior of Mn supported catalysts [264], [273], [274] have shown that among several materials 

including Al2O3, SiO2, TiO2, ZrO2, and MCM-41, the use of alumina as carrier is more beneficial for 

the obtained catalytic performances. Jung et al. [274] ascribed this to the fact that Mn supported on 

alumina exhibits higher OV/Ol ratio than when supported on other type of materials.  

However, a recent study conducted by Chlala et al. [208] has shown that manganese oxide supported 

on hydroxyapatite has proven to be even more efficient than alumina supported MnOx solid. This 

finding was rationalized as being the result of a difference in the nature of the active phase, induced by 

a change of the support. In fact, as has been reported in the previous section on hydroxyapatite 

material, one of the remarkable characteristics of Hap is its ion-exchange ability. Hence, in this 

particular case, a diffusion of manganese into the support, mainly as Mn
2+

 (by substitution of Ca
2+

 

cations) leads to surface enrichment in calcium ions which promotes the formation of well-dispersed 

Mn species, resulting thus in an enhanced toluene oxidation performance.  

Therefore, the choice of an Mn-based material on the one hand, and of a hydroxyapatite support on the 

other, appear to constitute a fitting combination in the project of developing an efficient catalyst for 

toluene total oxidation.  

1.2.2. Cu-based catalysts for toluene total oxidation 

Besides manganese oxide, another transition metal oxide was found to be high-performing in the 

complete oxidation of toluene. It is none other than CuO. Indeed, the work of Wang et al. [275], [276] 

revealed that when a screening for the optimal catalyst was conducted among different metal species 

(Cu, Fe, Mn, Cr, Co, Mo, Ni) supported on γ-Al2O3 materials, examined in the catalytic incineration of 

toluene, CuO/γ-Al2O3 was found to be the most active of seven catalysts tested. The authors attributed 
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the higher activity of CuO/γ-Al2O3 to an enhanced adsorption capacity of toluene and O2, resulting 

thus in an increase of toluene conversion efficiency. In another study conducted by Kim [277], 

investigating the catalytic activity of metals (Cu, Mn, Fe, V, Mo, Co, Ni, Zn)/γ-Al2O3 in the complete 

oxidation of toluene, the superior activity of Cu loaded on γ- Al2O3 was once again demonstrated, 

when compared to that of the other materials probed. In fact, the activity of alumina supported metal 

oxide compounds, with respect to the metal used, was observed to follow the sequence: Cu > Mn > Fe 

> V > Mo > Co > Ni > Zn. Saqer et al. [278] who also explored the effect of the nature of metal oxide 

employed in Al2O3-supported MxOy catalysts (MxOy = CuO, MnO, V2O5, Cr2O3, CeO2, MgO, Nd2O3, 

CsO, ZrO2) on toluene conversion efficiency remarked that CuO/Al2O3 was by far the most active 

catalyst in the tested MxOy/Al2O3 series. The authors stated that the activity of this set of catalysts was 

essentially determined by the redox properties of MxOy species, meaning that CuO being the most 

reducible among the metal oxides assessed is what led to CuO/Al2O3 being the most active material in 

the series. Other works on silica [279] and titania [280] -supported copper oxide evidenced yet again 

the benefits gained in terms of catalytic activity by choosing Cu over other metals, which was ascribed 

as being due to the formation of well-dispersed copper species on the surface of the support. 

Similarly to Mn-based materials where the nature of the support has great consequence on the 

performance of the resulting catalyst, the choice of carrier compound exerts a great influence on the 

catalytic efficiency in the case of supported copper oxide solids as well. Indeed, in an investigation 

carried out by Wang et al. [276] over Cu supported catalysts applied for the complete combustion of 

toluene, four different supports (CeO2, γ-Al2O3, TiO2, and V2O5) were examined in order to define the 

optimal combination. Results revealed CuO/CeO2 to be the most active among the tested materials 

followed by CuO/γ-Al2O3. The better performance of CuO/CeO2 and CuO/γ-Al2O3 catalysts was 

attributed to better dispersion of the active species and enhanced adsorption of reactants (O2 and 

toluene). The importance of obtaining well-dispersed Cu
II
 entities on the carrier’s surface was further 

confirmed by the observations made by Kim [277] which indicated that the catalytic activity of 

copper-based solids supported on different materials (γ-Al2O3, TiO2, SiO2) follows the same sequence 

as that of copper dispersion degree on those carrier materials; both going thusly: γ-Al2O3 > TiO2 > 

SiO2. The variance of Cu dispersion with respect to supports was credited to strong metal-support 

interaction (SMSI), which when enhanced, depending on the nature of the support, causes a decrease 

in copper particle size and hence an increase in copper dispersion. A comparison between the catalytic 

performances towards toluene total oxidation of Cu dispersed on FAU Zeolite and ZrO2 supports, 

showed that copper had a better affinity for zirconia which was correlated with the oxygen mobility 

property of the carrier leading to easily reducible CuO particles [281]. Moreover, when the oxygen 

mobility characteristic was further improved by adding yttrium to ZrO2 support, the efficiency of the 

Cu-bearing material became even greater than before.  

Many more examples showcasing the impact of the support on the behavior of Cu-supported catalysts 

have been given in literature. As a way of summarizing the data previously recorded regarding this 

subject, an overview of the catalytic properties (T50) of the various Cu-based materials (various metal 

loadings and supports) obtained in the total oxidation of toluene (various concentrations) are reported 

in Table 1.2. This extensive survey calls attention to the great catalytic activity exhibited by Cu 

dispersed on Hap, examined in the study conducted by Chlala et al. [209], in which the good catalytic 

performance was attributed not only to the presence of well dispersed CuO species but also to the 

contribution of Hap in toluene activation, by means of its weak acid properties. This makes the use of 

hydroxyapatite-supported copper catalyst seem as an attractive solution for the removal of toluene 

molecules. 



28 
 

Table 1.2. Literature reported data on Cu-based catalysts examined in toluene total oxidation. 

Catalyst Cu loading (wt%) Toluene (ppm) 
VHSV [a] (m3.kg-1.h-1) 

[GHSV [b] (h-1)]  
T50 

[c] (°C) Reference 

Cu/Hap   2.5 800 30 [15000] 215 [209] 

Cu/γ-Al2O3 5 900 6 275 [277] 

Cu/γ-Al2O3 5 4000 [4500] 277 [276] 

Cu/γ-Al2O3 15 1000 200 305 [282] 

CuO/γ-Al2O3 10 930 [40000] ≈ 330 [283] 

CuO/γ-Al2O3-Cord 10 930 [40000] ≈ 337 [283] 

CuO/Cord 10 930 [40000] ≈ 340 [283] 

Cu/SiO2 5 900 6 ≈ 325 [277] 

CuO/SiO2 10 880 [1.2] ≈ 317 [279] 

CuO/SBA-15 10 880 [1.2] ≈ 325 [279] 

Cu/SBA-16 9 880 [1.2] ≈ 337 [284] 

Cu/TiO2 20 300 36 182 [285] 

Cu/TiO2 5 4000 [4500] ≈ 327 [276] 

Cu/TiO2 5 900 6 ≈ 283 [277] 

Cu/NaFAU 5 1000 60 ≈ 253 [281] 

Cu/ZrO2 5 1000 60 ≈ 245 [281] 

CuO/Ce0.8Zr0.2O2 8 4400 [33000] 207 [286] 

Cu/CeO2 5 4000 [4500] ≈ 207 [276] 

Cu/V2O5 5 4000 [4500] ≈ 352 [276] 

CuO/HCLT 9.5 1000 [15000] 330 [269] 

[a] Volume hourly space velocity. [b] Gas hourly space velocity. [c] Temperature for a 50% conversion of toluene.  

1.2.3. Binary Cu-Mn based catalysts for toluene total oxidation 

Based on the two previous sections (1.2.1 and 1.2.2) emphasizing the advantages of both Cu and Mn-

based catalysts, the use of a binary copper-manganese oxide looks to be a promising strategy for 

further improving the performance of the materials employed in the total oxidation of toluene. In fact, 

it has already been reported in literature that bulk [287]–[292] and supported [282], [288], [293]–[295] 

Cu-Mn binary oxides can be considered as efficient catalysts in toluene oxidation, for which they 

exhibit higher catalytic activity than the single metal counterparts.  

The good performances of Cu-Mn oxides in toluene oxidation have been said to be due to segregated 

CuO/-Mn2O3, the presence of Cu allowing an enhanced catalytic activity of the manganese oxide for 

which active sites may be derived from the presence of Mn
3+

 in the near surface of the catalyst [292]. 

Other teams ascribed the enhanced catalytic activity to the formation of a mixed copper manganese 
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oxide spinel phase allowing easier electron transfer between copper and manganese cations [288], 

[293]–[295]. Behar et al. [288] reported on bulk Cu1.5Mn1.5O4 particles (10 nm) prepared from 

ionotropic alginate gel able to completely oxidize toluene at  240 °C.  

Cu-Mn binary oxides supported on conventional supports such as alumina [282], [295], [296], titania 

[288], and silica [294], have been studied so far.  

In the case of alumina supported Cu-Mn oxides, Saqer et al. [282] attributed the enhanced catalytic 

activity to the better dispersion of segregated MxOy (M = Cu, Mn) species, their increased reducibility 

(reactivity of surface oxygen), and their lower tendency to form coke deposits under reaction 

conditions. Li et al. [295] reported the best activity for a Cu/Mn atomic ratio of 1 on catalysts 

pretreated with H2 in line with the formation of the spinel phase Cu1.5Mn1.5O4. However, it was found 

that the presence of water vapor had a negative effect on catalytic activity. Wang et al. [296] 

associated improved catalytic activity with the presence of highly dispersed Cu-O-Mn clusters in 

which part of the Cu
2+

 occupies the tetrahedral vacancies (TV) of alumina support, this strong 

interaction between Cu and Mn results in better redox properties. Considering titania, the Cu-Mn 

oxide supported on TiO2 obtained by incipient wetness impregnation shows an overall activity lower 

than for the unsupported Cu1.5Mn1.5O4 [288].  

Considering the silica based support, it was found that MCM-41-supported Cu-Mn oxide showed 

better activity than conventional amorphous silica, -zeolite, and ZSM-5-supported Cu-Mn catalysts 

[294]. It was supposed that highly dispersed Cu-Mn mixed oxides on mesoporous structure possibly 

provide active sites for the complete oxidation of toluene on the mesoporous catalysts.   

On another note, regarding the influence of the variation of the Cu/Mn ratio on the toluene conversion 

activity of these binary oxides, literature results appear to be rather ambiguous on this point. Thus, in 

the case of the studies carried out by Li et al. [295], and Hu et al. [289], on the series of molar ratios 

Cu/Mn = 0.5; 1 and 2, tested for complete oxidation of toluene, the optimal ratio was found to be 1. 

While Wang et al. [296], noted that among the series of Cu/Mn molar ratios ranging from 0.4 to 1.7, 

the optimal ratio obtained corresponded to Cu/Mn = 0.8, signaling, overall, an order of activity which 

would follow the manganese ratio in these bimetallic catalysts. This observation was also made in 

other previous works [297], [298], where the mixed Cu-Mn catalysts rich in Mn, were considered to 

be much more active than those rich in Cu (having a Cu/Mn molar ratio greater than 1). This would 

result from a better activity of the mixed Cu-Mn phases when they are associated with manganese 

oxide phases such as Mn2O3 (mixed catalysts rich in Mn), rather than when they are associated with 

copper oxide phases such as CuO (mixed catalysts rich in Cu). Indeed, according to Lu et al. [298], the 

MnOx phases would constitute the oxygen supply and transmission center, supplying the active phase 

of mixed Cu-Mn oxides with active oxygen, thereby allowing the organic molecules to be completely 

oxidized. Moreover, in the studies which proposed the Cu1.5Mn1.5O4 spinel phase as being the 

catalytically active phase in bimetallic copper-manganese oxides, the better performance of solids with 

a lower copper content was explained by the fact that the excess copper (corresponding to a Cu/(Cu + 

Mn) molar ratio > 0.30), was not incorporated in the spinel phase. Indeed, this excess was rather 

present as a separate phase of CuO, responsible for the decrease in catalytic activity, due to the 

covering of active sites with excessive amounts of copper [299], [300]. Finally, Huang et al. [301] 

found, for their part, that a Cu/Mn molar ratio of 0.5 led to a better oxidation performance of toluene, 

due to the formation of the CuMn2O4 phase, responsible for the catalytic activity of the mixed Cu-Mn 

oxides.  
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Therefore, it would be interesting to disperse both these active metal species (Cu and Mn) on 

multifunctional hydroxyapatite support and to evaluate the impact of varying the Cu/Mn molar ratio 

on the resulting catalytic performances of the obtained Hap supported binary Cu-Mn materials, in the 

complete oxidation of toluene. 

Nonetheless, it would also be of great significance to reexamine the notions that remain either 

unresolved or insufficiently probed, in each of these transition metal (TM) oxides, individually. This 

would help develop high performance Cu and Mn-based catalysts for toluene total oxidation. Matters 

connected with Cu-supported solids will be discussed first, followed by those associated with Mn-

bearing materials.  

1.3. Dispersion of copper species over Cu-supported catalysts 

1.3.1. Effect of Cu loading on the dispersion of Cu entities 

As was shown above the high efficiency of Cu-based catalysts in toluene total oxidation is strongly 

contingent on the good dispersion of copper species on the surface of the support. However, a problem 

is presented regarding the maintaining of a good Cu dispersion when wanting to increase the loading 

of copper within the supported catalyst. Wang [275] examined this particular issue when investigating 

the best choice of catalyst for the incineration of toluene. Indeed, having concluded through his 

research that CuO/γ-Al2O3 was the optimal catalyst among seven other tested, he thought of inspecting 

the repercussions of altering the Cu content (1; 3; 5; 7 and 9 wt% Cu) of this optimal catalyst on 

catalytic performance. It was supposed that with CuO being the active species, an increase in its 

amount would lead to improved catalytic activity. Nonetheless, a continuous rise in the Cu loading 

was not conductive to good toluene conversion efficiency. Indeed, a Cu content of about 5 wt% was 

found to be the most suitable in terms of resulting catalytic performances. A higher amount of Cu on 

the support produced large CuO crystals, worsening the dispersion of CuO species and entailing a 

decrease in the amount of active sites, which thus prompted a decline in toluene conversion. Another 

study also pointed out the difficulty faced by increasing the Cu loading above 5 wt% for alumina 

supported copper catalysts [277]. It was noted that when the copper amount grew from 5 to 15 wt%, 

the evolution of toluene conversion followed, on the contrary, a decreasing trend. Results indicated 

that while Cu loadings lower than 5 wt% are unfavorable for the oxidation activity of the material due 

to the insufficiency of active sites, higher Cu loadings are also catalytically detrimental, but in this 

case because of a change in copper state induced by an increase in Cu amount: copper is mostly 

present as isolated copper ions at 5 wt% loading, these entities being more easily reduced than bulk 

CuO formed at Cu content > 5 wt%. Similar conclusions were drawn by Larsson et al. [280] who 

conducted a study over titania-supported copper oxide catalysts and explained the activity decline 

provoked by an increase in Cu loading with the formation of different types of copper species 

dependent on the Cu amount, one consisting of dispersed Cu
2+

 species possessing high catalytic 

activity for toluene combustion and the other being bulk CuO which contributes little to the sample’s 

activity. An analogous pattern of decreasing activity with increasing copper content was observed for 

copper dispersed on zirconia [302] and zeolite [303] materials, ascribed once again to a decrease in 

CuO species dispersion, these latter becoming less accessible and therefore less active for toluene 

oxidation. 

It should also be highlighted that apart from being instrumental in acquiring good catalytic activity for 

toluene combustion, the formation of well-dispersed Cu species significantly affects the stability of the 

copper-containing material as well. Indeed, Meng et al. [285] declared that an increased dispersion of 

the CuO species can enhance the catalyst’s water resistance.  
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Thus it seems essential that a solution be found for the hurdle caused by the impossibility of increasing 

copper loading without adversely impacting the copper dispersion on the surface of the support; poor 

copper dispersion inducing deterioration in the catalytic performances of the Cu-based materials. In 

the case of hydroxyapatite-supported Cu catalysts, results showed that the highest Cu content viable 

before a problem with obtaining good copper dispersion arises is 2.5 wt% of Cu [209]. Consequently, 

the goal would be to find a way to surpass this so far optimal loading for Cu/Hap materials while 

preserving a good dispersion of Cu
II
 entities on Hap surface. 

1.3.2. Means of enhancing Cu dispersion  

According to all of the previously reported data regarding Cu-based catalysts, generation of highly 

dispersed active copper species is extremely important for the catalytic performances in toluene total 

oxidation. One of the key factors for obtaining high metal dispersed catalysts is choosing a proper 

copper precursor for the preparation of the copper supported material. Indeed, a study conducted by 

Lee et al. [304] revealed that the dispersion degree of copper oxide was profoundly affected by the 

nature of Cu precursor used. Among the three examined precursors (copper nitrate, sulfate, and 

chloride), the one prepared with copper nitrate resulted in the catalyst with the highest activity, due to 

the formation of highly dispersed Cu particles. Furthermore, another work investigating the dispersion 

of copper species on mesoporous silica SBA-15 support indicated a dependence of the dispersion 

behavior of CuO on the type of copper precursor employed, the aggregation of CuO particles 

becoming more and more favorable in the increasing order: nitrate < acetate < chloride [305]. 

Therefore, it does seem that a Cu nitrate precursor constitutes a most appropriate choice if we aim to 

promote the dispersion of copper species on the hydroxyapatite support. 

Another frequently adopted approach, that favors high dispersions of the active phase, is the addition 

of an organic complexing agent to the impregnation solution. In fact, when dispersed in solution the 

copper species tend to aggregate together, increasing thus the Cu particle size and leading towards a 

decline in catalytic activity. It follows then that the selection of a dispersing agent is important in 

preparing highly efficient catalysts, for it determines the properties of the copper-bearing material by 

influencing the size of Cu species formed on the surface of the support. Among the complexing agents 

which have been successfully used for improving the dispersion of Cu entities figures:  

 ethylene diamine tetra acetic acid (EDTA), used as chelating agent when preparing copper 

coating on alumina powder [306].  

 ethylenediamine (en), complexing Cu(II)  ions that were deposited on a silica surface [307]. 

 hexadecyl trimethyl ammonium bromide (CTAB), incorporated into the impregnation solution 

designed for the synthesis of CuO/CeO2 catalyst [308]. 

 β-cyclodextrin, assisting the dispersion of Cu particles on top of mesoporous silica support 

[309]. A further examination of this organic compound will be presently performed. 

1.3.3. β-cyclodextrin 

1.3.3.1. Structure 

Cyclodextrins (CDs) are macrocyclic oligosaccharides that are composed of α-(1,4) linked 

glucopyranose subunits. Cyclodextrins are produced from starch by enzymatic degradation and 

possess a toroid-shaped molecular structure. Cyclodextrins are of three types: α-, β-, and γ-

cyclodextrin which are composed of six, seven, and eight α-(1,4) linked glycosyl units, respectively. 

While the height of the CD cavity is the same (≈ 8 Å) for all three types, the number of glucopyranose 
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units determine the internal diameter of the cavity as ≈ 6 Å, 8 Å, and 10 Å for α-CD, β-CD, and γ-CD, 

respectively, as shown in Figure 1.5.  

The structure of the CDs, together with the particular orientation of the various hydroxyl functions of 

the glucopyranose units, gives them a characteristic amphiphilic character; a relatively hydrophobic 

central cavity lined with carbon and hydrogen atoms, and a relatively hydrophilic exterior filled with 

primary (carried by the C6 carbons around the narrow opening of the cone) and secondary hydroxyl 

groups (carried by the C2 and C3 carbons around the broad opening of the cone) [310], [311].  

 

Figure 1.5. Schematic representations of the chemical structure of β-CD and approximate dimensions 

of α-, β-, and γ-cyclodextrins. From reference [312]. 

Of the three above mentioned types of cyclodextrin, β-CD is the most widely used and represents at 

least 95% of all produced and consumed CDs. This is due to several reasons among which figure 

price, availability, cavity dimensions, etc… What is more, it has generally shown to be the most useful 

in complexation processes [313], [314].  

1.3.3.2. Inclusion complexes and molecule-ion adducts formation 

The amphiphilic character of cyclodextrins accord them with the capacity of forming inclusion 

complexes, with CDs playing the role of host molecules able to include in their cavity hydrophobic 

guests, resulting thus host–guest complexes. Complex formation is a dimensional fit between host 

cavity and guest molecule. Therefore, only an appropriately sized non-polar moiety can enter the 

cyclodextrin cavity to form an inclusion complex. In fact, the latter is not accompanied by the 

formation or break of any covalent bonds, ensuing a non-permanent binding of guest molecules within 

the CD host. Complexes can be formed either in solution or in the crystalline state, and water is 

typically the solvent of choice [311], [314]. By temporarily locking or caging guest molecules within 

the host cavity, cyclodextrins can exert a powerful effect on the physicochemical properties of the 

obtained material. Therefore, the use of cyclodextrins can prove to be really advantageous in the field 

of heterogeneous catalysis. 

In the particular case of copper interaction with cyclodextrins, previous investigations carried out by 

Matsui and co-workers [315]–[317], examining the complexation of Cu(II) ions by β-CD in alkaline 

solutions by means of pH-metric, conductometric titrations and polarimetric measurements have 

shown that an inclusion 2:1 complex between copper (II) and β-CD is formed. The process consisted 

of a cross-linking of the two pairs of deprotonated C2 and C3 secondary hydroxyl groups of adjacent 

glucopyranose units by the =Cu(OH)(O)Cu= ion bridge, as illustrated in Figure 1.6. 
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Figure 1.6. The suggested structure of the Cu(II)-β-CD complex . From reference [316]. 

Another study conducted by Ribeiro et al. [318], in which the authors used electrical conductivity and 

diffusion measurements to inspect the interactions between copper (II) chloride and β-CD, revealed a 

favorable tendency of the β-CD system to incorporate Cu
2+

 in the internal cavity rather than Cl
-
, or for 

the cavity to remain unassociated. This further supported the previous suggestion of a Cu-CD 

inclusion complex. However, it should be stressed out that the works of both Matsui et al. [315]–[317] 

and Ribeiro et al. [318] indicated that the proposed complex would be highly stable in basic conditions 

(due to the deprotonation of β-CD hydroxyl-groups), but not at neutral pH, where the chelating 

property of β-CD would be much weaker.  

Actually, it should be noted that a metal-CD interaction does not necessarily involve the formation of 

an inclusion complex. In fact, the metal ion can react with the hydroxyl groups of the CD molecule 

resulting in a hydroxy-complex which is not an inclusion complex, but rather a supramolecular adduct 

[319]–[321].  

Indeed, the work of Kurokawa et al. [322] probing the interaction of β-cyclodextrin with copper(II) 

chloride in neutral aqueous solutions declared the occurrence of an adduct which is not a guest-

“inclusion” compound but a novel kind of capped CD compound in which the CuCl2 moiety is 

hydrogen-bonded at the rim of the primary-hydroxy side. This notion was later expanded on by Song 

et al. [323] whose research was also centered around the interactions taking place between copper 

chloride and β-cyclodextrin in neutral conditions. Their results evidenced the occurrence of molecule-

ion interactions between β-CD and Cu
2+

 ions as well as Cl
-
 ions, leading to a weakening of ionic bonds 

in CuCl2. 

1.3.3.3. Use as active phase dispersant 

Several authors have demonstrated that the controlled addition of β-cyclodextrin during the 

impregnation step could have a considerable favorable effect on the dispersion and reducibility of 

supported cobalt species and on their catalytic behavior in the complete oxidation of formaldehyde 

[324], [325] and Fischer-Tropsch synthesis [326]. Bai et al. [324] studied the effect of the β-CD to 

cobalt ratio used in the impregnating solution on the overall catalytic performance, and found an 

optimal value of 0.1. Indeed, at this ratio value, a drop in light-off temperature of ca. 15 °C (T50) in the 

oxidation of formaldehyde could be obtained. Based on the optimal ratio of 0.1, which would 

theoretically correspond to approximately 2 OH groups per cobalt ion (seeing as β-CD has 21 OH 

groups in total), these authors suggested a probable formation of adducts of Co
2+

 with β-CD, in which 

the cobalt center would be coordinated to two O atoms of adjacent hydroxyl groups of β-CD. The 

formation of these complexes helped diminish the risk of particle aggregation by preventing the 
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interactions of cobalt ions together, and their subsequent decomposition led to having smaller and 

more reducible supported cobalt oxide particles. What is more, the same group of authors established 

that the nature of cobalt precursor used during impregnation step, and its affinity for β-CD can 

strongly affect the final properties of the cobalt oxide catalysts [325]. Indeed, while a negative impact 

resulted from the co-impregnation of β-CD and cobalt acetate due to a lack of preferential interactions 

between these two, conversely, in the case of nitrate and acetylacetonate precursors, the co-

impregnation of cobalt and β-CD over zirconia induced a promotion of the catalytic activity, by a joint 

effect of an improved Co3O4 particle dispersion and greater cobalt reducibility. 

The impact of β-CD proved to be beneficial as well for nickel based materials. An investigation 

conducted over a series of Ni/Al2O3 catalysts confirmed that the use of cyclodextrins led towards a 

much higher Ni dispersion and narrower distribution of Ni particle sizes, as well as an increase in the 

availability of reduced surface nickel species [327]. This translated into enhanced catalytic properties 

in the direct amination of alcohols. Moreover, employing cyclodextrin-assisted catalysts gave rise to 

better robustness of the solids by lessening the nickel leaching during reaction. Furthermore, CO2 

reforming of methane over Ni/SBA-15 catalysts prepared with β-cyclodextrin during impregnation 

step was also examined [328], [329]. The results revealed that using β-CD generated smaller NiO 

particles that exhibited stronger interactions with the SBA-15 support. These Ni/SBA-15-CD solids 

manifested higher conversions and stronger abilities to resist carbon deposition. 

Finally, Cu loaded MCM-41 and KIT-6 prepared by β-CD assisted co-impregnation method 

(Cu/MCM-41-CD and Cu/KIT-6-CD) for in situ catalytic upgrading of bio-oil derived from the fast 

pyrolysis of biomass was investigated by Karnjanakom et al. [309]. Authors found that using β-CD 

allowed attaining a better dispersion of Cu species on MCM-41 and KIT-6, which led to Cu/MCM-41-

CD and Cu/KIT-6-CD materials showcasing an enhanced catalytic activity for promoting the 

deoxygenation from the bio-oil when compared with conventionally prepared catalysts (Cu/MCM-41 

and Cu/KIT-6). In addition, a CD-assisted co-impregnation can upgrade the anti-coke formation 

ability and stability of catalyst. 

 

The aforementioned data promotes the choice of β-cyclodextrin as complexing agent, to be used in the 

synthesis of Cu loaded on Hap materials, as an instrument for achieving high Cu dispersion for high 

Cu loadings.  

Still, one area of interest is kept pending, revolving around manganese oxide based catalysts. More to 

the point, it regards Mn speciation. The following section will deal with this topic, focusing, on one 

hand, on the role that Mn speciation plays in the catalytic performances outcome, and on the other 

hand, on its susceptibility to the content of Mn employed, in the preparation of Mn supported catalyst. 

1.4. Speciation of Mn 

1.4.1. Effect of Mn speciation on the catalytic performances of Mn-based solids 

tested in toluene total oxidation 

In last decade, considerable efforts have been made in order to enhance the catalytic performance of 

MnxOy materials by focusing on various essential factors, which are valence, phase structure, 

morphology, and particle size. Among these several parameters, Mn valence plays a key role in 

obtaining high performance catalysts. Indeed, numerous studies have shown the catalytic activity of 

Mn-based solids to be decidedly dependent on the oxidation state of manganese [248], [253], [257], 
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[330]. When Kim et al. [248] investigated the catalytic combustion of toluene over different 

manganese oxide catalysts (Mn3O4, Mn2O3, and MnO2), their results revealed a sequence of catalytic 

activity which went as follows: Mn3O4 > Mn2O3 > MnO2. What was deemed to be responsible for the 

improved behavior of Mn3O4 compound was its higher oxygen mobility and surface area, compared to 

the other two MnxOy solids. Moreover, the superior activity of Mn3O4 was again demonstrated in other 

works examining the catalytic conduct of manganese oxides in toluene total oxidation [253], [257], 

[330]. Santos et al. [330] found that while the presence of Mn3O4 favors an increase in the catalytic 

performances due to a rise in the reactivity and mobility of lattice oxygen, that of Mn2O3 leads, on the 

contrary, to an opposite effect. However, it ought to be noted that the activity of hausmannite (Mn3O4) 

can be upgraded even further by the addition of Mn5O8, as has been indicated by the research of Deng 

et al. [257]. These authors signaled that a mixture of tetragonal hausmannite Mn3O4 and monoclinic 

Mn5O8 results in better toluene conversion efficiency owing to a promotion of the oxygen mobility and 

an increase of the amount of surface adsorbed oxygen. Sun et al. [249] focused their investigations on 

manganese oxide octahedral molecular sieves (OMS) among which figures cryptomelane (OMS-2) 

whose chemical composition is KMn8O16. It was stated that what provides cryptomelane with 

excellent catalytic activity in the complete combustion of toluene, is the coexistence of multiple Mn 

valences in its framework (Mn
4+

, Mn
3+

, and Mn
2+

). Besides, Li et al. [251] who conducted an 

evaluation of the toluene conversion efficiency over different manganese oxide catalysts (LaMnO3, 

OMS,  and  Mn2O3) also commented on the impressive oxidation activity of OMS compound for 

which they discerned the best performance, that they ascribed to both higher reducibility and specific 

surface area. 

On another note, in accordance with what was said in the beginning of the preceding paragraph, the 

catalytic performances of MnxOy materials are also contingent on the phase structure of the manganese 

oxide. This was clearly proven by the work of Li et al. [252] in which they evidenced that by varying 

the phase structure of MnO2 the resulting catalytic conduct varies as well. Indeed, among the various 

manganese dioxide polymorphs synthesized (β-, α-, γ-, and δ-MnO2), δ-MnO2 was the most active: the 

catalytic activity in toluene oxidation followed the sequence of β- < α- < γ- < δ-MnO2. The poorest 

behavior of β-MnO2 is largely due its extreme small surface area. Whereas, in the case of α-MnO2, its 

weaker activity compared to that of γ- and δ-MnO2, is a consequence of fewer amounts of Mn
4+

 and 

lattice oxygen on its surface. Last but not least, what confers to δ-MnO2 better catalytic oxidation 

activity than γ-MnO2 resides in its special hierarchical structure which facilitates toluene adsorption on 

its surface. Additionally, this study showed that for MnO2 materials having a δ phase structure, the 

crystallinity degree and morphology also affect toluene catalytic oxidation activity, but to a lesser 

extent than phase structure. Results indicated that a decrease of crystallinity degree and particle size 

contributed in improving the catalytic performances of δ-MnO2.  

The influence of the morphology of manganese dioxide catalysts on the observed catalytic behavior 

was put heavily into focus in a study conducted by Wang et al. [256] in which toluene’s removal 

efficiency was found to decrease in the order of rod-like α-MnO2 > tube-like α-MnO2 > flower-

like Mn2O3 > wire-like α-MnO2. The superior performance of the well-defined morphologically 

manganese dioxide, α-MnO2 nanorods, was attributed to its high oxygen adsorbed species 

concentration and low-temperature reducibility. 

All of the above goes to show the momentous impact that Mn speciation has on the catalytic 

performances of Mn-based catalysts evaluated in toluene total oxidation.  
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1.4.2. Effect of Mn loading on Mn speciation in MnxOy supported catalysts 

examined in toluene total oxidation reaction 

A consensus has thus been reached regarding the clear dependence of the catalytic activity of Mn-

based materials on Mn speciation. However, what literature data has also shown is the existence of a 

direct relationship between Mn loading and the average oxidation state of Mn in supported manganese 

oxide catalysts, which induces a direct influence on the resulting catalytic activity of the Mn-bearing 

compounds, tested in toluene complete oxidation  [263], [268], [272]. 

A paper investigating the effect of four different Mn loadings (1, 5, 10, and 20 wt%) on the total 

oxidation of toluene by ozone using alumina-supported manganese oxide catalysts revealed the 

occurrence of a correlation between the manganese amount and the attained Mn oxidation state [263]. 

This led to obvious disparities in the noted catalytic conduct of the various Mn-based catalysts. It was 

found that the catalysts with lower Mn loadings were more active in toluene conversion, which was 

explained by an activity order of the solids associated with the oxidation state of Mn present in these 

solids. Indeed, results conveyed that catalysts with lower Mn amount, up to 10 wt%, were essentially 

composed of Mn2O3. On the other hand, those with Mn loading greater than 10 wt% were formed by 

mixtures of MnO2 and Mn2O3. Seeing as materials with lower Mn oxidation states are more favorable 

for the instigation of ozone decomposition process due to their higher activity in electrons transfer to 

ozone, it is to be expected that the catalysts with lower Mn loadings would manifest a higher toluene 

oxidation rate owing to their higher rate of ozone decomposition to atomic oxygen.      

Another study conducted by Aboukaïs et al. [268] over titania-supported manganese oxide 

compounds, examined the total oxidation of toluene. It was perceived that the content of manganese 

dispersed on TiO2 exerted a significant effect on the catalytic activity of the obtained material. Among 

the several tested Mn loadings (2.5; 3.5; 5; and 6 wt%), a maximum of activity was noted for the 5% 

Mn/TiO2 catalyst. The authors connected the oxidation activity of the manganese oxide catalysts with 

the reducibility and mobility of oxygen derived from MnxOy phases on one hand, as well as with the 

presence of the redox couple Mn
3+

/Mn
4+

 in the Mn/TiO2 catalyst on the other hand. Given that when 

the amount of Mn is increased further than 5 wt% (6% Mn/TiO2), large particles of Mn2O3 emerge, it 

follows that the catalytic activity decreases with the increase in Mn loading. 

Finally, concerning manganese oxide supported on hydroxyapatite catalysts, Chlala et al. [272] 

showed that the preparation of MnxHap materials with different Mn loadings (x = 2.5; 5.0; 10; 20; and 

30 Mn wt%), resulted in a divergence in the observed catalytic performances, Mn10Hap being the one 

to exhibit the best resistance to deactivation among the tested solids. X-Ray Photoelectron 

Spectroscopy (XPS) results indicated an increase in manganese average oxidation state going hand in 

hand with that of Mn content in MnxHap solids. Thus, a scheme was proposed which consisted in an 

initial incorporation of Mn
2+

 into Hap, succeeded by manganese dispersion on the Hap surface, 

eventually leading to the formation of Mn2O3/ε-MnO2 particles (identified by XRD analysis) when Mn 

loading increases beyond a certain value (10 wt% Mn).  

 

As can be seen, more work needs to be done to thoroughly evaluate the effects of Mn speciation on 

toluene conversion efficiency of Hap supported Mn catalysts. In addition, a more rigorous appraisal of 

the influence of Mn loading on the nature and location of produced Mn species ought to be performed, 

via analysis techniques, suitable for carrying out this type of study. 
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Finally, in conclusion to this chapter, a presentation of the methodology which guided this thesis’s 

work will be carried out below. 

1.5. Objectives and strategies adopted for this thesis 

As already mentioned earlier, previous work investigating the use of copper and manganese oxides 

supported on hydroxyaptite using wet impregnation process, showed good activity and selectivity 

towards CO2 for both of these transition metal oxides based materials, in the catalytic oxidation of 

toluene [208], [209]. Moreover, a study of the effect of Cu and Mn content on the catalytic 

performances of these solids in the targeted catalytic reaction, revealed that the best performances for 

toluene oxidation in terms of T50 (°C) could be achieved in the case of copper supported Hap for Cu 

loading of 2.5 wt% (215), whereas in the case of Mn, it is attained at 10 wt% (220).  

Therefore, the aim of this thesis work is to optimize the preparation method and experimental 

conditions that are used, in the hope of enhancing the catalytic performances of these TM oxides in 

toluene’s total combustion. 

As a first attractive strategy for improving the performances of the catalysts, synthesis of binary Cu-

Mn oxides, which have already been reported in literature to be efficient catalysts for VOC oxidation, 

will be conducted. An investigation of the behavior of binary Cu-Mn/Hap catalysts, accompanied by a 

comparison of their activity with that of the single oxide counterparts in toluene’s removal process, 

will take place. This would either confirm or disprove the hypothesis of a synergistic interaction 

between Cu and Mn. Moreover, an evaluation of the effect that varying the Cu/Mn molar ratio 

(Cu/Mn = 2; 1; 0.5) can have on the Cu-Mn oxide catalysts will be carried out, in order to determine 

the optimal Cu/Mn ratio for these hydroxyapatite-supported materials (chapter III).  

The second strategy for upgrading the catalytic behavior of these TM oxide based catalysts, and more 

precisely the Cu supported Hap materials, is to ameliorate the dispersion of copper species on the 

apatitic support through the use of organic complexant, β-cyclodextrin. Not only will the properties 

and catalytic performances of the resulting materials be examined (chapter IV), but a comprehensive 

study into the role played by β-CD during Cu/Hap synthesis will also be performed, monitored by 

Raman and ToF-SIMS analysis (chapter V).  

Finally, a probing of manganese speciation in Mn-based catalysts will be the focus of chapter VI. 

Indeed, Mn/Hap solids, prepared with various manganese loadings (2.5; 5; 10; and 20 wt% of Mn), 

will be characterized by different physico-chemical techniques, among which figure XRD, Raman, 

XANES, H2-TPR, and XPS. The results derived from these several methods will be compared with 

those obtained for different MnxOy reference compounds, which have been synthesized in the current 

work, offering thus an extensive database that will be conductive for drawing appropriate conclusions. 

This will lead towards a better understanding of the nature of active Mn species involved in the 

catalytic oxidation of toluene, allowing for future optimization of the highly promising Mn/Hap 

catalytic system. 
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Chapter II: Experimental Protocols and Techniques: synthesis, 

physicochemical characterizations and catalytic tests 

2.1. Materials preparation 

2.1.1.  Synthesis of the stoichiometric Hap support 

Stoichiometric hydroxyapatite, with a Ca/P molar ratio of 1.67, was prepared by a co-precipitation 

technique [1], according to the following equation: 

                                                                       (2.1) 

150 mL of an aqueous solution of Ca(NO3)2.4H2O (0.0835 mole, Riedel-de Haën, purity ≥ 98%) was 

added dropwise to 500 mL of a NH4H2PO4 solution (0.05 mole, Fluka; purity ≥ 99%) under stirring. 

The pH was maintained at 10 by properly adding ammonia (25%; Scharlau) to the reaction media. The 

procedure was conducted under reflux. A white precipitate is obtained. The maturation duration was 

1 h under constant stirring. After filtration, washing with hot deionized water, and drying (80 °C for 

18 h), a calcination step was performed in dry air (400 °C for 4 h, 2 °C.min
-1

) to get the Hap support. 

2.1.2.  Synthesis of the CuxMnyHap catalysts (10 wt% of TM) 

CuHap: In a typical experiment, 1.76 g of Cu(NO3)2.3H2O (Sigma Aldrich, purity ≥ 99%) was 

dissolved in 50 mL of deionized water and the apatitic support (4.0 g) was then added. The pH of the 

Cu(II) nitrate aqueous solution (50 mL) was 4.0. This pH turned out to be 4.6 when the Hap support 

(solid) was added to the Cu(II) solution (50 mL). Rotary evaporation (Büchi Rotavapor R-114) was 

used to remove water under the following conditions: temperature of the water bath = 60 °C, rotational 

speed = 20 rotations.min
-1

 (rpm), pressure = 70 mbar. After 30 min of evaporation (volume of the 

solution: 35 mL), the pH decreased to 4.3 and remained stable at this value after further evaporation of 

the solution. The recovered powder was dried and calcined in similar conditions to those relative to the 

Hap support.  

MnHap: The synthesis was carried in a similar way as for CuHap using Mn(NO3)2.4H2O (Sigma 

Aldrich purity ≥ 97%) as Mn(II) precursor.  

The CuMn2Hap, CuMnHap, and Cu2MnHap samples (Cu/Mn molar ratio: 0.5 ; 1 ; 2) were synthesized 

by dissolving the suitable Cu(II) and Mn(II) precursors in 50 mL of deionized water and subsequently 

treated in a similar manner to before. The weight percentages of Cu and Mn were 3.66% and 6.34%, 

5.36% and 4.64%, 6.98% and 3.02% for CuMn2Hap, CuMnHap, and Cu2MnHap, respectively. 

2.1.3.  Synthesis of 10 Cu/Hap and 10 Cu-CD/Hap  

The copper oxide catalyst with a theoretical copper content of 10 wt%, derived from β-CD-assisted 

synthesis was prepared by a wet impregnation technique inspired by the work of Bai et al. [2]. In a 

round bottom flask, 1.7559 g (7.19 mmol) of copper (II) nitrate trihydrate (Sigma Aldrich, purity ≥ 

99%) was added to 50 mL of an aqueous solution containing 0.8156 g of native β-CD (C42H70O35, M = 

1134 g.mol
−1

, Roquette Frères) so as to have a molar ratio of cyclodextrin to copper equal to 0.1. The 

solution was kept under constant stirring for 2 hours at room temperature. The Hap support (4 g) was 

then added to the copper-β-CD suspension and then stirred again for 2 supplementary hours. The 

resulting mixture was placed in a rotary evaporator (Büchi Rotavapor R-114, 60 °C, 20 rpm, 70 mbar) 
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to remove water. The recovered solid was dried overnight in an oven at 80 °C, resulting in a blue 

colored powder with a tint of green, shown in Figure 2.1-a. Then, it was calcined under air flow at 

400 °C for 10 h, leading to a dark gray powder (Figure 2.1-b). The so-obtained catalyst is denoted as 

10 Cu-CD/Hap. A conventional copper oxide catalyst, with Cu loading of 10 wt%, prepared with the 

same procedure, but without addition of β-CD and with a smaller calcination time at 400 °C (4 h 

instead of 10 h) is designated as 10 Cu/Hap. This conventional catalyst was characterized by a blue 

color after drying step and a light grey color after calcination step (Figure 2.1). Dried samples are 

labeled with the suffix D.  

  

Figure 2.1. Dried a) and calcined b) 10 Cu/Hap and 10 Cu-CD/Hap samples. 

2.1.4.  Synthesis of Cu doped Hap (CuDHap) 

To 25 mL of distilled water were added 25 mL of ammonia (25%; Scharlau) and 1 g of dried 

10 Cu/Hap D. A suspension of light blue particles in a dark blue fluid appeared, as noted in Figure 2.2-

a. The mixture was kept under constant stirring for 5 hours at room temperature. Afterwards, a 

centrifugation was performed at the speed of 4000 rpm for 45 min. A light blue sediment was obtained 

as displayed in Figure 2.2-b. 

 

Figure 2.2. a) Suspension formed after addition of 10 Cu/Hap D to an aqueous solution of ammonia. 

b) Light blue sediment obtained after centrifugation of mixture shown in a).  

The thus obtained blue sediment was dried in an oven at 80 °C overnight. The recovered blue product, 

presented in Figure 2.3-a, was finally calcined in dry air (400 °C for 4 h, 2 °C.min
-1

) resulting in the 

final compound which retained a blue, albeit slightly less bright, color (Figure 2.3-b). This compound 

corresponds to copper-doped hydroxyapatite and will be hereafter labeled CuDHap. 

a

10 Cu/Hap D 10 Cu-CD/Hap D 10 Cu/Hap 10 Cu-CD/Hap

b

a b
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Figure 2.3. Dried a) and calcined b) CuDHap. 

2.1.5.  Synthesis of Cu(NO3)2  

In a round bottom flask, 1.7559 g (7.19 mmol) of copper (II) nitrate trihydrate (Sigma Aldrich, purity 

≥ 99%) was added to 50 mL of distilled water. The solution, represented in Figure 2.4-a, was first 

characterized by Raman spectroscopy before beginning the process of removing the water solvent by 

rotary evaporator (Büchi Rotavapor R-114) in which the following conditions were adopted: 60 °C, 

20 rpm, and 70 mbar. However, with the current set of experimental conditions, complete solvent 

evaporation could not be achieved, as could be clearly observed in Figure 2.4-b. After removing the 

flask from the evaporation setup, the 3 mL of remaining solution were investigated by Raman analysis 

before being reinserted in rotary evaporator. However, the initially adopted conditions were modified: 

the temperature of the heating bath was increased to 90 °C and the pressure was reduced to 50 mbar. 

Owing to these more severe experimental conditions the solvent was entirely removed (Figure 2.4-c) 

and the resulting humid product was analyzed by Raman. 

 

Figure 2.4. Copper nitrate aqueous solution a) before removal of the solvent; b) with 3 mL of solvent 

remaining; c) after complete removal of solvent. 

a b

a b c
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2.1.6.  Synthesis of CuCDx (x = 0.05; 0.1; 0.2) 

In a round bottom flask, 1.7559 g (7.19 mmol) of copper (II) nitrate trihydrate (Sigma Aldrich, purity 

≥ 99%) was added to 50 mL of an aqueous solution containing 0.8156 g of native β-CD (C42H70O35, 

M = 1134 g.mol
−1

, Roquette Frères) so as to have a molar ratio of cyclodextrin to copper equal to 0.1. 

The colloidal suspension was kept under constant stirring for 2 hours at room temperature. The same 

procedure was conducted for the preparation of two other CuCDx mixtures, where the amount of 

native β-CD added was changed to 0.4078 and 1.6312 g, so as to have β-CD/Cu molar ratios of 0.05 

and 0.2, respectively. In the course of the 2 hours of stirring following the addition of β-CD the 

limpidity of the mixture gradually increased. The three mixtures of CuCDx with different β-CD/Cu 

molar ratios (0.05; 0.1 and 0.2) are illustrated in Figure 2.5. It can be seen that with increasing values 

of this ratio the mixtures evolve from homogeneous solution to suspension, consisting of a blue fluid 

containing white suspended particles.  

 

Figure 2.5. CuCDx (x = 0.05; 0.1; 0.2). 

The 50 mL colloidal solution CuCD0.1 was placed in a rotary evaporator (Büchi Rotavapor R-114, 

60 °C, 20 rpm, 70 mbar) to remove water. After elimination of 35 mL of water, the rotation was 

stopped, the round bottom flask elevated from the heating bath, the pressure increased to 1 bar and 

finally the round bottom flask removed from the setup in order to conduct a Raman analysis on the 

remaining 15 mL of aqueous mixture. Once the Raman analysis completed, the flask containing the 

remaining Cu/β-CD mixture was placed once more in the rotary evaporator under the initial 

evaporation conditions to proceed with the removal of the solvent. However, under these conditions, 

all remaining water could not be eliminated and 3 mL of solvent persisted inside the round bottom 

flask and were analyzed by Raman spectroscopy. Subsequently, the flask was placed, with its content, 

in an oven at 80 °C and kept overnight. The recovered powder had a homogeneous green color, shown 

in Figure 2.6, and was designated by Cu/β-CD D.  

β-CD/Cu

= 0.05

β-CD/Cu 

= 0.1

β-CD/Cu

= 0.2
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Figure 2.6. Dried powder of Cu/β-CD D. 

2.1.7.  Synthesis of β-CD/Hap D 

In a round bottom flask, 4 g (3.98 mmol) of calcined Hap support was added to 50 mL of an aqueous 

solution containing 0.8156 g of native β-CD (C42H70O35, M = 1134 g.mol
−1

, Roquette Frères). The 

solution was kept under constant stirring for 2 hours at room temperature. The resulting mixture was 

placed in a rotary evaporator (Büchi Rotavapor R-114, 60 °C, 20 rpm, 70 mbar) to remove water. The 

retrieved solid was dried overnight in an oven at 80 °C, resulting in a white powder.  

2.1.8.  Synthesis of MnxOy standards 

2.1.8.1. Synthesis of ε-MnO2 

For the synthesis of ε-MnO2, the following procedure was adopted: 1.0 g of perovskite LaMnO3 was 

added to 50 mL of a 10 mol.L
-1

 nitric acid (65 ~ 70%, Alfa Aesar) solution and stirred at room 

temperature for 15 h continuously. Afterwards, the suspension was centrifuged at the speed of 

4000 rpm for 15 min. The sediment was resuspended in water and centrifuged again, in the same 

conditions, twice. The obtained product was dried at 80 °C overnight and finally calcined in dry air 

(300 °C for 2 h, 2 °C.min
-1
) to get the ε-MnO2 standard.    

2.1.8.2. Synthesis of β-MnO2 

β-MnO2 was prepared as follows: ammonium persulphate (NH4)2.S2O8 (98%, Sigma-Aldrich) was 

employed as an oxidizing agent for manganese sulphate monohydrate, MnSO4.H2O (99%, Merck). 

0.04 mole of (NH4)2.S2O8 were dissolved in 200 mL of distilled water, then added dropwise, under 

constant stirring, to 0.04 mole of MnSO4.H2O dissolved in 200 mL of distilled water as well and 

heated at 85 °C. The gradual formation of a black precipitate of MnO2 can be perceived in the course 

of the reaction. Once the reactant addition completed (≈ 1 h), the suspension was further stirred for 

5 h, then filtered and washed with hot deionized water. The resulting black product was dried at 85 °C 

overnight and finally calcined in dry air (400 °C for 5 hours, 2 °C.min
-1
) to obtain β-MnO2 compound. 
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2.1.8.3. Synthesis of Mn2O3 

High purity Mn2O3 powder (98%) was purchased from Alfa‐Aesar, and used as standard in the present 

study. 

2.1.8.4. Synthesis of γ-MnOOH 

γ-MnOOH was synthesized using a simple hydrothermal method. 3 mL of absolute ethanol were 

added to 47 mL of aqueous solution of KMnO4 (0.1 mol.L
-1

) under intensive stirring at room 

temperature, which was maintained for 45 min. The resulting mixture was placed and sealed inside a 

Teflon-lined stainless steel autoclave, then heated at 140 °C for one day. Afterwards, the autoclave 

was rapidly cooled down to room temperature by means of tap water. Subsequently, a filtration of the 

formed light brown precipitate was conducted, followed by a washing step with distilled water till 

obtainment of a neutral pH, and finally the product was dried at 80 °C overnight. 

2.1.8.5. Synthesis of Mn5O8 

Mn5O8 was prepared according to the method described thusly: A certain amount of the previously 

synthesized γ-MnOOH was placed in an alumina crucible and heated at 400 °C in flowing N2 

atmosphere for 2 h. Following this, the light brown γ-MnOOH powder was altered into a blackish 

compound, signaling the occurrence of a phase transition. 

2.1.8.6. Synthesis of Mn3O4 

Mn3O4 was acquired through a reduction process involving KMnO4 and glycerol. The addition, drop-

wise, of 50 mL of glycerol (0.4 mol.L
-1

) to 100 mL of KMnO4 (0.3 mol.L
-1

) solution, under vigorous 

stirring for 1 min (1200 rpm) at room temperature, resulted in the formation of a gel. The latter was set 

aside and aged for 72 h, still at room temperature. Following this aging step, the gel was heated at 

80 °C for 5 h to eliminate excess water. Subsequently, the deposit was washed with 400 mL of water 

and centrifuged to remove any remaining impurities. Lastly, the material was dried in an oven at 

80 °C, resulting in the formation of the final black product. 

2.1.8.7. Synthesis of MnO 

The synthesis of MnO was carried out through a reduction route as well, this time involving β-MnO2. 

0.5 g of the above prepared β-MnO2 were heated at 500 °C for 3 h with a heating rate of 2 °C.min
-1

 in 

H2 atmosphere. A grey powder was obtained, corresponding to the MnO product. 

2.1.9.  Synthesis of x Mn/Hap catalysts (with x = 2.5; 5; 10; 20 wt%) 

Samples consisting of hydroxyapatite support loaded with 2.5, 5, 10, and 20 wt% of manganese (x 

Mn/Hap) were prepared through a wet impregnation procedure which will be summarized as follows: 

In the case of 10 Mn/Hap for example, 4 g of Hap were added to a 50 mL of 0.81 mol.L
-1

 aqueous 

solution of Mn(NO3)2.4H2O (Sigma–Aldrich, purity ≥ 97%). The solvent of the obtained mixture was 

eliminated in a rotary evaporator (60 °C, 20 rpm, 70 mbar). The resulting solid was subsequently dried 

overnight at 80 °C, before being at last calcined at 400 °C for 4 h under air flow. The as acquired 

sample is designated as 10 Mn/Hap. 
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2.2. Methods of characterization 

2.2.1.  X-Ray Diffraction (XRD) 

Powder XRD measurements were performed on a laboratory X-ray diffractometer (Bruker AXS D8 

Advance powder diffractometer equipped with a LynxEye Super Speed detector) using a Cu-Kα 

radiation (λ = 1.5418 Å), with a step of 0.02 ° in the 2θ range of 10 – 55 ° and a count time of 5 s. The 

sample was ground gently, then filled in the depression of the XRD sample holder and smoothed flat. 

Identification of crystalline phases was made using EVA software, by comparison to reference 

patterns registered in Powder Diffraction Files (PDF) of the International Centre for Diffraction Data 

(ICDD) database. The Scherrer equation given below, was employed for the calculation of the mean 

crystallite size of Hap supported Cu and/or Mn oxide catalysts: 

       
 λ 

β   θ
       (2.2) 

where D is the crystallite size in Angström, k a dimensionless shape factor taken as 0.9, λ is the 

wavelength of the Kα radiation in Angström, θ the diffraction angle in radians, and β full peak width at 

half-maximum intensity in radians after subtracting the instrumental line broadening using LaB6 as an 

internal reference. 

Regarding quantitative analysis conducted over XRD results, it should be noted that a quick semi-

quantitative method for the determination of the concentration of a phase in a sample of phase 

mixtures relies on the use of the values of I/Icor provided from the ICDD database. I/Icor is the ratio 

of the intensity of the strongest line of the sample to the intensity of the strongest line (reflection 

(113)) of trigonal corundum (alpha alumina) for the 50% – 50% (weight) mixture of the 2 phases. 

I/Icor constitutes a special case of RIR, "Reference Intensity Ratio", a procedure used for carrying out 

quantitative analysis. Thus, the weight fractions of a mixture of two phases “x” and “y” will be given 

by [3], [4]: 

   

  
 

       

       
 

        

        
      (2.3) 

where X denotes the weight fraction of the phase and I the intensity of the diffraction line.    

2.2.2.  N2 physisorption analysis 

 

Nitrogen adsorption-desorption measurements were conducted with a Micromeritics Tristar II Surface 

Areas and Porosity apparatus. The specific surface areas were calculated according to the BET 

(Brunauer, Emmet, and Teller) method, based on the evaluation of the quantity of physisorbed N2, 

whereas, pore volume and size distribution were determined by the BJH (Barrett, Joyner, and 

Halenda) method. Prior to data collection, each sample (≈ 500 mg) was outgassed under vacuum at 

200 °C for 2 h.  

2.2.3.  Scanning Electron Microscopy (SEM) 

 

Scanning electron micrographs were recorded on a JEOL JSM 7500F operating at an accelerating 

voltage of 5 kV. Prior to analysis, a thin chromium coating was performed on the samples in order to 

reduce potential charging effect. 
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2.2.4.  Thermal Analysis coupled with Mass Spectrometry (TGA/DSC-MS) 

A thermal analysis balance instrument, model: SDT 2960 DSC-TGA X, was used to conduct 

simultaneous Thermal Gravimetric Analysis and Differential Scanning Calorimetry (TGA/DSC) under 

an atmosphere of 20% O2 in He (100 mL.min
-1

). The sample was heated at a rate 5 °C.min
-1

 from 

25 °C to 1000 °C. A Pfeiffer vacuum Omnistar GSD 320 mass spectrometer was coupled to the exit of 

the TGA/DSC analysis instrument, allowing the monitoring of the following selected m/z signals: 

m/z = 12, 14, 16, 17, 18, 28, 30, 44, and 46. 

2.2.5.  Infrared spectroscopy (IR) 

2.2.5.1. Transmission Fourier Transform Infrared spectroscopy (FTIR) 

FTIR spectra were recorded at room temperature, under vacuum, in a spectral range spanning from 

200 to 4000 cm
-1

, while using a Nicolet 460 spectrometer. These spectra were an average of 256 scans 

with a spectral resolution of 4 cm
−1

. Thin, disk-shaped pellets of the catalysts were prepared by 

compressing 30 mg of powder derived from an intimate mixture of 1 mg of the sample combined with 

100 mg of dried KBr. A spectrum of an empty cell was first recorded. This spectrum served as a 

background spectrum, which would be subsequently subtracted from that of the samples analyzed. 

2.2.5.2. Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-

FTIR) 

The different infrared spectra were obtained using a Thermoscientific Nicolet iS50 attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) spectrometer. The spectra were recorded using a 

Deuterated Tri-Glycine Sulfate (DTGS) pyroelectric detector. Samples were directly pressed between 

the detector window and a diamond crystal. The number of scans was set at 64 with a resolution of 

2 cm
-1

. Spectra were measured over a far-infrared range of 1800 – 80 cm
-1

 and a mid-infrared range of 

4000 – 400 cm
-1

. Changing the beamsplitter between measurements so as to be able to collect the far-

infrared portion of the spectrometer was easily accomplished with the automatic beamsplitter 

exchanger (ABX) on the Nicolet iS50 spectrometer. The unique ABX design allows automated 

switching between measurement modes through a simple click on the desired infrared range achieved 

via the use of the OMNIC software. 

2.2.6.  Temperature Programmed Reduction coupled with Mass Spectrometry (H2-TPR/MS) 

The H2-temperature-programmed reduction (H2-TPR) experiments were conducted using a 

Micromeritics Autochem II (2920) instrument, equipped with a U-shaped quartz reactor. Prior to 

starting the analysis, fresh (200 mg) and used catalysts (100 mg) were treated in Ar at 150 °C for 1 h. 

After cooling down, the H2-TPR measurements were conducted in 5 vol% H2/Ar gaseous mixture 

(50 mL.min
-1

) from room temperature to 800 °C (10 °C.min
-1

). The amount of consumed H2 was 

measured by a thermal conductivity detector (TCD) and calculated from the integrated peak areas of 

the profiles. The produced water was confined in a cold trap composed of isopropanol and liquid 

nitrogen before reaching the detector. The outlet gases were identified through the study of m/z 

signals, acquired by coupling the H2-TPR instrument with a mass spectrometer (MS).  

2.2.7.  X-Ray Photoelectron Spectroscopy (XPS) 

XPS analysis was performed on an AXIS Ultra DLD Kratos spectrometer equipped with a 

monochromatic Al-Kα source (hν = 1486.6 eV), operating at 120 W. Irradiation is performed at 
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ambient temperature, under ultra-vacuum conditions (base pressure: 10
-9

 mbar). The photoelectron 

spectra were calibrated using the C 1s signal detected at a binding energy of 284.8 eV from 

contaminant carbon. Data treatment was conducted using CasaXPS software. Two recordings of Cu 2p 

core level XPS spectra were carried out: one at the beginning and one at the end of XPS analysis, in 

order to monitor the potential occurrence of an XPS-induced reduction of copper particles during data 

acquisition. The average oxidation state (AOS) of Mn was calculated, based on the magnitude of the 

Mn 3s multiplet splitting. Finally, XPS quantification was performed from the study of peak core 

levels of Ca 2p, P 2p, O 1s, Cu 2p, and/or Mn 2p (depending on whether Cu and /or Mn are present in 

the sample). However, it should be noted that the measured areas of the main peaks obtained cannot be 

used directly for the calculation of atomic percentages and ratios between different elements. Indeed, a 

preliminary correction is required. The latter will take into account 3 factors which are: T, the 

transmission function of the spectrometer; σ, the photoionization cross section, defined as the 

probability of emission of the electron by photoionization, represented by RSF (Relative Sensitivity 

Factors) in Casa XPS; and λ or MFP, the mean free path of photoelectrons in the solid, which is the 

distance traveled by an electron between two inelastic shocks. 

Thus, the approach to be adopted for an XPS quantitative analysis, would consist simply, after 

subtraction of a defined background (linear, shirley, or other…), to divide the raw peak area by the 

three factors mentioned above, and as presented in the following equation: 

                          
             

             (2.4) 

The values thus normalized, having removed instrumental and sample artefacts, can be used for 

calculating atomic ratios and percentages. 

Nevertheless, it ought to be pointed out that in the particular case of binary copper-manganese Hap 

supported samples, further steps were taken for the XPS quantification of Cu in order to remove the 

Mn Auger contribution from the total envelope of the Cu 2p core level. This was performed according 

to the method described in the work of Ye et al. [5]. 

Last but not least, regarding the curve fitting conducted in the case of Mn/Hap catalysts using the 

MnxOy reference compounds envelopes, the operation consisted simply in creating asymmetric 

lineshapes derived from the Mn 2p envelope of these MnxOy reference compounds with the intention 

of then employing each of the extracted peak shapes as component in a peak model. The procedure 

was carried out in a similar manner to that adopted for the removal of the Mn Auger contribution from 

the total envelope of the Cu 2p core level and it can be described as follows: 

In order to determine the contribution of the different types of Mn oxides to the Mn 2p spectrum of 

Mn/Hap catalysts, the data from the Mn 2p region of each of the MnxOy reference compounds will be 

used to create a lineshape, assumed to represent the presence of the respective MnxOy phase in the Mn-

based catalysts. As said above, the intention will be to use the extracted peak shape as a component in 

a peak model. Components in peak models are designed to represent the signal above background and 

therefore the data in the region must be background subtracted using a background typical for the data 

to which the component is intended for use. Therefore, we used a shirley background for both the 

Mn 2p region of MnxOy reference compounds from which a peak model is to be created, and for the 

region created in the Mn 2p VAMAS block of the Mn/Hap catalysts, where the defined Mn 2p 

lineshape will be introduced. 
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Background subtraction is performed on the Test Data property page of the Spectrum Processing 

dialog window. It is important for the component based on data to be appropriately defined, which 

means that the block identifier must begin with the % character. The % prefix to the block identifier 

causes the normalization of the lineshape when used in peak models. Without the % character the data 

would need additional manual processing. 

The full width at half-maximum (FWHM) for lineshapes based on data should be fixed at unity. 

Hence, a value of 1 must be put into the FWHM field for the component using the lineshape, and 

introduce the # character without any numerical value into the constraint field, resulting in stable and 

fixed parameter at the current value i.e. 1. A similar constraint will be performed for the position of the 

component with the latter fixed at the value noted for the lineshape corresponding to each of the 

MnxOy reference compounds respectively.   

Finally, for each Mn/Hap catalyst, the Mn 2p peaks present in the Mn 2p core level spectra, will be 

relied on to accomplish a good fitting of the intensity of the Mn 2p component, for which a fixed 

synthetic lineshape, already constructed based on the Mn 2p region in the MnxOy reference 

compounds, will be attributed.     

2.2.8.  Raman 

Raman spectra were collected with an XploRA PLUS Raman Microscope (HORIBA Jobin Yvon) 

equipped with a CCD silicon detector cooled by means of a Peltier device. Raman analysis was 

conducted using a laser wavelength of 532 nm with an output power of 20 mW, which was reduced by 

attenuation filters to 0.2 mW on the sample. However, for the Cu/β-CD D product, even under these 

conditions, which correspond to the lowest laser power, the sample was subjected to local heating, 

resulting in its thermal degradation. Thus, in this particular situation, the solid was covered by a thin 

layer of water which defocuses the laser impact and accords improved heat dispersion, therefore 

preventing the material’s degradation.  

For all conducted analysis, a 100X std objective was employed resulting in a laser spot of 0.72 μm. 

The Raman spectrometer was controlled using the software package LabSpec 6. The presented spectra 

corresponded to the average of 5 scans with 1800 s acquisition time for each scan. The spatial 

resolution was about 100 μm. All measurements were taken at room temperature. Preceding Raman 

analysis a calibration step was performed using a silicon wafer characterized by the Si line at 

ῡ = 520.7 cm
-1

.  

In the case of solutions’ Raman analysis, the solutions were placed in 3500 μL quartz macro cuvette 

(THORLABS) which in turn was inserted in a cuvette holder. No attenuation filters were used and the 

acquisition time was reduced to 180 s.  

Regarding image acquisition, the system is equipped with standard white light illumination of the 

sample. A colour camera linked to the software allowed the sample to be visualised, and the image to 

be captured on the computer and saved. 

2.2.9.  Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) data were collected using a 

TOF·SIMS
5
 spectrometer (ION-TOF GmbH Germany) equipped with a bismuth liquid metal ion gun 

(LMIG). Spectra were generated with a pulsed 25 keV Bi
3+

 primary ion beam (≈ 0.25 pA target 



72 
 

current) bombarding the sample, and were gathered in 500 μm × 500 μm areas. The primary ion 

fluence was maintained below the static mode limit of 10
12

 ions.cm
-2
. A pulsed, low energy (≈ 20 eV) 

electron flood gun was used for charge neutralization. A cycle time of 270 µs was employed resulting 

in data acquisition over a mass range of m/z = 0 – 6500 for both positive and negative secondary ions. 

The secondary ions were identified by their exact mass, coupled with the appropriate intensities for the 

expected isotope pattern. 

2.2.10.  X-Ray Absorption Spectroscopy (XAS) 

Before reporting the experimental procedure, it should be first noted that all XAS experiments were 

conducted by Dr Asma TOUGERTI and Dr Jean-Marc GIRAUDON. In the current work, X-ray 

emission and high energy resolution fluorescence detection (HERFD)-XAS spectra were collected, 

meaning that the incident energy was varied around Mn K absorption edge in the range of 6530 – 

6620 eV while the fluorescence detection energy was fixed to Kβ emission line with energy at 

6491.5 eV. Regarding the overall setup, Mn K edge HERFD-XAS spectra were recorded at SOLEIL 

synchrotron facility (Gif sur Yvette, France) on the GALAXIES beamline [6]. The energy of the 

incident radiation was selected using fixed-exit Si(111) double-crystal monochromator. Mn K edge 

HERFD-XAS and spectra were recorded with spherically bent crystals in a Rowland geometry: the Kβ 

fluorescence line of cobalt, a germanium crystal Ge (220) was used. A bag filled with helium was 

positioned between the sample and the analyzer crystal to limit the absorption of the fluorescence 

signal by air. The fluorescence signal was then collected on the avalanche photodiode detector (APD). 

The sample placed on the in situ catalytic cell [7] was heated up to 400 °C with a ramp of 2 °C.min
-1

. 

The following experimental conditions were adopted for carrying out the tests: 

 All Mn-bearing compounds were diluted in boron nitride (BN) to 1% in order to avoid self-

absorption. 

 The bottle used for conducting the in situ reduction experiments consisted of a 5 vol.% H2/N2 

gaseous mixture with a 30 mL.min
-1

 flow rate.  

 For each test 100 mg of the Mn-bearing sample was used. 

In the upcoming XANES (X-ray absorption near edge structure) analysis of the results derived from 

the experiments conducted above, no detailed discussion of the pre-edge feature will be performed, 

seeing as pre-edge measured using HERFD may result in the modification of some spectral features in 

the pre-edge region [8]–[11]. 

2.3. Catalytic activity tests 

The catalytic tests were performed at atmospheric pressure in a continuous-flow fixed-bed Pyrex 

reactor. For each test, 200 mg of catalyst were placed in the reactor which was set in an electric 

furnace. Two thermocouples were employed, one fixed to the exterior of the reactor and one placed 

into a thermowell, positioned in the middle of the catalyst bed, in order to perform an ongoing 

monitoring of the reaction temperature. Toluene vapors were generated through the use of a stainless 

steel saturator electrically heated by a temperature controller instrument (Watlow SD series). Both 

mass flow controllers and toluene heating temperature were adjusted to control the toluene 

concentration and space velocity. 

Regarding the catalytic tests carried out over CuxMnyHap catalysts, the reactive gas mixture consisted 

of 800 ppmv of toluene diluted in dry air (100 mL.min
-1

) corresponding to a gas hourly space velocity 

(GHSV) of 14500 h
−1

. The catalysts were activated in air at 390 °C for 2 h (75 mL.min
-1

) then 
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submitted to the reactive mixture for 1 h before decreasing the temperature from 390 °C to 25 °C at a 

rate of 0.5 °C.min
-1

. As for the conducted stability tests, following an activation step at 200 °C for 2 h 

in air flow (75 mL.min
-1

), the catalysts were exposed to the reactive mixture at 200 °C for 24 h. At the 

end of each stability test, no more reactive gaseous mixture was sent to the catalyst, the furnace was 

turned off and the system cooled down to room temperature under static conditions.   

Regarding the 72 h stability tests performed on 10 Cu/Hap and 10 Cu-CD/Hap, the reactive gas 

mixture consisted first of 200 ppmv (from 0 to 24 h), then 400 ppmv (from 24 to 48 h), and finally 

800 ppmv (from 48 to 72 h) of toluene diluted in dry air (100 mL.min
-1

) corresponding to a gas hourly 

space velocity (GHSV) of 14500 h
−1

. Prior to each stability test, the samples were activated in dry air 

at 390 °C for 2 h (75 mL.min
-1

). Then, the temperature was decreased to 250 °C, and the catalyst was 

exposed to the reactive gaseous mixture for 72 h. The catalyst was kept in flowing air (90 – 300 min) 

during the stabilization of the new toluene concentration. At the end of each stability test, no more 

reactive gaseous mixture was sent to the catalyst, the furnace was turned off and the system cooled 

down to room temperature under static conditions. The used catalysts were labeled with the suffix U. 

The concentrations of the gaseous reactants and products were assessed by gas chromatograph (7860A 

Agilent Gas Chromatograph) equipped with two detectors and two columns: a Thermal Conductivity 

Detector (TCD) that identifies permanent gases (CO, CO2, etc.), separated on a Restek Shin Carbon 

ST/Silco HP NOC 80/100 micro packed column; and a Flame Ionization Detector (FID) that 

recognizes hydrocarbons and aromatic compounds (toluene, benzene, etc.), separated on a capillary 

column CP-Wax 52 CB: 25 m, Ø 0.25 mm × 1.2 μm. 

Toluene conversion (Ct) was evaluated by the following equation: 

         
                      

          
 × 100    (2.5) 

where [toluene]i and [toluene]t correspond, respectively, to toluene inlet and outlet concentrations.  

CO2 yield was calculated as follows: 

    
     

            

              
                       (2.6) 

where [CO2]t was the CO2 outlet concentration.  

The standardised rates of toluene conversion r190 and r250 expressed in mole of reacted toluene per hour 

and per mol of transition metal (TM), were determined according to: 

                   

      
                            (2.7)  

where FT was the total volumetric flow rate (L.h
-1

), Ct the toluene conversion at 190 °C (in the case of 

r190) or 250 °C (in the case of r250), Vm the molar volume equal to 24.4 L.mol
-1

, and nTM the total 

amount of TM. It should be noted that the temperatures of 190 °C and 250 °C were selected because 

they correspond to the light-off temperatures, defined as the temperatures at which 50% of toluene is 

converted, of the most active catalysts among CuxMnyHap and 10 Cu(-CD)/Hap catalysts, 

respectively.  

The productivity (P) expressed in mole of toluene converted into CO2 per hour was quantified as 

follows: 
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         (2.8)  
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Chapter III: Binary Cu-Mn oxides supported on hydroxyapatite materials 

for Toluene Total Oxidation 

3.1. Introduction 

As has been previously discussed in the literature review chapter, the use of transition metal oxides 

(TMO) as a cost efficient alternative to noble metal based catalysts in the total oxidation of toluene has 

become the focus of many recent studies. Among said TMO, copper and manganese oxides have 

generated a lot of attention due to their superior catalytic activity and selectivity towards the desired 

products (CO2 and H2O) [1]–[3]. Therefore, the use of a binary copper-manganese oxide can be an 

attractive strategy to improve the performance of the catalyst in the total oxidation of toluene. In that 

way, it has already been reported in the literature that bulk [4]–[9] and supported [5], [10]–[13] Cu-Mn 

binary oxides can be considered as efficient catalysts in toluene oxidation, for which they exhibit 

higher catalytic activity than the single metal counterparts. 

Important parameters such as the methods of synthesis, total TM loading, temperature of calcination, 

nature of the support, play key roles in tuning the optimized Cu/Mn ratio for the oxidation in toluene 

oxidation. 

The present work will focus on dispersing these active metal species by wet co-impregnation method 

on an unconventional support, which is hydroxyapatite (Hap), a non-toxic, low cost, and naturally 

abundant material with exceptional properties [14]. Previous studies which have aimed to study the 

effect of TM content on the performances of copper [15] and manganese [16], [17] based active phases 

dispersed on Hap in the total oxidation of toluene, have found it to be correlated with the speciation 

and dispersion of the TM. For the TM-based Hap supported catalysts (TM = Cu, Mn), the maximum 

of activity is achieved for a low amount of Cu (wt%: 2.5%) compared with those of 5-10 wt% for Mn.  

With the objective to improve the catalyst efficiency, this study investigates the catalytic performances 

of binary Cu-Mn oxides dispersed on Hap in toluene oxidation considering a TM content of 10 wt%, 

to be compared with those of the single supported TMO counterparts, through the tuning of the Cu/Mn 

molar ratio (2; 1; 0.5). The catalytic performances will be correlated with the physicochemical 

properties of the catalysts. 

3.2. Decomposition of the Dried Impregnated CuxMnyHapD Samples: 

Thermogravimetric Analysis (TGA) 

The mode of decomposition of the dried impregnated samples (CuxMnyHapD) was investigated using 

TGA technique. The resulting traces are given in Figure 3.1 and all noted weight losses are listed in 

Appendix A, Table AA.1. The TGA traces (Figure 3.1-a) are rather similar for all samples. The first 

weight loss from 50 °C to 160 °C is ascribed to the departure of water. The second stage of 

decomposition which takes place in the temperature range of about 160-400 °C is attributed to the 

decomposition of NO3
-
 [18]. It is found that the temperature of the large DTG peak (in °C) increases 

with Cu content owing to: MnHapD (190) < Cu2MnHapD (300) < CuHapD (335) (Figure 3.1-b). 

Furthermore, based on the theoretical NO3
-
 content in the Cu(II)/Mn(II) precursors and taking into 

account the H2O removal contribution at low temperature, it is found that 82, 88, and 95% of the initial 

nitrate content decompose for CuHapD, Cu2MnHapD and MnHapD, respectively. These results show 

that some remaining NO3
-
 related species can be retained by the samples after calcinations performed 

at 400 °C for 4 h. 
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Figure 3.1. TGA (a) and DTG (b) curves of dried CuHapD, Cu2MnHapD and MnHapD samples. 

3.3. Structural, Morphological and Textural Characterizations 

The X-ray diffractograms of the fresh CuxMnyHap samples and of the Hap support are shown in 

Figure 3.2. 

The characteristic peaks of Hap agree with those corresponding to the hexagonal phase Ca5(PO4)3(OH) 

(PDF n ° 00-009-0432). It is found that the Full Width at Half Maximum (FWHM) for the (0 0 2) 

reflection is low as compared to the other ones in line with the presence of anisotropic crystallites as 

reported earlier in the literature [19], [20]. 
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In Table 3.1 are listed two mean crystallite sizes obtained by the Scherrer equation from the FWHM of 

the peaks positioned at 10.9 ° and 25.9 ° relative to the (1 0 0) and (0 0 2) planes, respectively. This 

allows us to determine a length to thickness ratio of the crystallite through the determination of the 

Dc(002)/Dc(100) ratio which is of 1.81 for the Hap support. This ratio increases with the addition of Cu 

and/or Mn to get the highest value of 2.08 for CuHap. Thus, the addition of TM leads to slightly more 

elongated crystallite as compared to that of the Hap support as already observed by Chala et al. [16] 

for MnHap samples.
 
 

 

Figure 3.2. XRD patterns of pure Hap and CuxMnyHap samples. 

In addition to the characteristic peaks of Hap, we detect the presence of new peaks for the CuHap and 

MnHap solids. Indeed, the CuHap sample exhibits new peaks positioned at 2θ = 35.6 °, 38.8 °, and 

48.8 ° associated with monoclinic CuO tenorite (PDF n ° 04-007-1375). The narrow sharp peaks are 

consistent with a mean crystallite size of 45 nm (see Table 3.1), in line with that of 42 nm reported by 

Chlala et al. [15], indicating that the addition of copper on Hap by wet impregnation results in poor 

CuO dispersion for a 10 wt% of Cu. 

The X-ray diffractogram of MnHap shows a new distinct broad peak located at 2θ = 37.1 ° which can 

be tentatively attributed to the akhtenskite ε-MnO2 (PDF n ° 00-030-0820) phase (Figure AA.1) which 

was not previously detected in similar conditions [17].  

Regarding the binary oxide materials, for the Cu-rich sample, we observe an increase in intensity and 

broadness of the peak located at 2θ = 35.5 ° and of the shoulder at 2θ = 38.7 °. However, the broadness 

of the peaks precludes discriminating a CuO from a related Cu-Mn spinel phase as shown in 

Figure 3.3.  
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Table 3.1. Mean crystallite size (DC) of Hap support and of TM related detected phases. 

Sample Dc(002) [nm] Dc(100) [nm] Dc(002)/Dc(100) Dc
[a]

 CuO [nm] Dc ε-MnO2 [nm] 

 (002) (100) (002)/(100)   

Hap 
36 20 1.81 - - 

CuHap 
39 19 2.08 45 - 

Cu2MnHap 
37 20 1.85 - - 

CuMnHap 
37 18 1.99 - - 

CuMn2Hap 
38 21 1.81 - - 

MnHap 
35 18 1.90 - 16 

[a]
 : determined from the peak at 2θ = 48.8 °  

 

Figure 3.3. X-ray diffractograms of the CuxMnyHap solids in the 2θ = 34-41 ° range. The intensity of 

the diffractogram of CuHap was divided by 10. 

By opposition, for the enriched Mn samples, i.e. CuMnHap and CuMn2Hap, we do not observe any 

additional peaks to those of the pure Hap, which could be explained either by a high dispersion of the 

TMO phase(s) or/and by the formation of supported amorphous TMO phase(s). 

The anisotropy observed by XRD was also evidenced through SEM analysis (Figure 3.4). Indeed, 

some bundles of fiber-like particles are observed for all our samples, indicating an anisotropic growth 

of the particles with a length varying from 50 nm to almost 400 nm for all samples.  
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Figure 3.4. SEM images of a) Hap, b) CuHap, c) CuMnHap and d) MnHap. 

The main textural properties of the samples are summarized in Table 3.2. The Hap support has a 

specific surface area of 102 m
2
.g

−1
 and a pore volume of 0.70 cm

3
.g

−1
. When adding Cu and/or Mn, 

both the BET surface area and pore volume values decrease. This decrease is higher in the case of 

CuHap, due most probably to some pore blockage by CuO particles. 

Table 3.2. Textural properties and H2-TPR results. 

Sample SSA
[a]

 [m
2
.g

-1
] Vp

[b]
 [cm

3
.g

-1
] n(H2)th

[c]
 [mmol.g

-1
] n(H2)ex

[d]
 [mmol.g

-1
] 

Hap 102 0.70 - - 

CuHap 71 0.46 5.51 (1.58) 4.96 

Cu2MnHap 78 0.49 2.67 (1.65) 1.99 

CuMnHap 79 0.54 1.83 (1.69) 1.19 

CuMn2Hap 86 0.56 1.46 (1.73) 0.98 

MnHap 78 0.51 1.78 (1.82) 0.67 

[a] Specific surface area. [b] Pore volume. [c] Experimental amount of H2 consumed on the fresh catalysts; 

Theoretical amount of H2 consumed (see text). [d] Experimental amount of H2 consumed on the used catalysts. 
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a)

100 nm
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100 nm
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3.4. Redox Characterization: Temperature Programmed Reduction (H2-TPR) 

Coupled with Mass Spectrometry (MS) 

The H2-TPR profiles of the calcined materials are illustrated in Figure 3.5 and the quantitative results 

are reported in Table 3.2. As expected the pure apatitic support does not exhibit any reduction peak 

(not shown here) [21], [22]. For MnHap, one peak of H2 consumption at 370 °C was observed, 

followed by a tail. The trace relative to CuHap is complex showing at high temperature a strong H2 

consumption due to overlapping peaks at 452 °C and 485 °C while a low temperature H2-consumption 

is also observed. By opposition the H2-TPR profiles of the Cu-Mn based materials show only two 

overlapping peaks in a narrow temperature range. Interestingly, the onset of H2 consumption decreases 

while the peak enlargement increases with the increase of Cu content.  

 

Figure 3.5. H2-TPR profiles of CuxMnyHap solids calcined at 400 °C. 

The experimental H2 consumptions expressed per g of catalyst n(H2)ex increase with Cu content from 

1.46 (CuMn2Hap) to 5.51 (CuHap). These values were compared to the theoretical ones n(H2)th 

regarded as maximum values assuming Cu(+II) → Cu(0) and Mn(+IV) → Mn(II) reductions. We 

noticed that n(H2)ex exceeds n(H2)th for Cu/Mn atomic ratio  1.0. This can be explained by taking into 

account that some reducible NO3
-
 related entities are retained in the materials after calcination. This 

assumption is supported by the FT-IR results exhibiting the characteristic unreacted nitrate band at 

1386 cm
-1 

whose relative intensity increases with Cu content (not shown here) as already observed by 

Chlala et al. [15].  

On purpose, the degradation modes of the NO3
-
 species have been monitored using mass spectroscopy 

through the evolution of  m/z signals 17, 28, 30 and 44 characteristic of NH3,  N2,  NO and N2O as a 

function of temperature (Figure AA.2). For the Cu-Mn based catalysts the evolution of these m/z 

signals over time are rather similar. A peak of high intensity at m/z = 30 is observed, followed by a 

narrow less intense peak at m/z = 28 while the contributions at m/z = 17 and 44 are negligible. Hence, 
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during the H2-TPR experiments it turns out that the NO3
-
 entities are reduced into NO then into N2 

while the contributions of gaseous N2O and NH3 appear to be negligible. Such scheme of NO3
-
 

degradation holds also for the MnHap sample. However, in that case the relative contribution of N2 is 

less pronounced. 

Taking into account the ability of Cu(0) to efficiency reduce the nitrate entities at low temperature, the 

TNO value has been taken as a reference to describe the reducibility of the materials: the easier the 

reducibility of the materials, the lower TNO is. Thereby, as seen in Figure 3.6 the solids can be ranked 

according to the increasing temperature of NO appearance TNO (°C): Cu2MnHap (174) < CuMnHap 

(188) < CuHap (200) < CuMn2Hap (212) < MnHap (236). For the Cu-Mn related catalysts it turns out 

that TNO decreases with an increase of Cu content showing that high relative Cu content promotes the 

reducibility of the materials. It should also be noted that TNO is lower for Cu/Mn = 2 and 1 as 

compared to those relative to the single TM based catalyst.  

Additionally, the H2-TPR profile of the fresh Cu-Mn based catalysts exhibits a typical profile similar 

to those of mixed Cu-Mn oxides [23], [24] in line with the co-impregnation method. 

 

Figure 3.6. Evolution of the m/z = 30 (NO) signal for the CuxMnyHap solids. 

3.5. Surface Characterizations 

3.5.1. XPS Results 

Figure 3.7 gives the Cu 2p core level XPS spectra for the fresh samples and the pertinent results are 

given in Table 3.3.  The Cu 2p3/2 binding energy (BE) for CuHap is at 932.8  0.1 eV considering the 

first and second recorded XPS spectra while the FWHM decreases from 3.4 eV to 2.7 eV. By 

opposition, for all the CuxMnyHap samples, the Cu 2p3/2 BEs are much higher, located at 

934.1  0.1 eV with FWHM of 3.2  0.3 eV and Isat/Ipp ratio about twice higher than that of CuHap, in 

line with a Cu(II). However, considering the second Cu 2p XPS, it is observed for all samples a 

significant Cu 2p3/2 BE decrease accompanied with a decrease of FWHM and Isat/Ipp ratio. Based on 

all these observations, it is concluded that XPS induces reduction of copper at different extents as 

already observed [15].
 
Copper is significantly reduced on CuHap considering the first XPS spectra, 
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while a partial copper reduction is observed for the CuxMnyHap samples regarding the second 

recording XPS spectra. Such different behaviors in terms of copper reduction can be tentatively 

ascribed to the presence of a mixed CuMn oxide which stabilizes the Cu towards XPS photons. 

 

Figure 3.7. 1st recording of the Cu 2p XPS core levels.  

Table 3.3. XPS based data obtained for the fresh and used catalysts. 

Sample Cu 

2p3/2
[a]

 

FWHM  

Cu 2p3/2
[a]

 

Isat/Ipp
[a]

 Cu 

2p3/2
[b]

 

FWHM  

Cu 2p3/2
[b]

 

Isat/Ipp
[b]

 ∆E Mn 

AOS
[c]

 

Mn/Cu
 
 

CuHap 932.8 3.42 0.38 932.7 2.69 0.35 0.1 - - 

Cu2MnHap 933.9 3.40 0.60 933.4 3.26 0.49 0.5 2.6 1.1 

CuMnHap 934.0 3.50 0.65 933.1 3.14 0.49 0.9 2.6 2.0 

CuMn2Hap 934.4  3.04 0.69 933.4 2.78 0.56 1 2.7 5.3 

MnHap - - - - - - - 3.1 - 

CuHapU 933.3 4.20 0.44 933.3 3.45 0.29 0 - - 

Cu2MnHapU 933.7 3.66 0.51 933.3 3.07 0.32 0.4 2.0 1.1 

CuMnHapU 934.2 3.20 0.55 933.3 3.20 0.38 0.9 2.0 2.3 

CuMn2HapU 934.4  4.14 0.62 933.4 3.58 0.49 1 2.3 5.1 

MnHapU - - - - - - - 2.5 - 

[a] Data obtained for 1
st
 recording. [b] Data obtained for 2

nd
 recording.  [c] Mn average oxidation state.  

The Mn 3s core levels for the Mn containing samples have been investigated. From the splitting 

between the two multiplet spin components, a Mn average oxidation state (AOS) has been estimated 

which gives a value of 3.1 for MnHap while those for CuxMnyHap decrease to 2.7-2.6.  

926930934938942946950954958962966

In
te

n
si

ty
 /

 a
.u

Binding energy / eV

CuHap

Cu2MnHap

CuMnHap

CuMn2Hap

Cu 2p3/2

Satellite
Satellite

Cu 2p1/2
934.1 eV

932.8 eV



84 
 

The Mn/Cu atomic ratio compared to the nominal Mn/Cu shows a Mn surface enrichment which 

becomes more pronounced with increasing Mn content. 

3.5.2. Time of Flight Secondary Ions Mass Spectrometry (ToF-SIMS) 

Regarding the Hap support, the peaks displayed in the positive ToF-SIMS spectra include Ca
+
 

(m/z = 40), CaH
+
 (m/z = 41), CaO

+
 (m/z = 56), CaOH

+
 (m/z = 57) and Ca2O

+
 (m/z = 96), Ca2PO3

+
 

(m/z = 159), Ca2PO4
+
 (m/z = 175), CaPO3H

+
 (m/z = 120), CaPO4H2

+
 (m/z = 137), Ca2PO3H

+
 

(m/z = 160), Ca3P2O3H
+
 (m/z = 231), Ca4P2O4H

+
 (m/z = 287), Ca5P2O5H

+
 (m/z = 343) and Ca5(PO4)3

+
 

(m/z = 485) which are the characteristic secondary ions  observed for Ca5(PO4)3(OH) [25]–[29].
 
In the 

negative polarity, O
-
 (m/z = 16), HO

-
 (m/z = 17), P

-
 (m/z = 31), PO

-
 (m/z = 47), PO2

-
 (m/z = 63), and 

PO3
-
 (m/z = 79) are found. It should be mentioned that some mineral impurities such as Na

+
 

(m/z = 23), Mg
+
 (m/z = 24), K

+
 (m/z = 39) and some hydrocarbons CxHyOz

+
 were detected as well. 

Additionally, all samples exhibit the NO
-
 (m/z = 30), NO2

-
 (m/z = 46) and NO3

-
 (m/z = 62) secondary 

ions in line with residual nitrate after calcination. 

The existence of interactions between the TM and hydroxyapatite in TMHap (TM = Cu or Mn) 

materials is evidenced by the presence of a series of cluster ions involving TM and Ca or P and both 

(see Tables 3.4, 3.5, 3.6). Based on these results, it is found that Cu and Mn preferentially interact with 

Ca rather than P. This statement has already been reported in the case of Hap supported Mn samples 

by Chlala et al. [17].
 
These observations suggest the occurrence of an ion (Ca-Cu/Mn) exchange at the 

uttermost layers of the samples. 

Table 3.4. List of ToF-SIMS positive ion fragments detected in copper containing solids 

CuxCavOzHw
+
  CuxPtOzHw

+
  CuxCavPtOzHw

+
  CuxOzHw

+
 

CuCaO  n.d.
[a]

 Cu2CaPO4  Cu ; 
65

Cu 

65
CuCaO   65

CuCuCaPO4 Cu2 ; 
65

CuCu ; 
65

Cu2 

CuCaO2   65
Cu2CaPO4  Cu3 ; 

65
CuCu2 ; 

CuCaO2H    Cu2O ; 
65

CuCuO ; 
65

Cu2O  

CuCaO3    Cu3O ; 
65

CuCu2O ; 
65

Cu2CuO   

CuCa3O4    Cu3O2 ; 
65

CuCu2O2 

CuCa2O3H    Cu4O2 ; 
65

CuCu3O2 ; 
65

Cu2Cu2O2 

CuCa3O4H    Cu5O2 ; 
65

CuCu4O2 ; 
65

Cu2Cu3O2 ; 
65

Cu3Cu3O2 

Cu2CaO2H    Cu5O3 ; 
65

CuCu4O3 ; 
65

Cu2Cu3O3 

65
CuCuCaO2H    Cu6O3 ; 

65
CuCu5O3 ; 

65
Cu2Cu4O3 ; 

65
Cu3Cu3O3 

65
Cu2CaO2H    Cu2OH ; 

65
CuCuOH ; 

65
Cu2OH 

   Cu3O2H 

[a] Not detected. 
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Table 3.5. List of ToF-SIMS positive ion fragments detected in manganese containing solids 

MnyCavOzHw
+
   MnyPtOzHw

+
   MnyCavPtOzHw

+
  MnyOzHw

+
 

MnCaO MnPO2 Mn2CaPO5 Mn 

MnCaO2   Mn2CaPO4H Mn2  

Mn2CaO2    MnO 

Mn2CaO3   Mn2O 

Mn3CaO4   Mn2O2 

MnCa2O2   Mn2O4 

MnCa2O3   Mn2O5 

Mn2Ca2O4   Mn3O2 

MnCaO2H   Mn3O3 

Mn2CaO3H    Mn2O2H  

MnCa2O3H   Mn2O2H2 

   Mn3O3H 

 

Interestingly for the CuMn based samples, the ToF-SIMS spectra in positive polarity exhibit a series 

of mixed CuxMnyOzHw
+
 (x = 1; y = 1; z = 0,1; w = 0-2) ions (see Table 3.6). 

Table 3.6. List of ToF-SIMS positive secondary ions detected in Cu-Mn based solids 

CuxMnyCavOzHw
+
   CuxMnyPtOzHw

+
  CuxMnyCavPtOzHw

+
 CuxMnyOzHw

+
 

n.d.
[a]

 CuMnPH n.d.
[a]

 CuMn 

 CuMnPH2  
65

CuMn 

 
65

CuMnPH2  CuMnO 

 
 

 
65

CuMnO 

 
 

 CuMnOH 

   
65

CuMnOH 

[a] Not detected. 

For example the ToF-SIMS (+) spectrum of Cu2MnHap in the m/z 133-138 range displayed in 

Figure 3.8 evidences the CuMnO
+
 and CuMnOH

+ 
secondary ions. The presence of such ions proves 

the formation of mixed Cu-O-Mn oxide. However, it is not possible to identify the mixed oxide phase 

just based on the ToF-SIMS fragmentation patterns. In parallel, in order to evaluate the relative surface 

density of Cu-O-Mn interactions the ToF-SIMS intensity ratio CuMnO
+
/(Cu

+
+Mn

+
) for the 
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CuxMnyHap solids has been determined. This allows classifying the catalysts by decreasing intensity 

ratio to get the following sequence:  Cu2MnHap (0.057) > CuMnHap (0.040) > CuMn2Hap (0.025). 

This result highlights the greater contribution of Cu-O-Mn interactions for Cu2MnHap. 

 

Figure 3.8. ToF-SIMS (+) spectrum in the m/z 133–138 range collected from the Cu2MnHap sample. 

3.6. Catalytic Oxidation of Toluene 

The conversion of toluene into CO2 over Hap and CuxMnyHap catalysts as a function of temperature is 

given in Figure 3.9. It should be noted that the toluene conversion is significantly enhanced by the 

addition of single TM with good redox properties over the hydroxyapatite support. Additionally, the 

catalysts perform even better when adding Cu and Mn on the support by co-impregnation. Toluene 

conversion into CO2 based on T50 (CO2) (temperature at which 50% of toluene is converted into CO2 

in °C) decreases in the following order: Cu2MnHap (196) > CuMnHap (202) ≈ CuMn2Hap (205) > 

MnHap (210) >> CuHap (255). 90% of toluene conversion was achieved for CuHap and MnHap at 

temperatures of 302 °C and 224 °C, respectively, while a temperature below 220 °C was required for 

Cu-Mn based catalysts. Indeed, the same order of decreasing activity was maintained for all catalysts 

for both T90 (CO2) and T10 (CO2) (see Table AA.2). 

Considering a standardised conversion rate determined at 190 °C (r190), the catalysts can be ranked by 

decreasing activity (/10
-2

 h
-1

) following the same previous sequence: Cu2MnHap (2.57) > CuMnHap 

(2.04) > CuMn2Hap (1.59) > MnHap (1.13) >> CuHap (0.13). It should be noted that r190 for 

Cu2MnHap catalyst is 2 times higher and 20 times higher compared to those obtained with MnHap and 

CuHap, respectively. 

T50 (CO2) as a function of the Mn/(Cu+Mn) molar ratio (Figure 3.10) shows a parabolic resembling 

curve indicating a better activity in terms of specific activity for the supported mixed oxides. It should 

be noted that the specific activity is the highest for a Cu/Mn ratio of 2.0. Moreover, the production of 
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CO is lower over Cu-Mn based catalysts as compared to those of the single TMHap samples, to 

become non-detectable over the Cu2MnHap sample (Figure AA.3) in line with previous studies 

showing a better activity for CO oxidation into CO2 for such Cu/Mn stoichiometry [30], [31]. 

Figure 3.10 clearly shows a nice correlation between the catalytic activity in terms of T50 (CO2) and the 

reducibility of the catalysts in terms of the onset reduction temperature (Tor). This correlation 

highlights the importance of the redox behaviour of the catalysts for such reaction. 

 

Figure 3.9. CO2 yield for CuxMnyHap catalysts (GHSV = 14,500 h
−1

; 800 ppmv toluene in air). 

 

Figure 3.10. T50 (CO2) (left axis) and Tonset reduction (right axis) vs. Mn/(Cu+Mn) molar ratio. 

Interestingly, as shown in figure 3.11, the standardised rate r190 increases linearly with the 

CuMnO
+
/(Cu

+
+Mn

+
) ToF-SIMS intensity ratio. It is recognized that the formation of Cu-O-Mn 

entities, in which the polar covalent Mn-O bond is weakened by the presence of Cu, promotes oxygen 
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lability [32], [33]. Furthermore, the electron transfer between copper and manganese cations is made 

easier. 

 

Figure 3.11. r190 as a function of CuMnO
+
/ Cu

+
+Mn

+
 intensity ratio for the mixed CuxMnyHap 

catalysts. 

3.7. Stability Tests 

Stability tests of CuxMnyHap catalysts were conducted at 200 °C in similar conditions to those of the 

catalytic tests. As can be seen in Figure 3.12, a decrease in toluene conversion is noted for all 

CuxMnyHap catalysts. A quantification of the deactivation resistance of our catalysts was performed 

through the use of an activity coefficient a200 determined by calculating the ratio of toluene conversion 

after 24 h of test to that obtained at the beginning of the test. The evolution of the values of a200 as a 

function of Mn/(Cu+Mn) molar ratio is given in Figure 3.13. Therefore, the used catalysts can be 

ranked by decreasing resistance towards deactivation: CuHap >> MnHap > Cu2MnHap ≈ CuMnHap ≈ 

CuMn2Hap. 

 

Figure 3.12. Time course for toluene oxidation over CuxMnyHap catalysts activated at 200 °C. Feed 

composition: 800 ppmv toluene in air, Ttest = 200 °C. 
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Figure 3.13. Evolution of activity coefficient a200 as a function of Mn/(Cu+Mn) molar ratio. 

The effect of the temperature of activation was investigated in the case of CuMnHap. Increasing the 

temperature from 200 °C to 390 °C allows quadrupling the toluene conversion which amounts now to 

18% as observed in Figure 3.14. 

 

Figure 3.14. Time course for toluene oxidation over CuMnHap catalyst activated either at 200 °C or 

390 °C. Feed composition: 800 ppmv toluene in air, Ttest = 200 °C. 

3.8. Characterizations after Stability Tests 

In order to get insight about the deactivation, additional characterizations have been performed on the 
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and relative intensities of the peaks previously observed in fresh samples, nor does it reveal any new 

crystalline phase. 

By opposition the reducibility of the used catalysts is significantly altered compared to that of the fresh 

catalysts in terms of H2-TPR profiles as shown in Figure 3.15 and in terms of H2 consumption amount 

(Table 3.2). For the CuHapU and Cu2MnHapU samples it is found that n(H2)ex is higher than n(H2)th 

indicating that NO3
-
 related moieties are still incorporated in the catalysts. For the MnHapU sample is 

found a very complex H2-TPR trace showing at least five overlapping contributions. Furthermore, the 

H2 consumption amount is low and results in a Mn AOS of 2.7 highlighting the reduction of the MnOx 

species. For the used CuMn based catalysts, it is found that the onset reduction temperature is all the 

lower when the Cu content is higher, as previously observed for the fresh samples. All the traces are 

initially composed of an intense narrow peak followed by a complex tail constituted of overlapping 

components in a wide temperature window (up to 700 °C). Furthermore, a global H2-consumption 

decrease is noted compared to that observed on the fresh samples, which becomes all the more 

pronounced the higher the Mn content is. 

  

Figure 3.15. a) H2-TPR reduction profiles for CuxMnyHapU solids and b) zoom of the H2-TPR 

reduction profiles for CuMnHapU, CuMn2HapU and MnHapU. 

Interestingly, it should be noticed that the amount of H2-TPR consumed for the low temperature peak 

corresponds to the total conversion of Cu(II) into Cu(0) within the margin of uncertainty (see 

Table 3.7). As a consequence, the H2-TPR profiles of these two CuMn based catalysts consist in the 

successive reductions of Cu(II) into Cu(0) and of Mn
x+

 into Mn(II). Taking into account the remaining 

amount of H2 consumed in the TPR experiments, a Mn AOS of 2.8 and 2.6 has been estimated for the 

CuMnHapU and CuMn2HapU samples, respectively. Therefore, the Mn entities appear more reduced 

after the stability test as previously noticed [16]. The total oxidation of toluene over Cu-Mn mixed 

oxide can be described by a Mars-van Krevelen model in which the toluene is oxidized by the catalyst 
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and the gaseous dioxygen restore the oxidized state of the catalyst. Taking this model into account, the 

Mn reoxidation can be herein the rate limiting step of the process. A possible decomposition of the 

mixed CuxMnyOz species present in fresh Cu-Mn samples into CuO and MnOx after catalytic reaction 

could account for such behavior. 

Table 3.7. H2 consumption amounts and Mn AOS  

Sample n(H2)th 
[a]

 [mmol.g
-1

] n(H2)ex 
[b]

 [mmol.g
-1

] Mn AOS 
[c]

  

CuMnHapU 0.84 0.84 2.8 

CuMn2HapU 0.58 0.65 2.6 

MnHapU - - 2.7 

[a] Theoretical amount of H2 consumed corresponding to the reduction of CuO to Cu
0
. [b] Experimental amount 

of H2 consumed relative to the low temperature reduction peak considered as symmetric. [c] Manganese 

average oxidation state. 

This assumption is in line with the work of Papavasiliou et al. [34]. In this study the performances of 

Cu–Mn spinel oxide materials were investigated in steam reforming of methanol. A decomposition of 

the spinel was noted following the catalytic reaction. It was claimed that the difficulty in oxidizing 

Mn(II) leads to the spinel decomposition. To conclude, such a similar behaviour may have likely 

occurred in our experiments. 

Cu 2p core level XPS spectra for the used samples that are illustrated in Figure 3.16 show that the 

copper state is still (+II) for the supported Cu-Mn oxides (Table 3.3). By opposition the Mn AOS 

decreases after durability test (Table 3.3) while the Mn/Cu atomic ratios remain practically unchanged. 

 

Figure 3.16. 1
st
 recording of Cu 2p for CuxMnyHapU samples. 
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3.9. Conclusion  

Hydroxyapatite supported binary Cu-Mn (TM: 10 wt%) oxides with different atomic Cu/Mn 

composition (2 ; 1 ; 0.5), were successfully synthesized by co-impregnation and calcined at 400 °C for 

4 h. The performances of these catalysts were compared to those of the single TM in the catalytic 

oxidation of toluene in dry air. Adding Cu to Mn promotes in any case the total oxidation of toluene 

into CO2 with the highest activity and CO2 selectivity obtained for the catalyst having a Cu/Mn molar 

ratio of 2. These improved catalytic performances could be correlated with improved reducibility 

induced by the presence of supported a mixed copper-manganese phase. However, the catalysts 

deactivate with time. Such a deactivation of Hap supported Cu-Mn based oxides with time may be 

explained by a decomposition of the mixed entities. 
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Chapter IV: High efficiency of Cu/Hap catalyst in toluene oxidation 

through β-CD assisted synthesis. 

4.1. Introduction 

The performances of hydroxyapatite-supported Cu-based catalysts in the total oxidation of toluene 

have been limited thus far by the inability to increase the copper loading within the material without 

deteriorating its catalytic behavior, due to the negative effect a Cu amount higher than 2.5 wt% has on 

copper dispersion on the hydroxyapatite (Hap) support [1]. Thus, the objective of the following work 

will be to increase copper loadings on Hap support while maintaining good copper dispersion and 

reducibility, in order to improve the productivity of Cu/Hap catalysts in the total oxidation of toluene. 

Over the past two decades, significant efforts have been focused on the generation of highly dispersed 

active copper species. On the one hand, the effect of the nature of the counter-anion of Cu(II) 

precursors has been investigated (nitrate, sulfate, acetate, and chloride) and copper(II) nitrate has led to 

the best dispersion of Cu particles leading towards the highest catalytic activity [2], [3]. In fact, in 

regards with Hap supported Cu catalysts, a previous study showed that among several copper 

precursors (nitrate, chloride and acetate), the catalyst prepared with Cu-nitrate led to the best catalytic 

performance while use of Cu-acetate as Cu-precursor caused some modification of the hydroxyapatite 

surface with enrichment of carbonate groups, with these latter tightly retaining Cu
2+

 species, causing 

them to be less prompt to react and thus being detrimental for the catalytic activity [4]. On the other 

hand, investigations regarding the use of an organic complexing agent to favor high dispersion and 

reducibility of Cu entities showed very promising results as well. Among the complexing agents 

which have been successfully used for improving the dispersion of Cu entities figures β-cyclodextrin 

[5]. 

Cyclodextrins (CD), which are macrocyclic oligosaccharides composed of α-(1,4) linked 

glucopyranose sub-units, have been receiving a lot of interest lately, emerging as potential tools for the 

development of well performing catalysts. Indeed, owing to their amphiphilic character, cyclodextrins 

are capable of forming inclusion complexes, with CD playing the role of host molecules able to 

include in their cavity hydrophobic guests, resulting thus in host–guest complexes [6], [7]. However, 

some metal ions can interact with hydroxyl groups of the CD molecule generating supramolecular 

adducts, or molecule-ion adducts, rather than inclusion complexes [8]–[10]. Of the three known types 

of CD (α-, β-, and γ-), β-cyclodextrin (β-CD) is the most widely involved in complexation processes 

[11], [12]. In fact, Bai et al. [8], [10] have demonstrated that the controlled addition of β-cyclodextrin 

during the impregnation step led towards the enhancement of the dispersion and reducibility of 

zirconia supported cobalt species, which induced a catalytic behavior upgrade in the complete 

oxidation of formaldehyde. They established that the nature of cobalt precursor used during 

impregnation step was very important seeing as its affinity for β-CD can strongly affect the final 

properties of the cobalt oxide catalysts [10]. Out of several examined cobalt precursors, cobalt nitrate 

emerged as a good precursor choice due to the occurrence of preferential interactions between this 

precursor and the hydroxyl sites located at the rim of β-CD cavity (either on the primary or secondary 

rim). β-CD played the role of a scaffold molecule that concentrated the cobalt ions at its close vicinity 

thus succeeding in forming more stable complexes of cobalt ions with β-CD which allowed for a better 

control of cobalt oxide nucleation during calcination, leading to a higher dispersion and reducibility of 

Co3O4 species. Moreover, these authors noticed that the performance of the catalyst was highly 

dependent on the β-CD to cobalt ratio used in the impregnating solution, finding an optimal value of 
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0.1. They explained their finding by proposing the formation of supramolecular adducts of Co
2+

 with 

β-CD, in which the cobalt center would be coordinated by two O atoms present at the β-CD rim.   

The aim of this work will be to mimic what has been previously done by Bai et al. [8], [10] for 

supported cobalt species, but while employing a different transition metal (Cu instead of Co) and 

support material (Hap instead of ZrO2). 

Regarding copper interaction with cyclodextrins, previous investigations carried out by Matsui and co-

workers [13]–[15], examining the complexation of Cu(II) ions by β-CD in alkaline solutions  have 

shown that an inclusion 2:1 complex between copper (II) and β-CD is formed. This suggestion of a 

Cu-CD inclusion complex was further supported by the study of Ribeiro et al. [16] which revealed a 

favorable tendency of the β-CD system to incorporate Cu
2+

 in the internal cavity. However, both group 

of authors signaled that the proposed complex would be highly stable in basic conditions (due to the 

deprotonation of β-CD hydroxyl-groups), but not at neutral pH, where the chelating property of β-CD 

would be much weaker. Indeed, this was proven to be true through the works of Kurokawa et al. [17] 

and Song et al. [18], which inspected the interaction of β-CD with copper(II) chloride in neutral 

aqueous solutions. Their results indicated that rather than forming inclusion compounds, molecule-ion 

interactions occurred between β-CD and Cu
2+

 ions as well as Cl
-
 ions, which induced a weakening of 

ionic bonds in CuCl2. Therefore, in the upcoming study, all synthesis will be conducted in neutral 

conditions to promote the formation of supramolecular adducts of Cu
2+

 with β-CD which will favor 

molecule-ion interactions between β-CD and Cu
2+

 cations along with NO3
-
 anions, while weakening 

the ionic bonds in Cu(NO3)2, thereby preventing copper agglomeration and improving nitrate 

elimination efficiency during calcination step.  

Furthermore, in the particular case of using hydroxyapatite as a support material, it should be 

reminded that Hap possesses exceptional properties among which figure its ion-exchange ability and 

great adsorption capacity. Thus, Hap presents a great affinity for copper cations through ion-exchange 

with its Ca
2+

 ions (with a maximum substitution rate of 6.6 wt% being reached) and surface 

complexation with its anionic adsorption sites (hydroxyl and phosphate groups) [19], [20]. Previous 

works have shown that several locations for copper entities on Hap are possible depending on the 

copper content and methods of copper addition [4], [21], [22]. In fact, depending on copper loading, 

copper cations will be more or less likely to interact with the support: active metal phase will tend to 

disperse as monolayer at low metal loading, thus favoring the bigger portion of metal phase to be 

surrounded by the carrier atoms, leading to strong metal–support interaction. While the double-layer 

and multi-layer of metal dispersion engendered by high metal loading will lessen the number of 

neighboring support’s atom around metal species on the catalyst surface, entailing weaker metal–

support interaction [23]. Strong interactions between the active phase and the support can be 

detrimental to the performances of the catalyst seeing as the reducibility of Hap-supported metal 

oxides has been shown to decrease when interaction with the Hap support becomes stronger [24], [25]. 

Thus, the use of β-CD will prevent the occurrence of strong metal-support interaction (SMSI) by 

acting as a chemical spacer between both copper entities (thus avoiding copper agglomeration) and 

copper species and the Hap support (thus avoiding the encapsulation of copper active species between 

layers of hydroxyapatite). 

In this work the objective is to prepare efficient copper/Hap based catalysts (Cu wt%: 10) in toluene 

oxidation taking advantage of β-CD to enhance the dispersion and reducibility of the copper active 

phases. The strategy consists in forming macromolecular adducts between the copper-based precursor 

and β-CD, for which the methodology given by the work of Bai et al. [8], [10] will be used as 

reference. Thus, the conditions given by these authors to obtain macromolecular adducts will be 
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adopted in this study (molar ratio β-CD/Cu = 0.1; neutral pH). In order to verify if the adopted method 

is successful in yielding efficient Cu/Hap catalysts in the total oxidation of toluene, catalytic tests are 

performed on 10 Cu-CD/Hap and the results are then compared with those of a reference catalyst 

(10 Cu/Hap). Any eventual improvement in the catalytic performances will be explained through a 

detailed study of the physicochemical properties of the developed materials by a set of complementary 

techniques which are XRD, TGA-DSC/MS, ATR-FTIR, H2-TPR/MS, and XPS, allowing to determine 

whether an enhancement in the dispersion and reducibility of copper active species can be achieved 

through the use of β-CD.  

4.2. Dried precursors 

4.2.1. XRD 

To gain further insight into the occurrence of interactions involving β-CD material which could have a 

significant impact on the nature and crystallite size of resulting Cu entities, XRD analysis was 

performed. The powder X-ray diffraction patterns of 10 Cu/Hap D and 10 Cu-CD/Hap D samples are 

shown in Figure 4.1-a. The XRD diffractograms of both compounds display the characteristic peaks 

relative to the hexagonal hydroxyapatite phase (PDF n ° 00-009-0432) with a P63/m space group. 

Additional peaks located at 2θ = 12.8 ° and 36.5 ° in both 10 Cu/Hap D and 10 Cu-CD/Hap D 

diffractograms are ascribed to copper hydroxynitrate, Cu2(OH)3(NO3), naturally found in the mineral 

called gerhardtite (PDF n ° 75-1779) and whose structure representation is given in Figure 4.2. 

This basic Cu(II) salt which is known to be formed by careful heating of Cu(NO3)2.3H2O at 80 °C 

[26], [27] was previously shown on dried copper-loaded hydroxyapatite systems using incipient 

wetness impregnation method [28]. In fact, during the first stage of Cu(NO3)2·3H2O thermal 

decomposition, which takes place between 40 and 80 °C, a dehydration process accompanied by 

significant hydrolysis occur, involving the splitting of bonds in Cu(NO3)2.2.5H2O and the addition of 

the hydrogen cation and the hydroxide anion of water to nitrate anions and copper nitrate entities, 

respectively, resulting thus in the release of HNO3 and the formation of crystalline gerhardtite phase 

[27]: 

                                                      (4.1) 

                                                             
   (4.2) 

The mean crystallite size based on the Scherrer equation from the peak located at 2θ = 12.8 ° is of the 

same order of magnitude for the 10 Cu/Hap D and 10 Cu-CD/Hap D samples with values of 84 nm 

and 96 nm, respectively. It should also be noted that none of the multiple peaks in the 10-25 ° 2θ range 

characteristic of the XRD pattern of pure β-CD (Figure 4.1-b) in accordance with literature reports 

[29], [30] can be observed for 10 Cu-CD/Hap D. The visual absence of any β-CD related peak can be 

the result of its very weak signal compared to that of copper entities (molar ratio β-CD/Cu = 0.1). 

Indeed, a similar outcome was reported in the work of Ye et al. [31] examining β-CD doped Cu-

catalysts (0 < β-CD Mass fraction < 0.3), where the strong relative intensities of the peaks related to 

copper entities masked the weaker β-CD characteristic ones. Hence, based on XRD results, no 

difference can be perceived between the two samples considering their XRD patterns which both show 

the presence of gerhardtite. However, no further conclusion can be drawn at this stage. 
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Figure 4.1. XRD patterns of a) 10 Cu/Hap D, 10 Cu-CD/Hap D and of b) pure β-CD. 

 

Figure 4.2. Schematic representation of the structure of copper hydroxynitrate, (Cu2(OH)3NO3). From 

reference [32]. 

4.2.2. TGA/DSC-MS 

TGA/DSC-MS experiments were performed over 10 Cu/Hap D, 10 Cu-CD/Hap D in order to 

investigate the effect of β-CD on the degradation pathway of the dried samples in flowing dry air. The 

resulting TGA/DTG and TGA/DSC traces are given in Figure 4.3 and the related data are listed in 

Table 4.1. For the 10 Cu/Hap D sample a total weight loss of 17.6% is observed within the whole 

temperature range from 20 °C to 600 °C. The DTG curve shows three peaks at 65 °C, 320 °C, and 

415 °C corresponding to three distinct steps. The first endothermic step is attributed to the loss of 

adsorbed water [33] in line with H2O evolution (m/z = 18, 17; Figure 4.3-c). The second and third 

processes are also endothermic. NO (m/z = 30, 14; Figure 4.3-d) as well as H2O (Figure 4.3-c) are 

detected at the exit of the reactor during the second weight loss which takes place between 200 and 

400 °C (Table AB.1). The concomitant detection of such gaseous species results from thermal 
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decomposition of copper hydroxynitrate in accordance with previous works [34], [35]. Indeed, 

Schildermans et al. [34] who conducted their study under an atmosphere of dry N2 indicated that the 

thermal decomposition of gerhardtite generates CuO via H2O and HNO3 removal which decomposes 

into NO and NO2. However, in this case, despite conducting the experiments in O2 atmosphere no 

significant presence of NO2 can be detected (no notable evolution of the signal m/z = 46; Figure 4.3-

d). Finally, the third endothermic step, characterized by a weight loss of 1.2 wt%, occurring between 

400 and 450 °C can be due to the decomposition of related nitrate species probably incorporated in the 

Hap support in line with NO removal [36].  

  

   

 

Figure 4.3. TGA-DTG a), TGA-DSC b) and MS signals corresponding to the evolution of H2O c), 

NO, NO2 d), and CO2 e) in 10 Cu/Hap D and 10 Cu-CD/Hap D samples. 
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As expected in the case of 10 Cu-CD/Hap D sample, a higher total weight loss of 26.6% is observed 

due to the initial presence of β-CD, whose total decomposition should result in a theoretical weight 

loss of 12.4%. The DTG trace reveals again a three step decomposition process and the temperatures 

relative to the peaks are now 65 °C, 148 °C and 227 °C (Figure 4.3-a). The first endothermic process 

leading to a slight weight loss of 3.1%, observed from 20 °C to 120 °C, is due to the release of 

adsorbed water as well as water molecules present in the cavity of β-CD [37]. The latter is known to 

rapidly absorb water at ambient conditions [38] which can be usually eliminated between 50 and 

100 °C [39]. This is consistent with the evolution of signal intensity for m/z = 17 and 18 (Figure 4.3-

c). By opposition, the second and third processes taking place at 120 °C-190 °C and 190 °C-350 °C 

are both exothermic owing to the decomposition of β-CD, as proven by the detection of CO2 (m/z = 

44, 28, 12; Figure 4.3-e) and H2O (m/z = 18, 17; Figure 4.3-c) in these two processes. A release of NO 

and NO2 to a small extent (m/z = 30, 14 and 46; Figure 4.3-d) is also observed for each of these two 

steps. Based on the trace of m/z = 30 it is found that the nitrate thermal decomposition starts at 120 °C 

as compared to 200 °C for 10 Cu/Hap D. These nitrate species are supposed to belong to the 

gerhardtite in close vicinity of β-CD in accordance with simultaneous release of H2O and CO2. The 

third process is consistent with the complete degradation of gerhardtite to generate NO and H2O and of 

the concomitant degradation of β-CD to give CO2 and H2O. 

The constant weight loss observed after 450 °C (1.3 wt%, 10 Cu/Hap D) and 350 °C (2 wt%,  

10 Cu-CD/Hap D) is mainly due to the dehydroxylation of the Hap [40], [41]. 

Therefore, it appears clearly from these experiments that the addition of β-CD in the sample 

accelerates significantly the thermal decomposition of copper supported phases, as proven by the 

lower temperature decomposition values found for 10 Cu-CD/Hap. Moreover, the elimination of 

nitrate becomes more efficient with the assistance of β-CD, as demonstrated by the evolution of m/z = 

30 signal which undergoes a considerable shift towards lower temperature in 10 Cu-CD/Hap. This 

conclusion validates the occurrence of preferential interactions between β-CD and copper entities, this 

latter resulting in a weakening of the interactions between NO3
-
 related species and Hap support.  

Table 4.1. TGA based data for 10 Cu/Hap D and 10 Cu-CD/Hap D solids. 

Sample 

 

Global weight 

loss (%) 

Experimental weight loss (%) 

1
st
 step 2

nd
 step 3

rd
 step 

10 Cu/Hap D 17.6 
4.1  

(20 - 200 °C) 

11 

(200 - 400 °C) 

1.2 

(400 - 450 °C) 

10 Cu-CD/Hap D 26.6 
3.1 

(20 - 120 °C) 

6.4 

(120 - 190 °C) 

15.1 

(190 - 350 °C) 

4.3. Calcined catalysts 

4.3.1. XRD 

The diffractograms of 10 Cu/Hap (calcined at 400 °C for 4 h), 10 Cu-CD/Hap (calcined at 400 °C for 

10 h) and Hap solids are shown in Figure 4.4. In addition to the diffraction peaks characteristic of the 

hexagonal Ca5(PO4)3(OH) phase (PDF n ° 00‐009-0432), two intense peaks are observed at 2θ = 35.5 ° 

and 38.8 ° as well as a less intense peak at 2θ = 48.7 ° which are ascribed to the monoclinic phase of 

CuO (tenorite, PDF n ° 00‐048-1548) (Figure 4.4-a). However, it is to be noted that the apparent peak 

at 2θ = 35.5 ° is due to overlapping peaks at 2θ = 35.47 ° and 2θ = 35.56 ° relative to CuO and that of 
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Hap at 2θ = 35.48 °. As for the other apparent peak at 2θ = 38.8 °, it is formed by two overlapping 

peaks at 2θ = 38.75 ° and 2θ = 38.97 ° ascribed to CuO (Figure 4.4-b). Based on these observations, 

the estimated value of 45 nm for the mean CuO crystallite size was obtained from the corrected 

FWHM of the peak at 2θ = 48.7 ° (Figure AB.1). This is in accordance with the value given by Chlala 

et al. [1] of 42 nm for a similar preparation. By opposition, the X-ray diffraction pattern of 10 Cu-

CD/Hap shows broad and less intense reflections related to CuO indicating the presence of small CuO 

crystallites.  

From these various observations it can be concluded that the addition of β-cyclodextrin can induce the 

formation of smaller CuO crystallites. This beneficial effect could be again explained by preferential 

interactions between β-CD and Cu2(OH)(NO3)2 preventing the growth of CuO crystallites during the 

calcination step.  

 

  

Figure 4.4. a) XRD patterns of 10 Cu/Hap, 10 Cu-CD/Hap and Hap samples; b) a zoom in the 2θ 

range of 34-42 °. 

4.3.2. ATR-FTIR 

The samples were additionally analyzed by ATR-FTIR spectroscopy to determine the purity of the 

samples. The ATR-FTIR spectra of 10 Cu/Hap and 10 Cu-CD/Hap solids are shown in Figure 4.5. The 

ATR-FTIR spectrum of Hap shows characteristic bands assigned to the PO4
3−

 groups at 1100 and 

1030 cm
−1

 (υ3); 602 and 565 cm
−1

 (υ4); and 962 cm
−1

 (υ1) [42]. These phosphate bands are regarded as 

the IR fingerprint of hydroxyapatite material [43]. In addition, two absorption bands were observed at 

633 cm
-1

 and 3573 cm
−1

, corresponding to the deformation and stretching modes of OH ions, 

respectively [44]. Finally, weak bands corresponding to CO3
2-

 species resulting from the dissolution of 

atmospheric CO2 into the reaction medium during the preparation of Hap, were located at 875, 

1413 and 1446 cm
-1

. The position of these bands are in accordance with a type B substitution (CO3
2-

 

replacing PO4
3−

) [45], [46]. The ATR-FTIR spectra of the 10 Cu/Hap and 10 Cu-CD/Hap samples are 

similar to that of Hap apart from the presence of a weak band at 1386 cm
-1

 attributed to residual free 

nitrates for 10 Cu/Hap [47]. The ATR-FTIR spectrum of 10 Cu-CD/Hap solid (Figure 4.5-b) shows no 

band associated with the vibrational modes of pure β-CD [48]–[50], suggesting the complete 

elimination of the cyclodextrin.  
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Thus, the use of β-CD allows to get rid of the free nitrate species in accordance with the TGA/DSC-

MS experiment. 

 

 

Figure 4.5. ATR-FTIR spectra of Hap, 10 Cu-CD/Hap, along with a) 10 Cu/Hap and b) pure β-CD. 

4.3.3. H2-TPR/MS 

The reducibility of 10 Cu/Hap and 10 Cu-CD/Hap samples was investigated using H2-TPR coupled 

with mass spectrometry, with the aim of determining whether the use of β-CD is capable of enhancing 

the reducibility of the copper supported active phases. The H2-TPR profiles are shown in Figure 4.6 

and the quantitative results are reported in Table 4.2. The two H2-TPR profiles differ in the onset 

temperature of H2-consumption and in the number of peaks. Indeed, the onset reduction temperature 

shifts toward a lower temperature of 85 °C for 10 Cu-CD/Hap as compared to 156 °C for 10 Cu/Hap. 

Three reduction peaks at 234 °C, 290 °C and 450 °C are observed in the temperature range of 150 °C-

500 °C for 10 Cu/Hap while only a broad peak centered at 237 °C is observed for 10 Cu-CD/Hap in 

the temperature range of 80 °C-280 °C.  

It has to be noted that the total H2 consumption n(H2)ex values of 2.81 and 1.99 mmoles per gram of 

catalyst for 10 Cu/Hap and 10 Cu-CD/Hap, respectively, exceed the theoretical one n(H2)th of 1.58 

based on the assumption that Cu
2+

 is completely reduced into metallic Cu. This H2 overconsumption 

implies the reduction of nitrates retained on Hap. The reduction of nitrates into NO operates at low 
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temperature, while N2 and NH3 are detected as the temperature increases (Figure 4.7-a). Such an 

evolution follows the reaction scheme given below of the catalytic hydrogenation of nitrate species 

over copper bearing materials proposed in previous investigations [51], [52]: 

                     

The reduction of some related NO3
-
 species takes place also when considering the reduction of 10 Cu-

CD/Hap, owing to the same pathways as for 10 Cu/Hap but to a minor extent (Figure 4.7-b). However, 

contrary to 10 Cu/Hap the release of CO2 (m/z = 12, 44) is now observed at low temperature. The 

detection of CO2 can be the result of the reduction of CuO by some adventitious carbon at the surface 

of the catalyst, possibly derived from traces of remaining β-CD (this hypothesis will be further 

explored later when discussing XPS results).  

In any case, the reducibility of the catalysts was determined from the temperature corresponding to the 

onset of NO production (TNO) knowing the capacity of Cu(0) to reduce NO3
-
 species into NO at low 

temperature. The most reducible solid being thus the one with the lowest value of TNO (°C): 10 Cu-

CD/Hap (110) < 10 Cu/Hap (150).  

Hence, similar to what had been previously observed by Bai et al. [8], [10] in the case of zirconia 

supported-cobalt oxide catalysts, the use of β-CD promotes the production of active sites with an 

enhanced reducibility.  

 

 

Figure 4.6. H2-TPR profiles of 10 Cu/Hap and 10 Cu-CD/Hap solids calcined at 400 °C. 

 

Table 4.2. H2-TPR results. 

Sample Tonset reduction [°C]
 [a]

 TNO [°C]
 [b]

 n(H2)th
[c]

 [mmol.g
-1

] n(H2)ex
[d]

 [mmol.g
-1

] 

10 Cu/Hap  156 150 1.58 2.81 

10 Cu-CD/Hap 85 110 1.58 1.99 

[a] Temperature of onset reduction. [b] Temperature of NO appearance. [c] Theoretical amount of H2 consumed. 

[d] Experimental amount of H2 consumed. 
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Figure 4.7. Evolution of the intensity of the signals corresponding to m/z = 2 (given by the y-axis on 

the right), 12, 14, 15, 16, 17, 28, 30, and 44 (given by the y-axis on the left) as a function of 

temperature for the solids: a) 10 Cu/Hap and b) 10 Cu-CD/Hap. 

4.3.4. XPS 

XPS analysis was conducted in order to examine the effect of β-CD addition on Cu dispersion and 

oxidation state, on the surface of the studied samples. The C1s core-level was also examined in order 

to investigate and quantify the carbonaceous based residues.  

The binding energy of the Cu 2p3/2 photopeak was used to determine the chemical state of copper 

species present on the surface of prepared solids. All XPS based data are given in Table 4.3 and the 

Cu 2p core level XPS spectra are given in Figure 4.8. It can be seen that the Cu 2p3/2 binding energy 

(BE) values found for 10 Cu/Hap (933.6 eV) and 10 Cu-CD/Hap material (934.4 eV), agree with 

previously reported data on Cu 2p3/2 BE values of CuO compound [53]–[55]. The presence of Cu
II
 

species is further confirmed by the detection of a “shake-up” structure characteristic of Cu (II) 

oxidation state in both of the acquired Cu 2p spectra. In addition, a calculation of the ratio of the 

satellite to that of the main Cu 2p3/2 peak (Isat/Ipp) showed values of 0.50 and 0.55 for 10 Cu/Hap and 

10 Cu-CD/Hap, respectively, which concord with literature data indicating that a 0.5 value for Isat/Ipp is 

characteristic of Cu
2+

 species in octahedral coordination [56], [57].  

The higher BE value (+0.8 eV) in the case of 10 Cu-CD/Hap can be explained by one of two factors: 

the dispersion degree of copper oxide species and metal–support interactions between the copper oxide 

moieties and the Hap support. Indeed, both those reasons have been invoked in the past to explain the 

shifts in BE value. Thus, on one hand, strong metal–support interactions (SMSI) can induce changes to 

the electronic properties of the supported metal clusters through electron transfer from the support to 

the supported particles, resulting in a negative shift of BE towards lower values [58], [59]. Therefore, 

based on the metal-support effect, it would seem that the use of β-CD leads towards weaker metal-

support interactions ensuing higher Cu 2p3/2 BE value. On the other hand, the aggregation state 

(particle size and dispersion degree) of supported phases can have a paramount influence upon the 

energy position of the photoelectron signal due to a relaxation effect: the hole state produced by 

photoionization in a solid is shielded by the conduction electrons and the cores of neighboring atoms. 

This effect lowers the energy of the final state and results in a lower measured binding energy. Such an 

effect is clearly impossible for an isolated atom, and thus a shift to lower BE is expected in the 

transition from atom to bulk metal [55], [60]. Hence, based on the particle size effect it would appear 

that a promotion effect on the dispersion of Cu
2+

 species occurs by β-CD addition. 
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Moreover, a considerable increase in Cu dispersion can be noted when employing β-CD in the 

synthesis process. Indeed, as reported in Table 4.3, the XPS Cu/(Ca + P) ratio doubled for 10 Cu-

CD/Hap, compared to its value in 10 Cu/Hap. In parallel, 10 Cu/Hap sample exhibits an about twice 

higher O/Cu ratio (36 vs 16 for 10 Cu-CD/Hap), all of which might be attributed to segregation of 

CuO phase [61]. This is also in line with what has been previously reported by Chlala et al. [1] who 

found that for their Cu10Hap (10 wt% load of Cu) sample, not all of Cu becomes apparent in XPS due 

to the formation of large CuO particles with a mean size > 10 nm, the latter corresponding to the 

analysis depth of the XPS technique.  

Table 4.3. XPS based data for 10 Cu/Hap and 10 Cu-CD/Hap. 

Sample 
Cu 2p3/2 

BE 

FWHM
[a]

 

Cu 2p3/2 

Cu 2p1/2 

BE 

FWHM
[a]

 

Cu 2p1/2 

Isat/Ipp
[b]

 C/Cu
[d]

 O/Cu
[d]

 Cu/P
[d]

 Cu/Ca
[d]

 Cu/(Ca+P)
[d]

 

10 

Cu/Hap 

933.6 

[932.8]
e
 

3.9 

[2.7]
e
 

953.7 4.4 
0.50 

[0.47]
c
 

29.0 36.0 0.14 0.08 0.06 

10 Cu-

CD/Hap 

934.4 

[933.0]
e
 

3.8 

[2.7]
e
 

954.5 4.4 
0.55 

[0.53]
c
 

19.0 16.0 0.29 0.22 0.13 

[a] Full Width at Half Maximum. [b] Intensity ratio between Cu 2p3/2 and corresponding satellite peak. [c] Intensity ratio between Cu 

2p1/2 and corresponding satellite peak. [d] XPS atomic ratio. [e] Data obtained for the 2
nd

 recording. 

  

Figure 4.8. Cu 2p a) and C 1s b) XPS core levels for 10 Cu/Hap and 10 Cu-CD/Hap materials. 

On another note, it should be signaled that while both Cu/P and Cu/Ca molar ratios increase when 

going from 10 Cu/Hap to 10 Cu-CD/Hap, Cu/P value is doubled for 10 Cu-CD/Hap (similarly to what 

is perceived for Cu/(Ca+P) ratio), whereas Cu/Ca value is almost tripled for 10 Cu-CD/Hap. This 

could be indicative of the role played by β-CD in preventing copper species migration deep inside the 

lattice of Hap by substitution of calcium ions which could lead towards surface enrichment in Ca and 

depletion of Cu.   

926930934938942946950954958962966

In
te

n
si

ty
 / 

a
.u

Binding energy / eV

Cu 2p3/2

Satellite

Satellite

Cu 2p1/2

10 Cu-CD/Hap

10 Cu/Hap

934.4

933.6

a

274278282286290294298

In
te

n
si

ty
 / 

a
.u

Binding energy / eV

C 1s

10 Cu-CD/Hap

10 Cu/Hap

b



107 
 

It should nevertheless be noted that an XPS-induced reduction of copper particles, which has been 

previously reported to occur [62]–[70], did take place during data acquisition as demonstrated by the 

decrease in the Cu 2p3/2 BE (≈ 933 eV) and FWHM Cu 2p3/2 (2.7) values obtained for the 2
nd

 

recording, which were conducted at the end of XPS analysis (Table 4.3).  Indeed, these values are 

indicative of a reduced state of copper entities (Cu
+
/Cu

0
) and so it does not seem that the use of β-CD 

is capable of improving the stability of Cu
2+

 species and lessening, thus, the in-situ reduction effect.   

Finally, regarding the presence of any residual carbonaceous based entities in 10 Cu-CD/Hap, no 

additional feature or significant increase in the intensity of the peaks noted in C1s core level spectrum 

can be seen for 10 Cu-CD/Hap when compared to 10 Cu/Hap sample (Figure 4.8-b). Furthermore, an 

examination of the evolution of C/Cu ratio between 10 Cu/Hap and 10 Cu-CD/Hap offers no 

conclusive proof as to the presence of any carbonaceous based residues at the surface of 10 Cu-

CD/Hap material. 

Thus, XPS analysis evidences the effectiveness of using β-CD for enhancing copper dispersion as well 

as promoting the presence of Cu in its +II oxidation state at the catalyst surface.  

4.4. Catalytic performances in the total oxidation of toluene 

The effect of the initial concentration of toluene (C
0
 = 200 ppmv, 400 ppmv, 800 ppmv) has been first 

investigated on the performances of 10 Cu/Hap and 10 Cu-CD/Hap catalysts in the total oxidation of 

this VOC throughout the determination of the toluene conversion as a function of time (24 h) at a 

temperature of 250 °C. The experiment has been carried out in a consecutive way by raising the 

concentration at each step. Between each step the catalyst is left in air for a duration needed to 

stabilize the new reactive flow rate. The time on stream curves are given in Figure 4.9 and the 

corresponding data are reported in Table 4.4. For both catalysts it should be noted that no deactivation 

occurs whatever the initial toluene concentration. Additionally for 10 Cu/Hap, an induction period of 

8 h at 200 ppmv is observed, during which the conversion of toluene increases from 48% to 70%. A 

similar phenomenon is observed for C
0
 = 400 ppmv but with a decreased duration (6 h instead of 8 h) 

and absent at C
0
 = 800 ppmv. The activation step which does not occur for 10 Cu-CD/Hap can be the 

result of the reduction of residual nitrate species, shown to be present in 10 Cu/Hap catalyst by IR 

analysis. Indeed, the elimination of these remaining nitrates previously blocking the pores of the 

support would lead to an increase in the specific surface area value, inducing thus better catalytic 

performance [1].  

  

Figure 4.9. Time-on-stream plot of toluene conversion at 250 °C over 10 Cu/Hap and 10 Cu-CD/Hap 

catalysts for three different toluene concentration values: 200, 400, and 800 ppmv. 
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Regarding the influence of the toluene concentration on the standardized toluene conversion rate 

determined at 250 °C (r250), expressed in mole of reacted toluene per hour and per mol of transition 

metal and determined according to: 

   
                

      
         (4.4) 

both catalysts reveal an initial increase in activity (/10
-2

 h
-1

) when the toluene concentration first 

increases within the feed composition (Figure 4.10).  

  

Figure 4.10. a) Rate of toluene conversion at 250 °C (r250) and b) CO2 Productivity (P) as a function of 

initial toluene concentration (C
0
) for 10 Cu/Hap and 10 Cu-CD/Hap catalysts. 

It can be noted that while 10 Cu-CD/Hap manifests a continuous increase in r250 with increasing 

toluene concentration, 10 Cu/Hap shows a rise in the initial value of r250 when going from 200 ppmv to 

400 ppmv but then the catalyst’s activity remains constant when the toluene concentration is further 

increased to 800 ppmv. When examining the time-on-stream plots represented in Figure 4.9, it is 

apparent that an inversely proportional relation exists between toluene conversion (Ct) and toluene 

concentration (C
0
) for both catalysts. This is to be expected since the concentration of active sites 

remains unchanged while that of reactant increases [71]–[73]. Therefore, two reasons can be suggested 

as for why the catalytic activity ceases to increase above a toluene concentration of 400 ppmv in the 

case of 10 Cu/Hap whereas it continues on rising in the case of 10 Cu-CD/Hap: the first being that 

active sites saturation is reached sooner for 10 Cu/Hap when compared to 10 Cu-CD/Hap, due to the 

high dispersion of copper species in 10 Cu-CD/Hap catalyst which  is likely to result in a higher 

number of copper active sites. The second reason could be that the use of β-CD leads to the formation 

of copper active sites with higher efficiency than those resulting from the conventional synthesis 

method (10 Cu/Hap). 

Furthermore, by examining Figure 4.10-a, in which is represented the evolution of r250 as a function of 

toluene concentration for both 10 Cu/Hap and 10 Cu-CD/Hap solids, a higher position of the trace 

belonging to 10 Cu-CD/Hap catalyst can be noted. This observation implies an enhancement in 

toluene conversion efficiency due to the use of β-CD, which by improving copper dispersion gives rise 

to greater reducibility, the latter being a most determining parameter for a Mars-van Krevelen based 

oxidation mechanism. Therefore, both an increase in the number and quality of Cu active sites is 

achieved. The latter is further corroborated by the complete selectivity of 10 Cu-CD/Hap towards CO2 

(Table 4.4) resulting in higher productivity (Figure 4.10-b) compared to 10 Cu/Hap which produces 

some CO along with CO2, but no other by-products. 
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To summarize, it appears that resorting to β-CD in the synthesis process is catalytically profitable: 

both toluene conversion rate and CO2 productivity are positively affected by its use which allows for 

an increase in the number and quality of copper active sites. 

Table 4.4. Stability tests data for 10 Cu/Hap and 10 Cu-CD/Hap. 

Sample C
0
 [ppmv]

 [a]
 Ct [%]

 [b]
 r250 [h

-1
] 

[c]
 SCO2 [%]

 [d]
 SCO [%]

 [e]
 P [/10

-5
 mol 

CO2.h
-1

]
 [f]

 

10 Cu/Hap_200 200 70 0.109 98 2 3.4 

10 Cu/Hap_400 400 60 0.188 96 4 5.7 

10 Cu/Hap_800 800 30 0.188 94 6 5.6 

10 Cu-CD/Hap_200 200 88 0.138 100 0 4.3 

10 Cu-CD/Hap_400 400 66 0.206 100 0 6.5 

10 Cu-CD/Hap_800 800 40 0.250 100 0 7.9 

[a] Concentration of toluene in the feed composition. [b] Toluene conversion. [c] Standardized conversion rate 

determined at 250 °C. [d] Selectivity towards CO2. [e] Selectivity towards CO. [f] CO2 productivity of the 

catalyst. 

4.5. Characterization of the used catalysts 

4.5.1. H2-TPR/MS and XRD 

The effect of stability tests on the reducibility of used 10 Cu/Hap U and 10 Cu-CD/Hap U was 

assessed by H2-TPR coupled with MS. The H2-TPR traces of the fresh and used 10 Cu/Hap and 10 Cu-

CD/Hap are shown in Figure 4.11 and the related data given in Table 4.5. Regarding 10 Cu/Hap U, the 

H2 consumption envelope is strongly modified. Four peaks are now observed at 240 °C, 280 °C, 

330 °C and 360 °C in the 150-400 °C temperature range as well as a small peak at 618 °C. It is clear 

that the H2 consumption peak at 240 °C attributed to the reduction of the dispersed small Cu(II) 

clusters on the surface decreases in 10 Cu/Hap U compared to what was observed in 10 Cu/Hap solid 

(peak at 234 °C). The additional high temperature peaks noted in the case of the used solid compared 

to fresh 10 Cu/Hap can be the result of the formation of bulk CuO at the surface with different particle 

sizes [21], [74], and a possible alteration in Cu speciation following catalytic oxidation of toluene, 

engendering Cu
+
 species [75], [76]. Thus, it would seem that stability tests caused a decrease in the 

reducibility of copper species, which then resulted in a decline of the catalytic activity.  

Concerning 10 Cu-CD/Hap U, the hydrogen consumption peak becomes narrower compared to that of 

the fresh sample, reflecting good homogeneity of the sample, with a shift to higher temperature. This 

suggests that while a good dispersion of small Cu(II) clusters is still maintained on the surface of the 

used catalyst, a sintering of the active copper species is starting to take place following stability test. 
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Figure 4.11. H2-TPR profiles of fresh and used a) 10 Cu/Hap and b) 10 Cu-CD/Hap solids. 

It should be noted that the onset of H2 consumption is shifted to higher temperature for 10 Cu-

CD/Hap U while this temperature is slightly affected for the cyclodextrin-free catalyst. In both cases 

the experimental H2 consumption amount is close to the theoretical value meaning that the total 

amount of Cu(II) is reduced into Cu(0). This is consistent with the removal of the retained NO3
-
 like 

species in the course of the reaction [77], as confirmed by the absence of m/z signals derived from the 

degradation of NO3
-
 species (Figure 4.12-a). 

The evolution of the intensity of m/z signals (12, 14, 15, 16, 28, 30, and 44) as a function of 

temperature is given in Figure 4.12-a. Taking into account the cracking patterns, a release of CO2 is 

observed in the 200 °C-400 °C temperature range followed by the production of CH4 and CO in the 

500 °C-700 °C temperature range, indicating the occurrence of some fouling of the surface with coke 

and other carbon products following stability tests.  

The XRD patterns of 10 Cu/Hap U and 10 Cu-CD/Hap U samples, illustrated in Figure 4.13, reveal no 

new crystalline phase, nor do they reveal any modification in the positions of the peaks previously 

observed in fresh samples relative to hydroxyapatite and copper oxide crystalline phases. They do 

show however some modification in the relative intensities of the peaks attributed to CuO. While an 

increase in the crystallite size (Dc) of CuO occurs in 10 Cu-CD/Hap U, as revealed by the appearance 

of the diffraction peak at 2θ = 48.7 ° attributed to CuO, previously masked in the fresh catalyst, and 

from which is calculated a mean CuO crystallite size of 16 nm (Table 4.5), an opposite effect is noted 

in the case of 10 Cu/Hap U. Indeed, a decrease in the size of CuO crystallites following the stability 

test can be remarked (45 nm for 10 Cu/Hap vs. 36 nm for 10 Cu/Hap U), suggesting a redispersion of 
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the crystalline copper phases. Redispersion, the reverse phenomenon of crystal growth, is thought to 

be due to the fragmentation of copper oxide particles into small crystallites, following the reduction of 

these copper phases during the catalytic process [78]. 

  

Figure 4.12. Evolution of the intensity of the signals corresponding to m/z = 2 (given by the y-axis on 

the right), 12, 14, 15, 16, 28, 30, and 44 (given by the y-axis on the left) as a function of temperature 

for the solids: a) 10 Cu/Hap U and b) 10 Cu-CD/Hap U. 

 

 

Figure 4.13. XRD patterns of fresh and used a) 10 Cu/Hap and b) 10 Cu-CD/Hap solids. 
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Based on both H2-TPR and XRD results, it would seem that stability tests induce both a decrease in 

the reducibility of copper species and a change in the CuO crystallite size in both 10 Cu/Hap U and  

10 Cu-CD/Hap U catalysts.  

Table 4.5. H2-TPR, XRD, and XPS results for fresh and used 10 Cu/Hap and 10 Cu-CD/Hap solids. 

Sample Tonset 

reduction
[a] 

[°C]  

n(H2)th
[b] 

[mmol.g-1] 

Dc[d] 

CuO 

[nm] 

Cu 

2p3/2
[e] 

[eV] 

FWHM 

Cu 2p3/2 

[f] [eV] 

Isat/Ipp
[g] C/Cu[h] O/Cu[h] Cu/P[h] Cu/Ca[h] Cu/ 

(Ca+P) 
[h] 

10  

Cu/Hap 
156 

2.81 

[1.58][c] 
45 933.6 3.9 0.50  29.0 36.0 0.14 0.08 0.06 

10  

Cu/Hap 

U 

166 
1.55 

[1.58][c] 
36 932.5 3.0 0.20 26.8 54.2 0.08 0.05 0.03 

10 Cu-

CD/Hap 
85 

1.99 

[1.58][c] 
- 934.3 3.8 0.55 19.0 16.0 0.29 0.22 0.13 

10 Cu-

CD/Hap 

U 

148 
1.58 

[1.58][c] 
16 932.8 3.1 0.26 10.1 21.9 0.21 0.15 0.09 

[a] Temperature of onset reduction. [b] Experimental amount of H2 consumed. [c] Theoretical amount of H2 consumed. [d] Mean CuO 

crystallite size. [e] Cu 2p3/2 binding energy. [f] Full width at half maximum of Cu 2p3/2 peak. [g] Intensity ratio between Cu 2p3/2 and 

corresponding satellite peak. [h] XPS atomic ratio. 

4.5.2. XPS 

For a better study of surface properties following stability experiments, XPS analysis was conducted 

on used catalysts and the results, summarized in Table 4.5, were compared with those noted for fresh 

materials. It is apparent that a decrease in the Cu 2p3/2 BE occurs when going from the fresh to the 

used catalysts (-1.1 eV for 10 Cu/Hap U and -1.5 eV for 10 Cu-CD/Hap U). In fact, the BE values of 

932.5 and 932.8 eV found for the Cu 2p3/2 peak of 10 Cu/Hap U and 10 Cu-CD/Hap U, respectively, 

are in line with literature reported values for reduced copper states, be it Cu
I
 or Cu

0
 [54], [79]. In 

addition, the decrease in the FWHM values of the Cu 2p3/2 peak in the used samples suggests the 

occurrence of a reduction process succeeding stability tests. However, the presence of satellite peaks 

in the Cu 2p core level spectra of both used catalysts, shown in Figure 4.14-a, indicates the presence of 

remaining copper II species along with the reduced copper entities. In fact, the values found for Isat/Ipp 

are 0.20 and 0.26 for 10 Cu/Hap U and 10 Cu-CD/Hap U, respectively, which are lower than 0.5, the 

characteristic value for Cu
2+

 species and higher than the one corresponding to Cu
+
 species, are 

representative of the presence of a mixture of copper oxidation states (+II; +I/0).  

The Cu/(Ca+P) atomic ratio values decrease by half and by quarter compared with those on the fresh 

catalysts for 10 Cu/Hap U and 10 Cu-CD/Hap U, respectively. This can suggest some agglomeration 

of copper related species after test whose extent is minimized over the 10 Cu-CD/Hap showing again 

the beneficial effect of the cyclodextrin. Moreover, compared to what was obtained for fresh samples, 

the values of O/Cu increase by ca. 50% and 35% for 10 Cu/Hap U and 10 Cu-CD/Hap U, respectively. 

While this increase is partially caused by the agglomeration of copper entities following stability test, 

it is also the result of catalyst fouling by carbonaceous species. Indeed, despite the decrease of C/Cu 

ratio for used catalysts, a comparison of the normalized overlay of C 1s spectra for fresh and used 10 

Cu/Hap and 10 Cu-CD/Hap materials, reported in Figure 4.14-b, reveals an increase in the intensity of 

the peak contribution at 288.6 eV assigned to O‒C=O and the emergence of a shoulder at 286.9 eV 
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attributed to C=O, all of which can be associated with the presence of adsorbed organic species on the 

surface of the used catalysts [80], [81]. The large particle size of these carbonaceous species might be 

at the origin of the low C/Cu ratio found in used samples. 

   

Figure 4.14. a) Cu 2p XPS core levels for used 10 Cu/Hap U and 10 Cu-CD/Hap U materials. b) 

Normalized overlay of C 1s XPS core levels for fresh and used 10 Cu/Hap and 10 Cu-CD/Hap 

materials. 

Thus, it appears that stability tests resulted in a reduction of copper species and in a decrease of Cu 

dispersion in both catalysts. Nevertheless, the use of β-CD succeeded in lessening the extent of copper 

sintering by maintaining the bigger portion of copper entities in a highly dispersed state on the surface 

of 10 Cu-CD/Hap U, but it didn’t manage to prevent the fouling of the surface by carbonaceous 

deposits. This finding agrees with the above H2-TPR results. 

4.6. Conclusion 

The preceding examination of hydroxyaptite-supported copper materials has shown the efficiency of 

using β-CD in order to improve the catalytic performances of Cu/Hap catalysts in the total oxidation of 

toluene through an increase in both copper active species dispersion and reducibility. Indeed, it would 

appear that the modification of the surface composition of 10 Cu/Hap material by addition of β-CD to 

the synthesizing mixture allowed for better regulation of Cu location on the hydroxyapatite support. 

Thus, while difficultly reducible bulk CuO were predominant on the surface of 10 Cu/Hap material, as 

shown by XRD and H2-TPR analysis, easily reducible highly dispersed small Cu(II) clusters were 

primarily formed in 10 Cu-CD/Hap solid, as indicated by XPS technique. Such a result is achieved 

through the occurrence of preferential interactions between β-CD and copper nitrate species, 

preventing the growth of the CuO particles during the calcination step while facilitating the total 

elimination of nitrate.  

Owing to the promotion of copper species dispersion and reducibility through the use of β-CD, both 

the quality and number of active Cu sites increased resulting in a rise in toluene conversion rate and 

CO2 productivity for 10 Cu-CD/Hap catalyst. Moreover, addition of β-CD to the impregnation 
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solution proved to be advantageous in terms of reducing the sintering of copper species following 

stability tests, thus helping to retain better catalytic activity over time. 

Even though the work presented in this chapter has given access to new prospects in the field of 

designing highly efficient copper supported catalysts, a clear understanding of the role played by β-

cyclodextrin at each step of the synthesis, beginning from the interactions taking place between β-CD, 

the copper precursor, and hydroxyapatite support in the aqueous phase, up to the formation of active 

Cu species in the catalyst, remains out of reach. Thus, the upcoming chapter will be dedicated to 

carrying out an evaluation of the function occupied by β-cyclodextrin in Cu/Hap synthesis through 

Raman and ToF-SIMS monitoring.      
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Chapter V: Insight into the role of beta-cyclodextrin in Cu/Hap synthesis 

monitored by Raman and ToF-SIMS. 

5.1. Introduction 

Copper based particles tend to agglomerate during the preparation of Cu-supported catalysts, thereby 

minimizing their active surface areas which ultimately result in diminishing the material’s 

performance. This effect can be minimized by stabilizing Cu particles through the use of β-CD 

complexing agent, a method which has been demonstrated to be effective in preventing copper species 

aggregation, leading thus to an improvement in the catalyst efficiency (refer to Chapter IV).   

Immobilizing β-CD-complexed Cu ions on Hap support material may be contemplated to occur in one 

of three different ways, illustrated in Figure 5.1. Either the organic compound associated with metal 

entities becomes adsorbed to the support through chemical forces and so tethers the copper entities to 

the hydroxyapatite support, or the Cu particles themselves bind directly to the support and the 

oligosaccharide plays no role, or finally a combination of these two binding modes can take place. 

 

Figure 5.1. Schematic representation of three different ways β-CD-complexed Cu ions can bind to the 

surface of Hap support material. 

Hence, knowing that β-CD can interact with both copper nitrate precursor and hydroxyapatite support 

makes the Cu-CD/Hap system even more complex. Indeed, in the synthesis process different 

interactions involving β-cyclodextrin could be taking place and depending on the force or 

predominance of these interactions, the properties of the resulting products would be determined.  

For this reason, a comprehensive study into the role played by β-CD during the preparation of Cu/Hap 

catalysts will be presently performed. The eventual occurrence of any type of interaction between β-

CD and the other participants involved in the formation of hydroxyapatite supported copper catalyst 

will be discussed on the basis of physicochemical data collected via Raman spectroscopy and ToF-

SIMS analysis. While ToF-SIMS is very surface-sensitive and can thus give very useful information 

on the molecular chemistry of the first few monolayers of the examined samples, enabling the 
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identification of the chemical moieties that may interact with β-CD, Raman can provide information 

on the extent of structural changes brought on by the use of the organic complexant. Hence, the 

knowledge gained from these two complementary techniques may yield very important chemical and 

structural data which are essential for understanding the β-CD-related interactions that impact the 

catalytic system and succeed in improving the efficiency of Cu/Hap materials. Besides the work of 

Song et al. [1], where only dried materials corresponding to the solid adduct of CuCl2 and β-CD were 

investigated, no other paper has employed a combined Raman/ToF-SIMS approach for examining 

catalytic systems prepared via β-CD route, making this study all the more innovative and thorough. 

Regarding Raman investigation, which will be conducted first, products will be investigated at 

different points of the preparation (solution, dried state, and calcined state). At the solution level, an 

evaluation of the effect of increasing copper concentration as well as that of β-CD/Cu molar ratio on 

the evolution of the interactions taking place in the copper-bearing systems will be carried out. At the 

powder level, the structural effect of using β-CD on the obtained Cu-supported Hap systems will be 

probed by Raman, in both dried and calcined solids, seeing as the catalysts will undergo changes 

during both of drying and calcination stages. Concerning ToF-SIMS study, an inspection of pure β-CD 

and Hap compounds, in addition to a survey of dried Cu/-CD D, β-CD/Hap D, 10 Cu/Hap D and 10 

Cu-CD/Hap D compounds will be conducted, in order to give an insight into the manner in which β-

CD might interact with both copper precursor and the Hap support. 

The goal of this in-depth study is to produce a scheme highlighting the role of β-cyclodextrin 

throughout the genesis of the Cu/Hap catalyst by using the combined information obtained from 

Raman spectroscopy and ToF-SIMS experiments. Thus, the effect of β-CD on the final nature and 

environment of copper species will be determined, which will thereby reveal if a modulation of copper 

speciation at the end of the process, via the assistance of β-cyclodextrin, does in fact occur.  

5.2. Raman 

5.2.1. Solution 

The use of Raman spectroscopy to study existing interactions in prepared aqueous solutions is required 

for a better understanding of the currently synthesized systems. 

It was first necessary to determine the Raman signature of aqueous solutions of copper nitrate 

precursor, Cu(NO3)2, alone and of β-cyclodextrin alone, then compare these results with those reported 

in literature. Secondly, an evaluation of the effect of the Cu(II) precursor concentration on the 

coordination sphere of Cu(II) and NO3
-
 was conducted. Thirdly, the interactions between Cu(II) 

precursor and β-CD were studied by comparison of the Raman signatures of aqueous mixtures of 

Cu(NO3)2 and β-CD with the Raman spectra of pure Cu(NO3)2 and β-CD aqueous solutions: both the 

impact of β-CD/Cu molar ratio and of Cu concentration (for a fixed β-CD/Cu ratio value) on the 

interaction forces between Cu(II) precursor and β-CD were rigorously examined. The results of these 

investigations are reported below. 

It should be noted though, that a Raman analysis of water was first performed, with the resulting 

spectrum shown in Figure AC.1, in order to avoid any confusion by attributing some of H2O related 

bands to another species. Therefore, it should be hereafter established that bands observed at 430, 485, 

598, and 795 cm
-1

, assigned to the νL libration mode arising from hydrogen bonding; and that noted at  

1640 cm
-1

 attributed to the ν2 bending mode, all derive from water vibrational modes [2], [3].    
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5.2.1.1. Raman study of Cu(NO3)2  

In water, Cu(NO3)2 dissolves according to the following equation, yielding a blue solution composed 

of the octahedral complex ion [Cu(OH2)6]
2+

 and nitrate anions: 

            
   
              

              
           (5.1)  

Regarding the vibrational modes of [Cu(OH2)6]
2+

 complex, low signal strength and the strong 

fluorescence background in the region 100-400 cm
-1

 obscured the fundamental modes of [Cu(OH2)6]
2+

 

which are at ν1 (396 cm
−1

), ν2 (299 cm
−1

), ν3 (414 cm
−1

), ν4 (264 cm
−1

), ν5 (179 cm
−1

), and ν6 

(119 cm
−1

) [4]–[6]. 

The solvated NO3
-
 ion has a D3h symmetry which results in four fundamental modes of vibration. 

However, only the totally symmetrical vibration ν1, and the doubly degenerate vibrations ν3 and ν4 are 

Raman active. Thus, in their free state, when they are isotropically surrounded by water molecules 

from the aqueous solution, nitrate ions should manifest no more than three bands in the corresponding 

Raman spectra.  

Yet, when examining the Raman spectrum of Cu(NO3)2 aqueous solution, with a concentration of 

0.14 mol.L
-1

 (which corresponds to the Cu concentration used in the impregnation mixture to obtain 

10 Cu/Hap catalyst), shown in Figure 5.2, it can be seen that in addition to the bands related to the 

Raman spectrum of water (430, 485, 598, 795, and 1640 cm
-1

) [2], [3], four bands associated with 

copper nitrate can be detected. While the bands at 714 and 1045 cm
-1

 correspond to ν4 and ν1 

vibrational modes respectively, the other two remaining bands at 1347 and 1405 cm
-1

 are the result of 

the splitting of the ν3 degenerate vibrational mode. This splitting of the ν3 band has been noted before 

by many authors and has been recognized as being the first effect of an increase in concentration of a 

very diluted copper nitrate solution [7], [8]. It has been explained by a lifting of the degeneracy of the 

fundamental ν3 vibration due to an alteration of the electronic envelope of the ion by its changing 

surroundings. In other words, if a copper cation draws nearer to a nitrate anion it can create an inter-

ionic association lowering thus its original symmetry. 

 

Figure 5.2. Raman spectrum of aqueous solution of Cu(NO3)2 with a concentration of 0.14 mol.L
-1

. 
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5.2.1.2. Raman study of β-CD 

β-cyclodextrin which is composed of seven glycosyl units, linked through α-(1,4)-glycosidic bonds, 

has 147 atoms and can produce 435 normal vibration modes [9]. The Raman spectrum of an aqueous 

β-CD solution with a concentration of 0.014 mol.L
-1

 (which corresponds to the β-CD concentration 

used in the impregnation mixture to obtain 10 Cu-CD/Hap catalyst) is displayed in Figure 5.3. Along 

with water associated bands, eight new bands emerge at 876, 945, 1042, 1080, 1127, 1258, 1335, and 

1451 cm
-1

, which can be ascribed to β-CD compound [10], [11]. Although, it should be noted that 

none of these β-CD-detected modes arise from a single type of molecular vibration.  

Thus, the band noted at 876 cm
-1

 considered as an anomeric band [11], corresponds essentially to  

C-1-H deformation coupled with other motions among which figure the stretching mode of CO, CC, 

and bending mode of CCH. The band observed at 945 cm
-1

 may be ascribed to skeletal modes of β-CD 

involving α-1,4 linkage. C–O stretching vibration results in the bands occurring at 1080 and  

1042 cm
-1

. The band perceived at 1127 cm
-1

 can be assigned to pyranose ring vibrational mode 

superimposed with the asymmetric stretching vibration of the glycosidic C-O-C bonds. Moreover, the 

bands at 1335 and 1258 cm
-1

 may be attributed to complex modes of the CH2OH group such as 

bending modes of CCH and COH along with other motions. Finally, the scissoring vibration of CH2 

and CH appears at 1451 cm
-1

. 

These presented results will constitute a good basis for future detection of complex formation with  

β-cyclodextrins, which could manifest by a Raman shift of any of these earlier mentioned bands, or 

also their disappearance. 

 

Figure 5.3. Raman spectrum of aqueous β-CD solution with a concentration of 0.014 mol.L
-1

. 

5.2.1.3. Raman study of Cu(NO3)2: effect of Cu concentration 
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changes that occur in the solutions at high concentrations will most likely impact the resulting 

materials macroscopic properties.  

Thus, we resolve to investigate the influence of copper(II)  concentration on its environment from the 

study of Raman spectra given in Figure 5.4. 

The Raman spectrum of the most diluted aqueous solution of copper nitrate investigated in this study 

(0.14 mol.L
-1

 – Figure 5.4-trace “A”) has already been discussed in detail in the section above (refer to 

“5.2.1.1. Raman study of Cu(NO3)2”). Basically, the spectrum shows four copper nitrate related 

bands: bands at 714 and 1045 cm
-1

 corresponding to ν4 and ν1 vibrational modes respectively, along 

with two other bands at 1347 and 1405 cm
-1

 resulting from the splitting of the ν3 degenerate vibrational 

mode. 

 

Figure 5.4. Raman spectra of aqueous solutions of Cu(NO3)2 with a concentration of 0.14 mol.L
-1

 and 

2.33 mol.L
-1

, along with the Raman spectra obtained after elimination of solvent and of 

Cu(NO3)2.3H2O powder precursor.  

When the concentration of the copper nitrate solution is increased to 2.33 mol.L
-1

 (Figure 5.4- 

trace “B”), two new bands appear at 750 and 1477 cm
-1

. These bands have been assigned in several 

works with the formation of a nitrato-copper complex [12], [13], which becomes more and more 

favored with the increase in copper nitrate concentration.  It can also be noticed that the ν1 band 

(1045 cm
-1

) becomes broader and asymmetric about its base (on its low frequency side) as the 

concentration grows from 0.14 to 2.33 mol.L
-1

; this can be interpreted as the developing of a new band 

in this region, ascribed to the nitrato-copper complex. It should also be noted that the Raman shifts at 

430 and 1640 cm
-1

 are in accordance with residual water. 

0 500 1000 1500 2000 2500

A
b

so
r
b

a
n

c
e
 /

 a
.u

.

Raman shift / cm-1

D : Cu(NO3)2.3H2O precursor powder

C : Cu(NO3)2 after elimination of solvent

B : Cu(NO3)2 aqueous solution (2.40 mol.L-1)

A : Cu(NO3)2 aqueous solution (0.14 mol.L-1)

1
3

6
9

6

1
7

3
2

1
8

3
9

9 7
1

6
7

2
8

7
6

2
7

5
4

1
0

1
5

1
0

4
5

1
2

8
2

1
3

2
2

1
4

3
0

1
4

8
9

1
5

0
0

1
6

4
0

1
4

7
7

1
3

1
3

7
5

0
7

1
4

4
3

0

1
4

0
5

A

B

C

D

4
8

5

5
9

8

7
9

5

2
4

1



126 
 

Finally, a Raman analysis of the copper nitrate product after quasi elimination of the solvent, when all 

that is remaining is some droplets on the sides of the round-bottomed flask, was conducted (Figure 

5.4-trace “C”). No Raman bands corresponding to water bonding modes could be detected in this 

spectrum confirming the departure of the quasi totality of water molecules. Therefore, a highly 

concentrated compound such as this one would be presumed to exhibit an analogous structure to that 

of the solid precursor. Indeed, the Raman spectrum obtained in trace “C” resembles that of the solid 

copper nitrate trihydrate precursor corresponding to trace “D” in Figure 5.4, which in turn agrees with 

literature reported data on Raman band positions of Cu(NO3)2.3H2O mineral [14] (Figure AC.2 and 

Table AC.1). Compared to its more diluted predecessor, the product in trace “C” exhibits in the low-

frequency region (below 400 cm
-1

) copper-nitrate and copper-oxygen bands. These bands, which are 

characteristic of copper nitrate crystal, had been absent in traces “A” and “B”, due in all likeliness to 

the presence of higher amounts of water which by entering the coordination sphere of the metal 

displace the nitrate ions and thus cause the disappearance of the metal-to-nitrate bond [15]. Moreover, 

the shoulder which had been noted at the low frequency side of the ν1 band in trace “B” becomes a 

well defined separate band at 1015 cm
-1

 in trace “C”, and new bands appear in the 700-800 and 1250-

1500 cm
-1

 frequency range, all of which could be attributed to copper-nitrate association.  

5.2.1.4. Raman study of CuCDx: effect of β-CD/Cu molar ratio  

The focus will now be turned towards performing a thorough examination of the three CuCDx 

solutions with the aim of investigating the consequences of combining Cu(NO3)2 with β-CD on Raman 

spectrum, as well as that of varying the concentration of β-CD within the aqueous solution so as to 

obtain three different β-CD/Cu molar ratios equal to 0.05 ([β-CD] = 0.007 mol.L
-1
), 0.1 ([β-CD] = 

0.014 mol.L
-1
) and 0.2 ([β-CD] = 0.028 mol.L

-1
). The corresponding Raman spectra are given in 

Figure 5.5. 

When it comes to aqueous solutions bearing β-CD with a concentration of 0.014 mol.L
-1

, presented in 

Figure 5.5-a, the characteristic bands of β-cyclodextrin in water can be found at 876, 945, 1042, 1080, 

1127, 1258, 1335, and 1451 cm
-1

, as formerly stated in section “5.2.1.2. Raman study of β-CD”. With 

the addition of copper nitrate to the β-CD aqueous solution (Cu/β-CD) new bands appear at 714 and 

1045 cm
-1

. These bands are related to the copper precursor as asserted by the Raman spectrum of 

aqueous solution of copper nitrate (refer to “5.2.1.1. Raman study of Cu(NO3)2”). 

Regarding the effect of β-CD/Cu molar ratio, it can be seen that an increase in this ratio’s value leads 

to a rise in the intensity of all β-CD associated bands. Furthermore, a zoom made in the 650-1000 cm
-1

 

range and represented in Figure 5.5-b, shows the occurrence of a 14 cm
-1

 red shift of the β-CD 

characteristic band at 876 cm
-1

 which emerges at 862 cm
-1

 in the Cu/β-CD solutions. This band which 

appears to be absent in the case of the Cu/β-CD solution with the lowest concentration of β-CD ([β-

CD] = 0.007 mol.L
-1

), and hence the lowest β-CD/Cu molar ratio value (0.05), becomes more and 

more defined when increasing the β-CD concentration from 0.014 to 0.028 mol.L
-1

, or in other words 

when increasing the β-CD/Cu molar ratio from 0.1 to 0.2. The occurrence of a red shift in the position 

of this band compared with that of pure β-CD could be an indicator of the existence of an interaction 

between copper and β-CD species [16]. No additional bands or position shift could be otherwise 

detected. 
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Figure 5.5. Raman spectra of aqueous solutions of β-CD; Cu(NO3)2; CuCDx with three different 

concentrations of β-CD a) recorded from 200 to 2400 cm
-1

 b) and a zoom in the range 650-1000 cm
-1

. 

5.2.1.5. Raman study of CuCD0.1: effect of Cu concentration (β-CD/Cu ratio of 0.1) 

A study of the effect of Cu concentration on the Raman spectra of aqueous solutions of CuCD0.1, with 

a molar ratio of β-CD/Cu equal to 0.1, was carried out. The Raman spectra are represented in 

Figure 5.6.  
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The Raman spectrum of the most diluted solution ([Cu] = 0.14 mol.L
-1

, trace “A”) shows characteristic 

bands related to β-CD, Cu(NO3)2, and water (a more detailed description has already been given above 

when discussing the results reported in Figure 5.5). When the concentration of CuCD0.1 increases three 

times (trace “B”), additional bands appear at 440, 476, 573, and 1106 cm
-1

, all of which are 

characteristic of β-CD which have been previously masked by excess water. However, what is 

noteworthy is the observation of a red shift regarding the β-CD-related band, formerly detected at 

873 cm
-1

 in trace “A”, which in the case of trace “B” is shifted to a lower value, emerging thus at 

861 cm
-1

. Seeing as this anomeric band is usually considered as a marker of the CH2OH position, a red 

shift in its position could signal a rotation of the CH2OH group around the C-C axis [11], this latter 

being possibly caused by the occurrence of interactions between Cu
2+

 ions and β-CD molecules.   

 

Figure 5.6. Raman spectra of aqueous CuCD0.1 solutions with increasing concentrations of copper but 

constant β-CD/Cu = 0.1 molar ratio and dried Cu/β-CD D product. 

When the concentration increases even further (trace “C”), β-CD and Cu(NO3)2 associated bands 
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none of the bands characteristic of Cu(NO3)2 compound, or denoting a copper-nitrate association, are 

present. 

However, new bands are detected at 557, 831, 920, 1120, 1435, and 1512 cm
-1

. These six noted 

frequencies are actually distinctive of a hydrated copper oxalate mineral, Cu(C2O4).nH2O, known by 

the name of moolooite, recognized for its green color and semitransparent property, qualities which 

are also found in Cu/β-CD D (refer to experimental section in Chapter II). This copper oxalate 

compound has a D2h symmetry and possesses eight optical modes among which four (7 Ag + 3 B1g + 3 

B2g + 5 B3g) are Raman-active. While the band at 557 cm
-1

 corresponds to stretching ν(Cu―O) and ν(C―C) 

vibrational modes, the bands at 831 and 920 cm
-1

 are attributed to symmetric stretching νs(C―C) and 

bending δ(O―C=O) modes. Symmetric stretching νs(C―O) and bending δ(O―C=O) modes also result in the 

bands noted at 1120 and 1435 cm
-1
, whereas asymmetric stretching νa(C=O) can be ascribed to the band 

found at 1512 cm
-1

 [17]–[19]. 

Crystallographic studies of CuC2O4 structure indicate a square planar coordination of the Cu(II) cation 

with the oxalate anions acting as tetradentate ligands bridging two neighboring copper cations [20]. 

Thus, this mineral structure consisting of chains of Cu
2+

 bridged by oxygen, is clearly the result of Cu-

β-CD interactions which likely started in the solution state (as suggested by the noted red shift of the 

anomeric band), and culminated into the creation of bonds involving the copper cations of the copper 

nitrate trihydrate precursor and the hydroxyl functions of β-CD. 

Thus  the existence of an interaction between cyclodextrin and copper species through the formation of 

molecule-ion adducts between β-CD and Cu
2+

 ions, an association which had been previously 

suggested by Song et al. [1], has been confirmed in the current analysis. 

5.2.2. Dried precursors 

Dried 10 Cu/Hap D and 10 Cu-CD/Hap D materials which have already been examined by XRD and 

TGA-DSC/MS analysis in the previous chapter (Chapter IV) will now be inspected by Raman 

spectroscopy. The use of this vibrational spectroscopy technique could enhance the comprehension of 

the structural effect of employing β-CD on the studied systems.  

Before appraising each of these dried products separately, it should be first mentioned that 

heterogeneity could be perceived when analyzing different zones within these solids, especially for 

10 Cu/Hap D. Consequently, six of the resulting Raman spectra for each sample are given in 

Figures 5.7 and 5.8, along with copper nitrate precursor, pure Hap, and β-CD Raman spectra.  

Moreover, Raman spectra of pure Cu(NO3)2.3H2O and β-CD compounds are represented in 

Figure AC.2, with bands assignments for the noted frequencies in each of the Cu(NO3)2.3H2O and β-

CD compounds summarized in Tables AC.1 and AC.2, respectively. A Raman spectrum of pure 

hydroxyapatite support is also illustrated in Figure AC.3. 

5.2.2.1. Raman study of 10 Cu/Hap D 

As can be seen in figure 5.7, the Raman spectra of 10 Cu/Hap D are complex showing characteristic 

bands of the Hap support together with other additional lines. Indeed, similarly to what can be seen 

when examining the calcined support Hap, an intense band derived from the non-degenerate ν1 mode 

of the PO4
3-

 tetrahedron (symmetric stretching of P-O) is noted at 961 cm
-1

. Moreover, two peaks 

associated with the doubly degenerate ν2 tetrahedron mode (bending modes of O-P-O) can be detected 

at 428 and 445 cm
-1

. Three bands positioned at 578, 590, and 606 cm
-1 

arising from the triply 
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degenerate ν4 mode of PO4
3-

 (bending modes of O-P-O) are observed. However, the three bands 

originating from the triply degenerate ν3 tetrahedron modes (asymmetric stretching of P-O), which can 

be discerned at 1028, 1046, and 1074 cm
-1

 in the Raman spectrum of pure Hap material, cannot be 

distinguished in the spectra of 10 Cu/Hap D.  

 

Figure 5.7. Raman spectra of Hap, Cu(NO3)2.3H2O, and 10 Cu/Hap D. 

Moreover, dissimilarities appear between the various spectra of 10 Cu/Hap D, both in terms of bands 

positions and intensity, signaling great surface heterogeneity. Besides Hap attributed frequencies, trace 

“A” of 10 Cu/Hap D reveals all the Raman band positions representative of gerhardtite phase, 

Cu2(OH)3(NO3), at 256, 278, 332, 407, 500, 709, 718, 745, 1047, 1320, and 1439 cm
-1

 [14], [21] 

(detected in XRD analysis in Chapter IV). In fact, it is the presence of gerhardtite’s intense band at 

1047 cm
-1 

that causes phosphates ν3 bands to be hidden from all recorded 10 Cu/Hap D spectra. 

Indeed, all traces display some (trace “B”, “C”, “D”, “E” and “F”), if not all (trace “A”), of gerhardtite 

characteristic bands, these latter becoming less defined and apparent when going from trace “A” to 

trace “F”. Most interestingly though is the detection of bands at 290 and 646 cm
-1

 in traces “C” to “F”, 

the intensity of these bands evolving in reverse mode to that of the gerhardtite related bands, meaning 

that it is in trace “F” where they are sharpest. It should be first noted that the band at 290 cm
-1

 cannot 

be ascribed to Cu(OH)2 phase because of the absence of any band in the frequency range 485-488 cm
-1

 

corresponding to the Cu-O-H deformation mode [22], [23] (refer to Table 5.1). Nor can the two newly 

detected bands be ascribed to libethenite phase (Cu2(PO4)(OH)), seeing as no bands in the frequency 

ranges 554-561, 815-818 and 1019-1022 cm
-1

 characteristic of out of plane P-O bending, Cu-OH 

bending and PO4
3-

 symmetric stretching vibrational modes, respectively, can be perceived in any of the 

traces “C” to “F” (Table 5.1) [24]–[28]. These bands can be attributed to Ag and   
  vibrational modes 

of copper oxide species, respectively, reported in Table 5.1 [24], [29]–[32]. Thus, this seems to 

suggest that small CuO particles start to form during the drying step of 10 Cu/Hap D through the 
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decomposition of the already formed copper hydroxide nitrate which would explain the reverse 

evolution of the bands corresponding to CuO and Cu2(OH)3(NO3) respectively. Nevertheless, it should 

be remarked that an important blue shift in the position of the band corresponding to   
  mode of CuO 

can be noted. This blue-shift could be perhaps explained by the start of copper oxide reduction due to 

a laser provoked local heating of the studied zone [33]. Furthermore, the band corresponding to   
  

mode of CuO, usually noted at ≈ 338-347 cm
-1

, cannot be clearly distinguished in this case due to a 

probable band overlap with the gerhardtite characteristic band observed at 332 cm
-1

.  

Table 5.1. Raman band positions of CuO, Cu(OH)2, Cu2(PO4)(OH), and Cu2O compounds based on literature 

results. 

Wavenumber [cm
-1

] 

CuO 
[a]

 Cu(OH)2 
[b]

 Cu2(PO4)(OH) 
[c]

 Cu2O 
[d]

 

290-299 292 298-301 219 

338-347 485-488 450-461 490-526 

620-632  554-561 600-613 

  621-627 645 

  646-650  

  815-818  

  975-980  

  1019-1022  

[a] Based on references [24], [29]–[32]. [b] Based on references [22], [23]. [c] Based on references [24]–[28]. 

[d] Based on references [32], [34]–[36]. 

5.2.2.2. Raman study of 10 Cu-CD/Hap D 

An inspection of 10 Cu-CD/Hap D Raman spectra showed no CuO related bands in any of the 

inspected traces (traces “A” to “F” in Figure 5.8). It did reveal, however, frequencies which were in 

line with β-CD compound (Table AC.2) at 475, 844, and 1128 cm
-1

, in addition to some of gerhardtite 

characteristic bands at 712, 740, 1047, 1331, and 1455 cm
-1
. Apart from β-CD and Cu2(OH)3(NO3) 

related bands, hydroxyapatite characteristic vibrational modes were also noted except for PO4
3-

 ν3 

bands masked by the intense nitrate band at 1047 cm
-1

. Interestingly, the only differences that can be 

observed between traces “A” to “F” are differences of intensity and broadness of the bands. Yet no 

differences in the position of bands (appearance of new bands or disappearance of previously noted 

ones) can be discerned, indicating a much less marked surface heterogeneity in the case of this sample.  
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Figure 5.8. Raman spectra of Hap, Cu(NO3)2.3H2O, β-CD, and 10 Cu-CD/Hap D materials. 

Therefore, it appears that β-CD addition helps attain good surface homogeneity by delaying the 

production of copper oxide particles. This observation matches that of Bai et al. [37], who reported a 

similar retarding effect played by β-CD on the formation of the transition metal oxide phase during 

drying step. 

5.2.3. Calcined catalysts 

Before starting Raman analysis on the two calcined 10 Cu/Hap and 10 Cu-CD/Hap catalysts, an 

optical observation presented itself very clearly. When turning on the instrument’s video camera to 

select a grain to be analyzed, an apparent distinction of color could be noticed when moving from one 

area to another. Indeed, bright zones could be seen along with dark ones. While the dark areas were 

black in the case of 10 Cu/Hap (Figure 5.9-a), the darkest areas found in 10 Cu-CD/Hap solid were 

brown (Figure 5.9-b).  

It should be noted though, that while image contrast can indeed reveal chemical information, it can 

also be generated by some artifacts and have no chemical basis. Potential sources of artifacts include 

sample orientation, surface topography and laser-source induced photodegradation (in case of the 

white-light image being taken after spectra acquisition – see Figure AC.4) [38]. Still, image contrast is 

worth exploring for it can prove to be an indicator of chemical composition.    

Thus, in the following section, a Raman investigation of both a bright and dark zone will be carried 

out for 10 Cu/Hap and 10 Cu-CD/Hap materials. Additionally, a Raman investigation of calcined 

CuDHap compound will be conducted too. However, unlike 10 Cu/Hap and 10 Cu-CD/Hap samples, 

CuDHap material displays no differences in color when moving from area to area when looking 

through the instrument’s focusing camera. All the resulting Raman spectra are reported in Figure 5.10 
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and the values of the observed Raman shifts for the three considered compounds are tabulated in 

Table 5.2.  

  

Figure 5.9. White-light images captured by the Raman apparatus video camera of a) 10 Cu/Hap and b) 

10 Cu-CD/Hap. 

5.2.3.1. Raman study of 10 Cu/Hap, 10 Cu-CD/Hap and CuDHap  

Raman analysis of the bright areas of both 10 Cu/Hap and 10 Cu-CD/Hap result in similar spectra to 

that of pure Hap (Figure 5.10-a and b). Nonetheless, the bands perceived are less well defined than 

those of the support alone and more importantly, the main phosphate band corresponding to the ν1 

vibrational mode is broadened, especially in the case of 10 Cu/Hap. Indeed, the measured full width at 

half maximum (FWHM) of the intense peak at 961 cm
−1

 shows an increase when going from pure Hap 

to 10 Cu-CD/Hap, to finally 10 Cu/Hap, revealing values of 6.9, 7.5 and 8.9 cm
−1

, respectively. This 

broadening of the ν1 band can be connected with a decrease in the crystallinity of the hydroxyapatite 

material which appears to become more important when no β-CD is used. This decline in the 

crystallinity of Hap support can be induced by ionic substitution within Hap lattice. In fact, several 

studies which had investigated metal-ion-doped hydroxyapatite revealed that substitution of Ca
2+

 with 

other cations having different ionic radii led to changes in crystallographic parameters, ultimately 

resulting in some degree of crystallinity loss [39]–[41]. This in turn, caused a broadening and a 

decrease in the intensity of Hap’s characteristic vibrational bands, observed in the Raman spectra of 

metal doped hydroxyapatite, when compared with those of undoped Hap [42]–[44]. Indeed, this was 

the case for the copper doped Hap compound prepared in the current study, and examined by Raman 

spectroscopy. When looking at the CuDHap spectrum reported in Figure 5.10-c, it can be clearly 

perceived that despite being nearly identical to the Raman spectrum of Hap support, the band 

associated with the PO4
3-

 tetrahedron ν1 frequency (960 cm
−1

) is broader and less intense for CuDHap 

(FWHM = 8.5 cm
−1

) than for Hap (FWHM = 6.9 cm
−1

), same as for the bands corresponding to the 

doubly degenerate ν2 tetrahedron mode. However, unlike the work of Unabia et al. [45] where 

insertion of copper within the hydroxyapatite lattice resulted in a marked red shift (7 cm
−1

) of the ν1 

band, this was not so obvious in the present analysis where no significant wavenumber change could 

be discerned.  

Thus, based on the variation of the crystallinity degree between 10 Cu/Hap and 10 Cu-CD/Hap 

(determined from FWHM values), it seems that the use of β-CD favors the formation of copper 

species situated on the surface of apatite crystals rather than inserted in its first subsurface layers.  

a b
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Figure 5.10. Raman spectrum of Hap support along with those of a) 10 Cu/Hap; b) 10 Cu-CD/Hap; 

and c) CuDHap compounds. 
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Furthermore, the bright area of 10 Cu/Hap sample manifests a broadening in the 620–650 cm
−1

 range. 

This broadening might be caused by the presence of another phase. Monoclinic CuO, which was 

previously shown to be present  in 10 Cu/Hap material through XRD and infrared analysis, has three 

Raman active modes which are positioned at 290 (Ag), 338 (  
 ) and 624 (  

 ) cm
−1

 [29], [46]–[48]. 

When comparing these theoretical values with the current result, it can be supposed that the 

broadening of the 620–650 cm
−1

 range is the result of the presence of   
  vibrations of tenorite (CuO) 

phase.  

This supposition is confirmed when looking at the Raman spectra of the dark zone of 10 Cu/Hap 

(Figure 5.10-a), in which the CuO bands become much more emphasized, with bands clearly 

appearing at 292, 340, and 626 cm
−1

. These frequencies are in line with the literature reported values 

cited above. In opposition, the bands associated with Hap support almost disappear with only the most 

intense phosphate band at 961 cm
−1

 remaining plainly visible, its FWHM having increased even 

further to become 9.5 cm
-1

.  

Regarding Raman analysis of a dark zone of 10 Cu-CD/Hap, the ensuing spectrum displays CuO 

characteristic frequencies at 290, 334, and 624 cm
-1

. On the other hand, contrarily to what was noted in 

the case of Raman analysis of 10 Cu/Hap dark area, Hap characteristic bands are still apparent and the 

CuO related band are less sharp and more broad, suggesting thus the presence of smaller CuO particles 

[49]. This observation is in agreement with the results presented in the preceding chapter: XRD, XPS. 

In conclusion, the analysis above seems to imply that color variation noted during optical visualization 

of the samples does have a chemical significance, with the bright zones corresponding to areas richer 

in hydroxyapatite whereas the dark zones would coincide with areas richer in copper oxide. 

Consequently, this indicates heterogeneity in the composition of the synthesized powders. However, it 

appears that these latter become more homogeneous with the use of β-CD as a Cu dispersing agent. 

Indeed, it is not without significance that the dark areas in 10 Cu-CD/Hap (brown zones) are lighter in 

color than those in 10 Cu/Hap (black zones), for it is yet another sign of better dispersion of copper 

species within the materials derived from β-CD assisted synthesis. Last but not least, employing β-CD 

in the synthesis process allows for better accessibility to the copper active sites, which by remaining at 

the surface rather than encapsulated between layers of hydroxyapatite become more available for 

catalytic activity. 

Table 5.2. Raman line positions and assignment for calcined 10 Cu/Hap and 10 Cu-CD/Hap. 

Sample Wavenumber [cm
-1

] 

 Hap CuO 

Hap 428; 445; 578; 590; 606; 961; 1028; 1046; 1074 - 

10 Cu/Hap bright zone 428; 445; 577; 589; 605; 960; 1025; 1045; 1072 630 

10 Cu/Hap dark zone 586; 960 292; 340; 626 

10 Cu-CD/Hap bright zone 430; 447; 577; 590; 609; 962; 1030; 1047; 1072 - 

10 Cu-CD/Hap dark zone 427; 444; 579; 588; 609; 957; 1030; 1040; 1067 290; 334; 624 

CuDHap 428; 443; 577; 589; 604; 960; 1027; 1045; 1070 - 
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To summarize, compelling proofs of the existence of interactions between β-CD and copper cations 

have been supplied by Raman analysis. These interactions, which began at the solution state and 

continued evolving within the system upon drying, gave rise to homogeneously dispersed copper 

species more accessible and available for catalytic reactions, following the calcination step. 

Nonetheless, no information has been yet forthcoming regarding any type of interaction between β-CD 

and hydroxyapatite support.  

Thus, an inspection of Cu and β-CD-bearing compounds, in their dried state, through ToF-SIMS 

monitoring could constitute an important first step towards filling the gaps in this domain and 

shedding some light into the interactions taking place between β-CD and Hap support.     

5.3. ToF-SIMS 

In order to better apprehend the role of -CD which allows a better dispersion of the CuO phase over 

hydroxyapatite, dried samples 10 Cu-CD/Hap D and 10 Cu/Hap D have been investigated by ToF-

SIMS as well as -CD and Hap alone, in addition to dried Cu/-CD D and -CD/Hap D compounds. 

5.3.1. ToF-SIMS of β-CD 

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) spectra in both polarities of β-CD 

(C42H70O35) alone are presented in Figure 5.11, and its characteristic peaks are given in Table 5.3. 

 

 

Figure 5.11. ToF-SIMS spectra of β-CD in the 450-1200 m/z range in a) positive polarity and b) 

negative polarity. 
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The fragmentation is characterized by a low signal-to-noise ratio. Because of the high affinity of β-CD 

(M) for Na
+
 and K

+
, secondary ions [M-Na]

+
 and [M-K]

+
 are detected in positive polarity, whereas 

intact β-CD is detected as [M]
-
 in negative polarity [50]. 

The characteristic successive peaks detected in the positive ToF-SIMS spectrum decrease by 

consecutive losses of mass 162.14 starting from the sodiated entity C42H70O35Na
+

.  The molecular mass 

of 162.14 can be ascribed to a dehydrated glucose molecule which constitutes the monomeric unit of 

-CD. This observation is in accordance with the fragmentation pattern of -CD from the sodiated 

entity C42H70O35Na
+
, which takes place at the acetal junction. In fact, it has been reported that this 

process can occur either according to the formation of Y- or Z-type ions, represented in Figure 5.12, 

with albeit the former being significantly more common than the latter ones [51]. Thus, it is assumed 

that the loss of mass 162 proceeds according to Y-type ion formation. Although, for the secondary 

ions having the lowest m/z values (m/z < 671), it can be noted that the Na
+
 contribution disappears. 

Negative polarity ToF-SIMS spectrum showed few peaks, which are all ascribable to large fragment 

ions of -CD in line with previous results [52], [53]. 

Table 5.3. Peak assignment of β-CD. 

Peak Secondary Ion m/z Intensity Peak Secondary Ion m/z Intensity 

1 C6H11O5
+
 163.0593 130723 1 C14H23O12

-
 383.2 16977 

2 C12H21O10
+
 325.1198 47908 2 C20H33O17

-
 545.1 5702 

3 C18H31O15
+
 487.1409 821 3 C26H43O22

-
 707 2466 

4 C24H40O20Na
+
 671.2516 113 4 C32H53O27

-
 869.2 1899 

5 C30H50O25Na
+
 833.2350 113 5 C42H60O28

-
 1012.4 3156 

6 C36H60O30Na
+
 995.2528 212 6 C42H69O35

- 
1133.2 4177 

7 C42H70O35Na
+
 1157.2743 6295     

8 C42H70O35K
+
 1173.2876 2138     

 

Figure 5.12. Decomposition process of [M-Na]
+
 ion occurring according to the formation of Y- or Z-

type ions. From reference [51]. 

Loss of mass 162 according to the Y type fragment ions

Loss of mass 162 according to the Z type fragment ions
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5.3.2. ToF-SIMS of Hap 

Both positive and negative ion TOF-SIMS spectra of calcined hydroxyapatite have been acquired and 

are reported in Figure 5.13. Ion fragments derived from the Hap support, detected in both positive and 

negative polarities are listed in Table 5.4. These noted secondary ions include all of the previously 

reported characteristic fragments of Ca5(PO4)3(OH) compound, namely Ca2PO3
+
 (m/z = 159), Ca2PO4

+
 

(m/z = 175), CaPO3H
+
 (m/z = 120), CaPO4H2

+
 (m/z = 137), Ca2PO3H

+
 (m/z = 160), Ca3P2O3H

+
 

(m/z = 231), Ca4P2O4H
+
 (m/z = 287), Ca5P2O5H

+
 (m/z = 343) and Ca5(PO4)3

+
 (m/z = 485) observed in 

positive spectrum, as well as CaPO
-
 (m/z = 87), CaPO2

-
 (m/z = 103), CaPO3

-
 (m/z = 119) and Ca2PO5

-
 

(m/z = 191) observed in negative spectrum [54], [55]. However, some impurities were also found such 

as Na
+
 (m/z = 23), Mg

+
 (m/z = 24), K

+
 (m/z = 39), along with some hydrocarbons noted in both 

polarities.  

 

 

Figure 5.13. ToF-SIMS spectra of Hap a) in the 30-300 m/z range in positive polarity and b) in the 0-

100 m/z range in negative polarity. 
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Table 5.4. List of ToF-SIMS positive and negative ion fragments related to the Hap support. 

CavOzHw
+
 PtOzHw

+
 CavPtOzHw

+
 CavOz

-
 PtOz

-
 OzHw

-
 CavPtOz

-
 

Ca
+
 P

+
 CaPO

+
 CaO

-
 P

-
 O

-
 CaPO

-
 

44
Ca

+
 PO

+
 CaPO2

+
 CaO2

-
 PO

-
 O2

-
 CaPO2

-
 

Ca2
+
 POH

+
 

44
CaPO2

+
  PO2

-
 OH

-
 CaPO3

-
 

CaO
+
 PH
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+
  Ca6P3O4H2

+
     

Ca2OH
+ 

 Ca7P3O5H2
+
     

Ca2O2H
+
  Ca8P4O6H

+
     

44
CaCaO2H

+
  Ca9P4O7H

+
     

Ca3O2H
+
  Ca10P4O8H

+
     

Ca3O3H
+
  Ca11P4O9H

+
     

44
CaCa2O3H

+
  Ca12P4O10H

+
     

5.3.3. ToF-SIMS of Cu/β-CD D (β-CD/Cu ratio of 0.1) 

ToF-SIMS was used to obtain molecular information of the Cu/β-CD D surfaces (n-CD/nCu = 0.1). The 

positive ToF-SIMS spectrum for the dried Cu/β-CD D is shown in Figure 5.14-a, and the assignments 

for selected ions are shown in Table 5.5 with accurate mass determination. The presence of copper 

was confirmed by the 63 m/z peak ascribed to Cu
+
. Additionally, CuxOyHz

+
 (x = 1-5; y = 0-3; z = 0-3) 

secondary ions are clearly observed.  
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Table 5.5. Peak assignment of dried Cu/β-CD D sample. 

Peak Secondary Ion m/z Intensity Peak Secondary Ion m/z Intensity 

1 C2H2Cu
+
 88.9409 12373 1 CCu

-
 75.0202 1443 

2 C2H2
65

Cu
+
 90.9436 9186 2 C

65
Cu

-
 77.0045 579 

3 COCu
+
 90.9204 25502 3 C2H2Cu

-
 88.9549 12388 

4 CO
65

Cu
+
 92.9334 12719 4 C2H2

65
Cu

-
 90.9551 5519 

5 C2H2OCu
+
 104.9345 7927 5 C2H2OCu

-
 104.9520 48988 

6 C2H2O
65

Cu
+
 106.9389 4891 6 C2H2O

65
Cu

-
 106.9538 23705 

7 C2H3O2Cu
+
 121.9370 3820 7 C2H3OCu

-
 105.9505 47786 

8 C2H3O2
65

Cu
+
 123.9341 1535 8 C2H3O

65
Cu

-
 107.9492 20944 

9 C2H4O2Cu
+
 122.9505 3470     

10 C2H4O2
65

Cu
+
 124.9493 1771     

11 C3H2O2Cu
+
 132.9334 6429     

12 C3H2O2
65

Cu
+
 134.9372 3568     

13 C2HCu2
+
 150.8595 33394     

14 C2H
65

CuCu
+
 152.8544 30164     

15 C2H
65

Cu2
+
 154.8547 8234     

16 C2HOCu2
+
 166.8549 14202     

17 C2HO
65

CuCu
+
 168.8537 12514     

18 C2HO
65

Cu2
+
 170.8563 3725     

19 C2H2OCu2
+
 167.8469 6342     

20 C2H2O
65

CuCu
+
 169.8436 4215     

21 C2H2O
65

Cu2
+
 171.8482 2103     

22 C3HO2Cu2
+
 194.8442 2341     

23 C3HO2
65

CuCu
+
 196.8413 1520     

24 C3HO2
65

Cu2
+
 198.8187 503     

25 C2H2O2Cu3
+
 246.7753 2536     

26 C2H2O2
65

CuCu2
+
 248.7822 3199     

27 C2H2O2
65

Cu2Cu
+
 250.7780 2474     

28 C2H2O2
65

Cu3
+
 252.7721 1810     
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Due to the excess of copper nitrate in the sample inducing high intensity secondary ions, the low 

intensity organic secondary ions relative to -CD can be no longer observed unambiguously for m/z 

higher than 120 due to peak overlapping and matrix/concentration effects. The interaction between -

CD and copper species throughout a supramolecular interaction cannot be observed as a -CD-Cu 

molecular ion is not observed. However, characteristic organic-copper secondary ions CxHyOzCuw
+
 

(Table 5.5) can be detected showing that copper interacts with cyclodextrin by means of covalent 

interaction.  

 

 

Figure 5.14. ToF-SIMS spectra of Cu/β-CD D a) in the 75-255 m/z range in positive polarity and b) in 

the 70-190 m/z range in negative polarity. 
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In negative polarity, the ToF-SIMS spectrum (Figure 5.14-b) shows alongside the CuxOyHz
-
 peaks 

(x = 1-4; y = 1-4; z = 0-2) the m/z = 109, 125 and 186 peaks assigned to CuNO2
-
, CuNO3

-
 and 

CuN2O6
-
, respectively, which indicate that copper is in close interaction with NO3

-
. The great 

abundance of NO
-
, NO2

-
, NO3

-
 secondary ions confirms the presence of such nitrate compounds at the 

surface of the sample. It is noteworthy that the detection of the 113 m/z peak attributed to C5H5O3
-
 has 

been previously detected in the fragmentation of glucose [56]. However, only four related organic-

copper secondary ions, namely CCu
-
, C2H2Cu

-
, C2H2OCu

-
 and C2H3OCu

-
 can be unambiguously 

detected in negative polarity (cf. Table 5.5) confirming interaction between copper and organic 

species. 

5.3.4. ToF-SIMS of β-CD/Hap D 

ToF-SIMS of β-CD/Hap D sample was conducted in order to investigate the interactions likely to 

occur when mixing β-CD with the Hap support. Indeed, the existence of such interactions between β-

CD and hydroxyapatite is made abundantly clear by the presence of a series of secondary ions 

involving organic fragments derived from β-CD associated with calcium cations derived from 

hydroxyapatite, noted in positive polarity and reported in Table 5.6. Moreover in negative polarity, 

one organic-P secondary ion highlighting a β-CD-Hap interaction can also be detected (Table 5.6). 

Based on these results, it can be assumed that β-CD preferentially interacts with Ca rather than P. In 

fact, a similar observation has been previously reported by Xiao et al. [57], who declared that 

interactions between β-CD and Hap would likely involve the OH groups of β-CD and Ca
2+

 cations of 

Hap.  

Table 5.6. List of the organic ions detected in (+) and (−) polarity. 

CxHyOzCaw
+
 m/z Intensity CxHyOzPt

-
 m/z Intensity 

COCa
+
 67.9555 482 COP

-
 58.9699 2503 

CHOCa
+
 68.9641 2904    

C2H3O2Ca
+
 98.9768 5656    

C3H3O2Ca
+
 110.9761 4617    

C4H4O2Ca
+
 123.9809 404    

C4H5O2Ca
+
 124.9906 1437    

CO3Ca2
+
 139.9037 926    

CHO3Ca2
+
 140.9117 1604    

C2H3O3Ca2
+
 154.9303 597    

5.3.5. ToF-SIMS of 10 Cu/Hap D 

ToF-SIMS analysis of 10 Cu/Hap D compound revealed in addition to the characteristic secondary 

ions of Hap, the presence of copper entities through the detection of CuxOyHz
+
 (x = 1-6; y = 0-3;  

z = 0-1) and CuxOyHz
-
 (x = 1-4; y = 0-4; z = 0-3) secondary ions in positive and negative spectrum, 

respectively.  
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The presence of nitrate ions derived from the copper precursor was established by the peaks noted at 

m/z = 30 and 46 in ToF-SIMS (+) spectrum, which can be ascribed to NO
+
 and NO2

+
, respectively, as 

well as the peaks seen at m/z = 30, 46 and 62 in ToF-SIMS (-) spectrum, which can be attributed to 

NO
-
, NO2

-
 and NO3

-
, respectively. Moreover, we also observed ions correlated with nitrate precursors 

interacting not only with copper but with calcium ions too, as manifested by the appearance of several 

CavNOz
+
,
 
CavNsOzHw

- 
and CuxNsOzHw

-
 secondary ions, displayed in Figure 5.15. Conversely, the 

detection of only one P-nitrate secondary ion, namely PON
-
 (m/z = 61) noted in negative polarity, is 

indicative of a clear affinity of nitrate entities towards calcium ions. This latter thus results in multiple 

calcium-nitrate interactions which are facilitated by the intimate contact between the copper nitrate 

precursor and hydroxyapatite support during the impregnation step. 

 

 

Figure 5.15. ToF-SIMS spectra of 10 Cu/Hap D a) in the 85-160 m/z range in positive polarity and b) 

in the 85-190 m/z range in negative polarity. 
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However, no signal above background levels could be observed for an ionized β-CD-Cu fragment. It 

might be that the interaction occurring between β-CD molecule and Cu ions are not sufficiently strong 

and thus cannot be easily preserved for mass spectrometric detection in the gas phase [58]. 

Furthermore, no intact β-CD can be noted, neither in positive or negative polarity. Nevertheless, a 

multitude of organic ion fragments were detected in both polarities. The ions and the peak assignments 

are listed in Table 5.7.  

Among these ions, CxOzCuw
+
 and CxHyOzCuw

-
 secondary ions can be observed denoting the 

occurrence of interactions between organic fragments derived from β-cyclodextrin and copper cations. 

It should be noted that while no sodiated β-CD ion fragment was detected in either (+) or (-) ToF-

SIMS spectra, one sodiated copper-organic ion fragment could be discerned in negative polarity, 

namely C2H2Cu3Na
-
 (m/z = 238). More importantly CaxCuy-organic secondary ions were also 

perceived signaling the interaction of β-CD derived organic fragments with both copper species and 

hydroxyapatite support through its calcium cations: C2CaCu6
+
 (m/z = 442), C3H3OCaCu2

-
 (m/z = 221), 

CH3OCa2Cu3
-
 (m/z = 300).  

Table 5.7. List of the organic ions detected in (+) and (−) polarity. 

Secondary ion m/z Intensity Secondary ion m/z Intensity 

CCu
+
 74.9297 1789 CCaP

-
 82.9363 484 

C
65

Cu
+
 76.9285 584 C4H5O2

-
 85.0289 358 

COCu
+
 90.9217 833 C2Cu

- 
 86.9293 222 

CO
65

Cu 
+
 92.9264 423 COCu

-
 90,9275 167 

C10H16O6
+
 232.0950 181 CO

65
Cu

-
 90.9295 57 

C18H31O6
+
 343.2204 100 C2HOCu

-
 103,9326 139 

C2CaCu6
+ 

 441.5429 12 C2HCa3
-
 144.8930 270 

C2Ca
65

CuCu5
+
 443.5403 22 C3H3OCaCu2

-
  220.8405 299 

C2Ca
65

Cu2Cu4
+
 445.5397 25 C3H3OCa

65
CuCu

-
 222.8395 178 

C2Ca
65

Cu3Cu3
+
 447.5393 16 C3H3OCa

65
Cu2Cu

-
 224.8308 66 

C2Ca
65

Cu4Cu2
+

 449.5398 7 C2H2Cu3Na
-
 237.7911 88 

   C2H2
65

CuCu2Na
-
 239.7901 107 

   C2H2
65

Cu2CuNa
-
 241.7882 48 

   CH3OCa2Cu3
-
 299.7318 49 

   CH3OCa2
65

CuCu2
-
 301.7307 58 

   CH3OCa2
65

Cu2Cu
-
 303.7241 35 

Besides organic ion fragments, secondary ions characteristic of hydroxyapatite support were detected. 

Additionally, the presence of copper is also manifested by the observation of CuxOyHz
 
entities in the 

ToF-SIMS spectra of 10 Cu-CD/Hap D. In order to investigate the potential effect of β-CD use on 
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copper species dispersion, an evaluation of the relative surface density of these CuxOyHz
 
entities was 

performed by calculating the ToF-SIMS intensity ratios of CuxOyHz
+
/Ca2PO4

+
 secondary ions for 

10 Cu/Hap D and 10 Cu-CD/Hap D solids. The corresponding results are reported in Table 5.8. By 

examining the evolution of CuxOyHz
+
/Ca2PO4

+
 ratio value when going from 10 Cu/Hap D to 10 Cu-

CD/Hap D, it became apparent that a higher ratio value was always obtained for 10 Cu-CD/Hap D 

compound which clearly highlights an increase in the surface density of CuxOyHz
 
entities in the case of 

the 10 Cu-CD/Hap D material. Thus, it would seem that resorting to β-CD as a copper dispersing 

agent is very effective for obtaining copper entities highly dispersed at the topmost surface of the solid 

rather than encapsulated in deeper layers of the material. Moreover, the higher surface density of 

CuxOyHz
 
entities in the case of 10 Cu-CD/Hap D compound was further proven by the detection in 

negative polarity of some CuxOyHz
-
 secondary ions, namely Cu2O3

-
 (m/z = 174), HCu2O3

-
 (m/z = 175) 

and Cu3O3
-
 (m/z = 237), which were absent from the ToF-SIMS (-) spectrum of 10 Cu/Hap D sample. 

Table 5.8. Secondary ions CuxOyHz
+/Ca2PO4

+ and CawNtOy
+/Ca2PO4

+ intensity ratios in 10 Cu/Hap D and 10 Cu-CD/Hap D 

samples. 

CuxOyHz
+/Ca2PO4

+ 

intensity ratios 

Sample 
CavNOz

+/Ca2PO4
+ 

intensity ratios 

Sample 

10 Cu/Hap D 10 Cu-CD/Hap D 10 Cu/Hap D 10 Cu-CD/Hap D 

Cu+/Ca2PO4
+ 2.72E-01 9.14E-01 CaNO2

+/Ca2PO4
+ 1.30E-01 0.58E-01 

Cu2
+/Ca2PO4

+ 0.35E-02 1.36E-02 CaNO3
+/Ca2PO4

+ 8.23E-02 3.67E-02 

Cu2H
+/Ca2PO4

+ 3.15E-03 8.59E-03 Ca2NO3
+/Ca2PO4

+ 7.98E-03 * 

Cu3
+/Ca2PO4

+ 0.76E-03 3.25E-03 Ca2NO4
+/Ca2PO4

+ 7.01E-03 * 

Cu2O
+/Ca2PO4

+ 0.76E-02 2.64E-02    

Cu3O
+/Ca2PO4

+ 0.77E-02 3.02E-02    

Cu3O2
+/Ca2PO4

+ 0.47E-03 1.73E-03    

Cu4O2
+/Ca2PO4

+ 1.09E-03 4.26E-03    

Cu5O2
+/Ca2PO4

+ 0.75E-03 2.18E-03    

Cu5O3
+/Ca2PO4

+ 2.43E-04 6.77E-04    

Cu6O3
+/Ca2PO4

+ 1.48E-04 5.04E-04    

Cu2OH+/Ca2PO4
+ 1.43E-02 3.80E-02    

Cu3O2H
+/Ca2PO4

+ 0.56E-03 1.82E-03    

*: CawNtOy
+ fragment ion not present 

On another note, when discussing the ToF-SIMS results of the 10 Cu/Hap D compound in the 

previous section, an observation was made regarding the occurrence of calcium-nitrate interactions. 

These latter were also present in 10 Cu-CD/Hap D solid, as revealed by its ToF-SIMS (+) spectrum in 

which CavNOz
+ 

secondary ions are detected. However, as can be perceived from the results reported in 

Table 5.8, the intensity ratios of CavNOz
+
/Ca2PO4

+
 secondary ions peaks are higher in the case of 

10 Cu/Hap D compound when compared to those of 10 Cu-CD/Hap D, with even certain CavNOz
+ 

secondary ions being absent from the ToF-SIMS (+) spectrum of 10 Cu-CD/Hap D sample. This 

evidently indicates a higher tendency for calcium-nitrate interactions to take place within 10 Cu/Hap D 
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solid. Such a tendency could be explained by β-CD acting as a chemical spacer between copper nitrate 

precursor and hydroxyapatite support, preventing thus close interaction between nitrate entities and 

calcium cations which would subsequently account for the lesser amount of residual nitrates present in 

calcined 10 Cu-CD/Hap compared to calcined 10 Cu/Hap material (refer to chapter IV). 

Finally, a semi-quantitative study was conducted by using TOF-SIMS technique in order to investigate 

the evolution of the Ca
+
/P

+
 ratio when going from pure hydroxyapatite support, i.e. Hap sample, to 

copper impregnated on Hap, i.e. 10 Cu/Hap D, to finally a copper-cyclodextrin mixture impregnated 

on Hap support, i.e. 10 Cu-CD/Hap D. The results of this study are represented in Figure 5.16. A 

Ca
+
/P

+
 ratio of 18 was found for pure Hap support. In the case of 10 Cu/Hap D sample, this ratio 

manifests a remarkable increase, reaching a value of 31. A previous work examining hydroxyapatite 

material, carried out by Silvester et al. [59], indicated a higher exposure of Ca
2+

 ions to the surface. 

Therefore, when copper is added to the Hap support (10 Cu/Hap D) such a calcium surface enrichment 

would facilitate a copper-calcium cation exchange causing a further enrichment of the topmost surface 

with calcium ions and hence leading towards the noted increase of the Ca
+
/P

+
 ratio value when going 

from pure Hap support to 10 Cu/Hap D compound. On the contrary, when it comes to 10 Cu-

CD/Hap D, the Ca
+
/P

+
 ratio displays a pronounced decrease compared to pure Hap, with a value of 10. 

A combination of two factors could account for this decline in the value of the Ca
+
/P

+
 ratio. The first 

being that the presence of β-CD acts as a separating agent between copper entities and hydroxyapatite 

support which would hinder the ion exchange process between copper and calcium cations and thus 

prevent a calcium surface enrichment. The second factor likely to be responsible for the decrease in 

the Ca
+
/P

+
 ratio is the formation of bonds involving calcium ions and β-cyclodextrin molecules as 

signaled by the detection of Ca-organic secondary ions (Table 5.7).  

 

Figure 5.16. Ca
+
/P

+
 ratio for Hap, 10 Cu/Hap D and 10 Cu-CD/Hap D samples. 

5.4. Discussion 
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of Cu-CD supramolecular adducts, in which complexes between copper ions and β-CD molecules 

occur, via electrostatic interactions involving the hydroxyl functions of β-CD.  

 

 

Figure 5.17. Schematic illustration of the creation of copper oxide particles with a) and without b) the 

assistance of β-CD. 
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cyclodextrin and copper entities on the one hand, and between the oligosaccharide and Hap support on 

the other, not only does the risk of particle aggregation decrease by preventing the interactions of 

copper ions together, but the direct interaction between copper precursors and hydroxyapatite support 

is reduced as well. The latter both diminishes the strong retention of nitrate anions within the lattice of 

Hap support and hinders the occurrence of surface copper-calcium cation exchange process, promoting 

thus a higher surface density of copper entities.      

Following the calcinations step, the oligosaccharides are eliminated. However, the stable complexes 

they had created with copper ions result in a deceleration in the copper oxide nucleation rate, leading 

towards higher dispersion, availability, and reducibility of the formed CuO species compared to the 

catalyst obtained without the assistance of β-CD (Figure 5.17-b). 

5.5. Conclusion 

The main objective of this chapter was to achieve a better understanding of the role of β-CD in the Cu-

CD/Hap system. With this purpose in mind, Raman and ToF-SIMS analyses were conducted at 

various stages of the catalyst preparation. A Raman study of the effect of Cu concentration and of β-

CD/Cu molar ratio value evidenced the occurrence of interactions involving β-CD molecules and Cu
2+

 

ions, which resulted, after the thermal decomposition of the complexing agent during the calcination 

step, in an enhanced copper dispersion on the surface of hydroxyapatite support. On the other hand, 

ToF-SIMS analysis indicated the formation of Ca-organic ion-fragments within dried 10 Cu-CD/Hap 

system, signaling interactions taking place between β-cyclodextrin molecules and calcium ions of 

hydroxyapatite. Such interactions obstructed both calcium ions substitution with Cu
2+

 and strong 

nitrate species retention within the Hap supported material. Thus, the data collected from both Raman 

and ToF-SIMS monitoring, allowed for a first outline of the gradual progression of the Cu-CD/Hap 

system during the catalyst synthesis procedure to be put forward in this work.  
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Chapter VI: Hydroxyapatite-supported manganese oxide catalysts: Mn 

speciation study. 

6.1. Introduction 

The term ‘speciation’ has been frequently employed to designate the analytical activity of 

distinguishing chemical species and evaluating their distribution in a specific sample or matrix [1]. 

Chemical speciation can also be described as a method of establishing and identifying particular 

chemical species or binding forms which would permit to determine the mobility and reactivity of 

metals, so as to understand their chemical conduct in the course of a studied reaction. 

Mn speciation study in the case of the manganese-based catalysts is very important. Indeed, 

knowledge of the distribution of each speciation form of a chemical element is often more essential 

than the determination of its total amount. This is especially true in the case of supported catalysts 

where the final location and speciation of the metal species can have a very powerful impact on the 

overall catalytic performances.  

When it comes to hydroxyapatite-supported manganese oxide catalysts, the task of discerning the 

valence state and location of the Mn species becomes much more difficult due to the extreme 

compositional flexibility of Hap support: as has been explained in the literature survey chapter, the 

hydroxyapatite crystal lattice is susceptible to undergoing ion exchange mechanisms, during which 

metal ions can be incorporated into Hap structure by substituting Ca
2+

 ions, for example. Thus, the 

determination of manganese speciation under these conditions grows more complex. Nonetheless, 

identification of the nature of active sites, with emphasis on the valence state of Mn species, remains 

fundamental, seeing as it could constitute a means of overcoming the drawbacks which currently limit 

the effective use of Mn/Hap materials (e.g. poor durability conduct).  

Consequently, the speciation of Mn species in Mn/Hap samples was investigated. More precisely, this 

study will deal with the effects of manganese loading in manganese oxide supported on hydroxyapatite 

materials, on the manganese speciation in the resulting sample: 2.5; 5; 10; and 20 wt% Mn/Hap. 

However, in order to have a set of reference data on the basis of which it would become possible to 

interpret the results obtained from the analysis of the Mn/Hap catalyst compounds, a series of 

manganese oxide standards, characterized by different Mn oxidation states, were prepared and 

analyzed as well. These manganese oxide reference solids were: ε-MnO2, β-MnO2, Mn5O8, Mn2O3, γ-

MnOOH, Mn3O4, and MnO. The techniques that were used to provide information on the chemical 

speciation of manganese-bearing compounds were XRD, Raman, XAS, H2-TPR, and XPS.  

6.2. XRD analysis 

6.2.1. XRD analysis of reference compounds 

XRD patterns of manganese oxide reference compounds are given in Figure 6.1. The X-ray 

diffractogram represented in Figure 6.1-a indicates that no pure phase of hexagonal ε-MnO2 

(PDF n ° 89-5171, P63/mmc) was obtained in the case of the synthesized ε-MnO2 sample. In fact, 

small fractions of Mn3O4 and La2MnO4 can be detected in the obtained product, with the akhtenskite 

manganese dioxide (ε-MnO2) phase forming, nonetheless, the majority of the reference compound as 

shown by a calculation based on the Reference Intensity Ratio (RIR) quantitative analysis method, 

using the I/Icor ratio values provided in the PDF cards of the crystalline phases. It should be noted that 
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the La2MnO4 phase, discerned presently, is derived from the perovskite LaMnO3 precursor used in the 

synthesis procedure, which following an acid treatment yielded the desired ε-MnO2 phase. 

  

  

  

 

Figure 6.1. XRD patterns of a) ε-MnO2, b) β-MnO2, c) Mn2O3, d) Mn5O8, e) γ-MnOOH, f) Mn3O4 and 

g) MnO reference compounds. 
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Figure 6.1-b shows the XRD patterns of the prepared β-MnO2 material. It clearly demonstrates the 

presence of pure pyrolusite β-MnO2 (PDF n ° 04-003-1024) phase in this material. However, it should 

be noted, that the relative intensity of the peak at 2θ = 37.4 °, corresponding to the (101) plane, is 

much stronger than that of the standard PDF card, whereas in the case of the peak at 2θ = 28.7 °, 

corresponding to the (110) plane, it is the opposite. Seeing as the relative intensities of the other 

diffraction peaks are basically comparable to those of the standard PDF card, the previous observation 

seems to suggest that the prepared β-MnO2 sample has a preferred crystal orientation along the (101) 

plane [2]. 

Commercially obtained Mn2O3 reference compound (Figure 6.1-c) reveals traces of Mn3O4 and β-

MnO2 along with the predominant phase bixbyite, α-Mn2O3 (PDF n ° 41-1442).  

On the contrary, regarding Mn5O8, γ-MnOOH, Mn3O4 and MnO compounds, all peaks present in their 

XRD patterns can be indexed to pure Mn5O8 (Figure 6.1-d), γ-MnOOH (Figure 6.1-e), Mn3O4 

(Figure 6.1-f) and MnO (Figure 6.1-g) phases, respectively.  

Accordingly, it appears that each manganese oxide reference compound is in full accord with its 

corresponding manganese oxide crystalline phase, indicating thus the successful synthesis of the 

desired reference products. 

6.2.2. XRD analysis of Mn/Hap catalysts 

The powder X-ray diffraction patterns of x Mn/Hap catalysts (with x = 2.5; 5; 10; and 20%) are given 

in Figure 6.2.  

The diffractograms of the supported manganese catalysts exhibit differences related with the 

manganese loading within the catalyst. Indeed, for an amount of manganese lower than 10 wt%, the 

only crystalline phase which can be detected is that of the hydroxyapatite support, Ca5(PO4)3(OH) 

(PDF n ° 00-009-0432). However, when the Mn loading reaches 10 wt%, an additional peak appears 

on the X-ray diffractogram of the 10 Mn/Hap samples at 2θ = 37.1 °. This peak can be attributed to 

either ε-MnO2 or β-MnO2 crystalline phase. At this point it is difficult to ascertain which, seeing as the 

most intense peak of the pyrolusite (β-MnO2) phase appears at 2θ = 28.7 ° and might thus be difficult 

to distinguish in the midst of the two overlapping peaks attributed to the hydroxyapatite phase 

observed at 2θ = 28.1 ° and 2θ = 29.0 °. When the Mn amount increases to 20 wt%, not only can an 

increase in the intensity of the peak positioned at 2θ = 37.1 ° be noted, but also the Hap characteristic 

peak located at 2θ = 42.1 ° presents a well defined shoulder at 2θ = 42.6 °. This latter can be once 

again ascribed to either ε-MnO2 or β-MnO2. While no distinct shoulder characteristic of the pyrolusite 

phase can be detected at 2θ = 28.7 °, the presence of β-MnO2 cannot be excluded. Indeed, similarly to 

what was indicated when examining the XRD pattern of pure β-MnO2 (Figure 6.1-b), the formed 

pyrolusite phase in the case of the Mn/Hap catalysts might also have a preferred crystal orientation 

along the (101) plane which could result in the peak corresponding to the (110) plane, at 2θ = 28.7 °, 

being less intense and broader than what can be expected, thus more easily concealed by the Hap two 

overlapping peaks at 2θ = 28.1 ° and 2θ = 29.0 °. This precludes discriminating ε-MnO2 from β-MnO2 

phase at this stage. However, it can be established that an increase in the crystallinity of the MnO2 

phase, previously detected when examining the XRD pattern of 10 Mn/Hap, occurs in 20 Mn/Hap 

sample. 
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Figure 6.2. XRD patterns of x Mn/Hap catalysts (with x = 2.5; 5; 10; and 20 wt%). 

6.3. Raman analysis 

To verify the XRD results, Raman analysis was also carried out for both reference compounds and 

Mn/Hap catalysts, with the resulting Raman spectra given in Figures 6.3 and 6.4, respectively. 

6.3.1. Raman analysis of reference compounds 

Figure 6.3-a shows a peak at 632 cm
-1

 for the ε-MnO2 synthesized material, corresponding to the  

Mn-O stretching mode characteristic of this manganese dioxide polymorph [3], [4]. The Raman 

spectra displayed in Figure 6.3-b, obtained for the prepared β-MnO2 sample, reveals three discernible 

bands peaks at 527, 570, and 657 cm
-1

, along with weaker bands centered at 273, 366, 391, 479, and  

756 cm
-1

. These results are not consistent with the characteristic Raman shifts of the pyrolusite  

(β-MnO2) phase, but are rather in line with those of another MnO2 polymorph which is nsutite,  

γ-MnO2 [5]–[7]. The structure of γ-MnO2 has been described as a disordered intergrowth of 

ramsdellite (R-MnO2) and pyrolusite (β-MnO2) structures, with the spectrum of γ-MnO2 being in fact 

formed by a superposition of the contributions of the two different crystal forms of MnO2 [8], [9]. This 

phase evolution of the manganese dioxide from the original β-MnO2 phase might be caused by the 

Raman laser beam. Indeed, manganese compounds have been reported as being particularly unstable 

during Raman analysis due to a noted tendency for degradation following laser impact [10], [11]. 

Therefore, even the adopted precaution of using the lowest laser power during the analysis, might not 

be enough to prevent some structure modification within the sample. 

In the case of Mn5O8 solid, the Raman spectrum observed in Figure 6.3-c manifests 10 Raman bands 

at 169, 261, 299, 393, 431, 477, 533, 577, 617, and 645 cm
-1

, in good agreement with literature data 

for Mn5O8 powders [12], [13]. Moreover, in these 10 Raman bands detected in the spectrum of 

metastable Mn5O8 compound, none could be attributed to Mn3O4 phase whose main peaks are 

positioned at 290, 320, 380, and 660 cm
-1

 [14], [15], which precludes any potential presence of this 

impurity in the Mn5O8 solid, in accordance with the previously exposed XRD results. 

Regarding the trivalent manganese compounds, on one hand the Raman spectrum of Mn2O3 solid 

shows three main peaks at 170, 261, and 651 cm
-1

 (Figure 6.3-d), in agreement with literature 

reference values for bulk Mn2O3 [16], [17]. On the other hand, for hydrothermally synthesized γ-
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MnOOH, nine Raman-active modes are identified at 140, 213, 251, 277, 352, 381, 523, 551, and 

617 cm
-1
, which coincide well with former studies carried out on monoclinic γ-MnOOH products [18], 

[19].  

Concerning the Raman spectrum of multivalent Mn3O4 compound, the peaks noted at 

303, 370, 506, 572, and 645 cm
-1 

do no concord with the Raman band positions typical of Mn3O4 

crystal phase, usually observed at 290, 320, 380, and 660 cm
-1

 [14], [15]. In fact, the currently detected 

peaks are more in line with a birnessite-type MnO2 (δ-MnO2): the peak positioned at 506 cm
−1

 could 

be ascribed to the stretching vibration of Mn–O–Mn, while the Raman band located at 572 cm
−1

 could 

be the result of the ν3 (Mn–O) stretching vibration generated primarily by Mn
4+

 in the basal plane of 

the [MnO6] sheet; and the Raman shift around 645 cm
−1

 can be attributed to the [MnO6] symmetric ν2 

(Mn–O) stretching vibrations [20], [21]. It is important to mention that birnessite consists of sheets of 

edge-sharing [MnO6] octahedra with vacancies, whose resulting negative layer charge is compensated 

by interlayer cations such as K
+
 [22]. Therefore, in order to offer an explanation for the formation of 

this phase, a quick reminder of the synthesis procedure of Mn3O4 ought to be done: Mn3O4 was 

obtained through the heat treatment of a mixture of glycerol and KMnO4; and though a subsequent 

washing was conducted, it might not have been sufficient to remove all remaining trace of the alkali 

metal ions (K
+
). Yet, if traces of this alkali metal persist, they could, under the impact of the laser 

beam, be brought to induce a structural change within the sample, modifying the original arrangement 

of the atoms and leading towards the genesis of this new phase. Besides, the noted results seem to 

corroborate the hypothesis of remaining K
+
 species in the analyzed product seeing as a considerable 

weakening in the intensity of the peak at 572 cm
-1

 is detected when compared to the intensity of the 

peak corresponding to the ν2 stretching vibration, which is suggestive of the presence of a significant 

amount of K
+
 (detected later on during XPS analysis) in the material according to a previous study 

conducted by Rong et al. [22]. 

It ought to be pointed out that while different hypotheses have been given as to the nature of the 

compounds perceived in each of β-MnO2 and Mn3O4 solids’ Raman spectrum, a great resemblance can 

be noted between the two individual spectra (Figure 6.3-b and f). In fact, it would seem that despite 

starting from two different MnOx materials (β-MnO2 and Mn3O4 were shown to be pure by XRD), β-

MnO2 and Mn3O4 samples evolve in a similar way under laser beam exposure. It should be signaled 

that both Raman spectra of nsutite (γ-MnO2) and birnessite (δ-MnO2) display their two most intense 

lines at ~570 and ~640 cm
–1

, ascribed to Mn–O stretching vibrations along octahedra chains and Mn–

O stretching vibrations along a perpendicular direction to the double chains of [MnO6] octahedra, 

respectively, [23] and their Raman signatures have been previously described as presenting much 

similarities [24]. Nevertheless, the structural differences between the two MnO2 polymorphs, in which 

different distortion of [MnO6] octahedra occur, results in differences in the relative intensity and 

position of the peaks perceived in nsutite and birnessite. Based on these latter, attributions were 

proposed for each of β-MnO2 and Mn3O4 solids’ Raman spectrum. However, they would require 

further characterization to be either validated or refuted.  

Finally, in the case of divalent MnO compound, the Raman spectrum presented in Figure 6.3-g reveals 

a single large peak at 645 cm
-1

, characteristic of the fundamental Mn–O Raman scattering peak of 

manganosite phase [25]–[27].  

To summarize, apart from β-MnO2 and Mn3O4 solids, in which a laser induced transformation is likely 

to have occurred, the Raman spectra obtained for the other manganese oxide reference compounds 

reassert what had been previously validated by XRD analysis, which is the successful synthesis of the 

desired Mn-based standards.  
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Figure 6.3. Raman spectra of a) ε-MnO2, b) β-MnO2, c) Mn5O8, d) Mn2O3, e) γ-MnOOH, f) Mn3O4 

and g) MnO reference compounds. 

200 400 600 800

a
In

te
n

si
ty

 /
 a

.u
.

Raman shift / cm
-1

6
3

2

200 400 600 800

b

In
te

n
si

ty
 /

 a
.u

.

Raman shift / cm
-1

65
7

57
0

52
7

75
6

47
9

39
1

36
6

27
3

100 200 300 400 500 600 700 800

16
9In

te
n

si
ty

 /
 a

.u
.

Raman shift / cm
-1

26
1

29
9

39
3

43
1

47
7

53
3 57

7

61
7

64
5

c

200 400 600 800

d

In
te

n
si

ty
 /

 a
.u

.

Raman shift / cm
-1

26
1

17
0

65
1

100 200 300 400 500 600 700 800

e

In
te

n
si

ty
 /

 a
.u

.

Raman shift / cm
-1

55
1

52
3

38
1

35
2

61
7

21
3 25

1

27
7

14
0

200 400 600 800

f

In
te

n
si

ty
 /

 a
.u

.

Raman shift / cm
-1

64
5 

57
2

50
6

37
030

3

200 400 600 800

g

In
te

n
si

ty
 /

 a
.u

.

Raman shift / cm
-1

64
5



160 
 

6.3.2. Raman analysis of Mn/Hap catalysts 

Similarly to what was optically discerned in the previous chapter regarding the Raman analysis of 

hydroxyapatite supported copper compounds (10 Cu/Hap and 10 Cu-CD/Hap), an apparent distinction 

of color can be noted when moving from one area to another (bright and dark zones) but only in the 

case of 2.5 and 5 Mn/Hap. The results obtained from the analysis of each of these zones for both these 

compounds are reported in Figure 6.4-a and b.  

For 2.5 and 5 Mn/Hap, analysis of the bright zone revealed the characteristic hydroxyapatite-related 

bands, albeit less well-defined. However, it should be pointed out that the position of the peak ascribed 

to ν1 mode of the PO4
3-

 tetrahedron, usually found at 961 cm
-1

, has been considerably red shifted by 

7 cm
-1

. This red shift, as has been previously explained, is indicative of lattice expansion and structure 

distortion within the Hap system. In the current case, it could be the result of ion substitution between 

the Ca
2+

 cations of Hap support and Mn
2+

 entities, an occurrence reported in several papers [28]–[31]. 

Furthermore, two additional peaks appear around 650 ± 3 cm
-1 

and 812 ± 2 cm
-1

, the former can be 

associated with Mn–O stretching mode of β-MnO2 [6], [32], while the latter can be attributed to the ν1 

vibrations of MnO4
3-

 groups [33], [34]. The presence of manganese in the anionic form of (MnO4)
3–

 

could signify a partial substitution of (PO4)
3–

 groups in the hydroxyapatite matrix. Such an anionic 

exchange involving MnO4
3-

 species has been previously observed in a study conducted over Mn-doped 

hydroxyapatite [31]. Nevertheless, Chadefaux et al. [35] report that the formation of Mn
5+

 entities in 

apatites is very likely to be a heat-induced phenomenon. Hence, it could be that this detected phase is 

the result of a laser-engendered transformation within the sample, the latter having poor heat 

dispersion ability. 

In the dark zones of 2.5 and 5 Mn/Hap, the bands corresponding to the hydroxyapatite phase become 

less visible, with mainly the ν1 phosphate band still clearly defined, yet again red shifted from its 

expected value (961 cm
-1

). New peaks appear around 499, 564, and 645 cm
-1

. It can be remarked that 

these newly emerged peaks present a similar Raman signature to those noted earlier in the case of both 

β-MnO2 and Mn3O4 solids, which were believed to have undergone a laser-induced transformation 

during Raman analysis and evolved into nsutite (γ-MnO2) and birnessite (δ-MnO2), respectively. It can 

also be seen that due to the fact that the manganese oxide species being examined is of a supported 

rather than bulk nature the detected peaks in the Raman spectra are rather broad and not well defined 

which makes discrimination between γ- and δ-MnO2 very difficult. Therefore, it appears that the 

catalysts may initially contain β-MnO2 and/or Mn3O4. In order to determine which, additional 

characterization techniques will be subsequently employed. 

When the Mn content increases from 5 wt%, no more bright zones can be discerned through visual 

observation and all collected Raman data for the same sample reveal similar spectra. Thus, only one 

spectrum is presented for each of 10 Mn/Hap and 20 Mn/Hap catalysts. Both of the illustrated spectra 

(Figure 6.4-c and d) are comparable with the spectra obtained in the dark zone of the Mn/Hap catalysts 

with lower Mn loading (2.5 and 5 Mn/Hap), with, however, the peaks associated with manganese 

oxide phase becoming sharper and better defined, indicating therefore an increase in the crystallinity 

and particle size of the MnxOy phase (β-MnO2 and/or Mn3O4) [36]. 
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Figure 6.4. Raman spectra of x Mn/Hap catalysts, with x = 2.5 (a); 5 (b); 10 (c) and 20 wt% (d). 

6.4. XANES at the Mn-K edge of manganese-bearing samples 

6.4.1. Ex situ analysis 

X-Ray Absorption Spectroscopy using synchrotron radiation sources is an important tool for 

investigating the local structures of different materials. Moreover, X-ray Absorption Near Edge 

Structures (XANES) analysis, covering the range from 0 to roughly 50-100 eV above the  absorption 

edge [37], can provide electronic and structural information on molecules present in crystalline or non-

crystalline phases, even at diluted conditions, information which cannot be accessed by other well 

known structural characterization methods such as XRD.  

It is known that Mn oxidation states can vary from 0 to +7. However, among this range of values, the 

divalent (+2), trivalent (+3) and tetravalent (+4) states are the most commonly encountered valences in 

chemical compounds. It should be noted though that in a number of Mn bearing phases (such as 

Mn3O4 and Mn5O8), several valences of manganese can coexist (+2 and +3 in the case of Mn3O4, +2 

and +4 in the case of Mn5O8). 

In the following study, several manganese oxide reference compounds will be examined, with 

valences going from +2 to +4: β-MnO2 (Mn
4+

); Mn5O8 (2 Mn
2+

 + 3 Mn
4+
); γ-MnOOH (Mn

3+
); Mn2O3 

(Mn
3+

); Mn3O4 (Mn
2+

 + 2 Mn
3+

) and MnO (Mn
2+

). 

The Mn K-edge XANES spectra of the references compounds are presented in Figure 6.5. They will 

be used for subsequent analyses of the average oxidation state of Mn in each examined manganese-

based catalyst.  
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Figure 6.5. Mn-K edge XANES experimental spectra of MnxOy reference compounds measured at a 

fluorescence detection energy of 6491.5 eV. 

Analysis of XANES spectra reported in Figure 6.5 reveals for all studied compounds a weak 

absorption feature (pre-edge) at ∼ 6540-6543 eV, immediately prior to a strong absorption peak (main 

edge) at ∼ 6555-6561 eV. The pre-edge is caused by the dipolar 1s→4p transition, similar to the main 

edge [38], [39]. This peak is a typical signature of noncentrosymmetric sites.  Indeed the absence of 

center of symmetry (distorted MnO6 octahedral, Mn tetrahedral symmetry…) makes the odd-even 

hybridization between the 4p and 3d orbitals possible. This leads to a relatively strong density of p-

states at this energy. However some contribution due to quadrupolar transition (1s  3d) could also 

occur for the compounds.  

Moreover, Figure 6.5 shows clearly an energy shift of the absorption edge which is directly related 

with the average oxidation state of the absorber atom. Indeed, the more the latter is oxidized, the 

higher the energy of the absorption edge is, giving thus a direct indication of the absorber atom’s 

degree of oxidation. It should be noted that the XANES spectra obtained for the reference samples 

agree with those reported in literature for each of the MnxOy material prepared in this study 

(Figures AD.1-2-3-4-5). Furthermore, it can be seen that the XANES signature of the reference 

compounds are quite different from one another. Therefore, these manganese oxide reference 

compounds can serve as a basis for the identification of the MnOx phase(s) present in the synthesized x 

Mn/Hap catalysts (with x = 2.5; 5; 10; and 20 wt%).  

However, it should be very well noted that the above analysis has also been a very clear indicator that 

manganese oxides may have different XANES features even for the same oxidation state and 

coordination number of Mn, such as Mn2O3 and γ-MnOOH (see Figure 6.5), or the different 

polymorphs of MnO2 (see Figure AD.5-b and c) for example. Therefore, it might prove difficult to be 

conclusive about the speciation of Mn in the prepared Mn/Hap samples. Nevertheless, that does not 

negate the fact that the above XANES spectra will be able to provide qualitative and quasi-quantitative 
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information by which the change in oxidation state when moving from one sample to another can be 

estimated. 

In Figure 6.6 are presented the Mn-K edge XANES spectra of the x Mn/Hap catalysts (with x = 2.5; 5; 

10; and 20 wt%). It is apparent that the edge position shifted towards a higher energy value when the 

weight load of manganese within the sample increased, indicating thus an increase in the oxidation 

state when going from 2.5 Mn/Hap to 20 Mn/Hap.  

 
 

Figure 6.6. Mn-K edge XANES experimental spectra of x Mn/Hap prepared catalysts (with x = 2.5; 5; 

10 and 20 wt%) measured at a fluorescence detection energy of 6491.5 eV. 

It ought to be stressed out that the XANES spectra of both the Mn/Hap catalysts and MnxOy reference 

compounds were measured at the same fluorescence detection energy (6491.5 eV) which makes all 

upcoming comparisons between the two viable.  

Starting with the sample with the lowest weight load of Mn (i.e. 2.5 Mn/Hap), a visual comparison of 

this catalyst XANES spectrum with each of those of the reference compounds (whose spectra were 

thoroughly discussed above), was first performed (Figure 6.7-a and b). It can be perceived that the 

spectrum of 2.5 Mn/Hap is very similar to that of Mn3O4, as revealed by Figure 6.7-c, showing 

comparable oscillations at the same energy positions. Hence, a first visual approach seems to indicate 

the presence of a Mn3O4 phase in the 2.5 Mn/Hap sample, which implies a Mn oxidation state of 

∼ + 2.6 for 2.5 Mn/Hap material.  
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Figure 6.7. Mn-K edge XANES experimental spectra, measured at a fluorescence detection energy of 

6491.5 eV, of a) MnxOy reference compounds; b) x Mn/Hap catalysts; c) 2.5 Mn/Hap and Mn3O4 

compound; d) 5 Mn/Hap and Mn3O4 compound; e) 10 Mn/Hap and Mn3O4 compound ; f) 20 Mn/Hap 

and β-MnO2 compound. 

Analogous comparisons were carried out for the remaining Mn/Hap catalysts (Figure 6.7). These 

comparisons revealed that 5 Mn/Hap and 10 Mn/Hap, just like 2.5 Mn/Hap, present very similar 

spectra to that of Mn3O4, suggesting the presence of this manganese oxide phase within these catalysts 

and as consequence of an Mn average oxidation state (AOS) of ∼ + 2.6. Whereas, in the case of  

20 Mn/Hap, its spectrum resembles that of β-MnO2, manifesting the same oscillations at the same 

energy positions as those of the tetravalent manganese oxide compound, which hints at the presence of 
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β-MnO2 phase in the sample with the highest manganese weight load (i.e. 20 Mn/Hap); the latter 

presenting an average manganese oxidation state of ∼ + 4. 

Thus, a first visual inspection of the catalysts XANES spectra indicated that for an Mn weight load 

ranging between 2.5 and 10%, Mn3O4 was the predominant phase, whereas for 20 wt% of Mn, it was 

β-MnO2 that was majorily present. In order to refine this initial interpretation, an attempt at a more 

quantitative approach was performed through the Athena program by the means of a linear XANES 

combination fitting. Indeed, for these x Mn/Hap catalysts, valence fractions can be derived by 

conducting linear combination fitting (LCF) analysis in which the spectra of the previously examined 

manganese oxide reference compounds are used.  

The aim of LCF will be to determine if other minority MnxOy species are also present in the prepared 

catalysts. One possible method for achieving this is to measure all plausible reference compounds and 

to try fitting a large number of different combinations of the standards to the data.  In the following 

study, the components’ weights were constrained to be between 0 and 1; the sum of all components 

weight fractions was constrained to be equal to 1; and the number of standards used in each fit was 

limited to four.  The quality of the fit is given by the R-factor which is a measure of mean square sum 

of the misfit at each data point. 

For each x Mn/Hap catalyst, the best quality fit along with the experimental spectrum, as well as a plot 

of the difference between the fit and the data, are given in Figure 6.8 and the values are reported in 

Table 6.1. 

It should be noted that regarding the results of LCF, component fractions less than 10% were 

determined to be statistically insignificant and were not included in the chosen fit.  

In the case of 2.5 Mn/Hap whose spectral signature resembles that of Mn3O4, the LCF plot shown in 

Figure 6.8-a indicates that Mn2O3 can be added as a second component to achieve the best fit. No 

significant gain could be obtained by adding more than these two components (Mn3O4 and Mn2O3) to 

the fit (Figure AD.6; Table AD.1), suggesting thus the presence of Mn3O4 and Mn2O3 phases in the 

relative weight fractions of 66 and 34%, respectively. However, it is also apparent that this chosen fit 

fails to reproduce completely all the experimental XANES features of the catalyst (in the pre-edge as 

well as the post-edge region). Therefore, different hypotheses are possible: a) the presence of an 

additional MnxOy phase whose XANES spectrum hasn’t been collected when examining bulk 

manganese oxide reference samples; b) the insertion of the added Mn into the Hap structure. Indeed, 

seeing as the hydroxyapatite support has the ability to substitute its calcium cations with other 

transition metals by an ion exchange mechanism, an incorporation of manganese into Hap, in the form 

of Mn
2+

, can occur at the apatite surface [28], [40]. However, it should be reminded that there are two 

nonequivalent types of calcium sites: columnar CaI ions which are nine-fold coordinated and triangular 

CaII ions which are seven-fold coordinated. DFT calculations reported in previous works indicated that 

the CaII site is the most energetically favorable site for Mn
2+

 substitutions [28], [41]. Moreover, in a 

very recent publication, Oliveira et al. [42] demonstrated by using X-ray difference Fourier maps that 

the insertion of Mn into the hydroxyapatite structure occurs preferentially in CaII sites, In any case, the 

incorporation of Mn
2+

 leads to appreciable structural deformations associated with the shortening of 

Mn-O distances compared to Ca-O bonds, resulting in Mn
2+

 ions having distorted octahedral site 

symmetry [43], [44]. Raman results which were discussed above seem to indicate the occurrence of 

such cation exchange between Mn
2+

 and Ca
2+

. Therefore, it can be assumed that the divergence 

between the fit and the experimental data in certain parts of the spectrum might be due to the presence 

of Mn inserted within the hydroxyapatite structure. However, it should be noted that the main edge 
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position of 2.5 Mn/Hap is similar to that of Mn3O4 (Mn AOS of ∼ + 2.6), but is at a higher energy than 

MnO (Mn AOS of ∼ + 2). Furthermore, the spectral features of the XANES spectrum of 2.5 Mn/Hap 

are more in accordance with those of Mn3O4 (Mn
2+

 in tetrahedral sites and Mn
3+

 in octahedral 

positions [45]) rather than MnO (Mn
2+

 in octahedral symmetry) compound. Given that the energy 

position of the main edge and shape of the XANES spectrum are function of Mn oxidation state and its 

coordinating environment, the concomitant presence of Mn3O4 and Mn inserted in Hap structure is 

highly probable.   

 
   

  

   

Figure 6.8. Best quality LCF along with the LCF difference from data points and Mn-K edge XANES 

experimental spectra, measured at a fluorescence detection energy of 6491.5 eV, of 2.5 Mn/Hap a); 

5 Mn/Hap b-c); 10 Mn/Hap d-e) and 20 Mn/Hap f-g): with b-d-f) and without c-e-g) 2.5 Mn/Hap as a 

component. 

In a previous study conducted by Chlala et al. [30], the authors had stated that part of the total 

manganese weight load used in the Mn/Hap sample would be trapped as Mn
2+

 in the Hap structure, 

before the dispersion of the rest on the Hap surface. Hence, if we consider the 2.5 Mn/Hap catalyst as 

being representative of the Mn inserted into Hap phase, employing it as a standard compound in the 

combination fit analysis carried out over the rest of the Mn/Hap materials appears to be highly 

appropriate. In that way, the presence of this type of Mn species (Mn-doped Hap) would be taken into 

account when realizing the LCF analysis. However, in order to validate this approach, LCF analysis  
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will be first performed without taking into consideration 2.5 Mn/Hap and then while using  

2.5 Mn/Hap as a standard compound, revealing thus if the quality of the fit improves by employing 

this method. Therefore, an illustration of the fit with and without 2.5 Mn/Hap will indicate if Mn 

inserted in the Hap structure does indeed exist in a significant amount in the three remaining Mn/Hap 

catalysts. 

Table 6.1. The linear combination fitting results for x Mn/Hap samples. 

Sample Standard sample Weight fraction R factor 
[a]

 

2.5 Mn/Hap Mn3O4 0.660 0.00112 

Mn2O3 0.340 

5 Mn/Hap  

(with 2.5 Mn/Hap as a 

component) 

2.5 Mn/Hap 0.548 0.00008 

Mn3O4 0.326 

β-MnO2 0.126 

5 Mn/Hap 

(without 2.5 Mn/Hap as a 

component) 

Mn3O4 0.601 0.00043 

Mn2O3 0.231 

β-MnO2 0.167 

10 Mn/Hap 

(with 2.5 Mn/Hap as a 

component) 

2.5 Mn/Hap 0.257 0.00015 

Mn3O4 0.385 

β-MnO2 0.357 

10 Mn/Hap 

(without 2.5 Mn/Hap as a 

component) 

Mn3O4 0.503 0.00021 

β-MnO2 0.375 

Mn2O3 0.122 

20 Mn/Hap 

(with 2.5 Mn/Hap as a 

component) 

2.5 Mn/Hap 0.291 0.00012 

β-MnO2 0.709 

20 Mn/Hap 

(without 2.5 Mn/Hap as a 

component) 

Mn3O4 0.250 0.00036 

β-MnO2 0.750 

[a] R-factor is defined as follows: R= sum((data-fit)
2
)/sum(data

2
). 

It can be seen that by including the 2.5 Mn/Hap spectrum among the standards used for the LCF, a 

good fit could be achieved in the entirety of the spectrum for 5 Mn/Hap sample. Whereas, if 

2.5 Mn/Hap is disregarded as a component, a misfit can be detected in both the pre-edge and post-edge 

regions (Figure 6.8-c). Regarding 10 Mn/Hap and 20 Mn/Hap, a good fit can be attained despite the 

exclusion of 2.5 Mn/Hap as component (Figure 6.8-e and g), indicating that its use as a standard would 

be superfluous in both these catalysts cases. Indeed, even though the R-factor reported in Table 6.1 
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shows a decrease in its value when 2.5 Mn/Hap is used as a reference compound for 10 Mn/Hap and 

20 Mn/Hap, it is not significant enough to be considered pertinent. Consequently, in the following 

discussion, the LCFs including 2.5 Mn/Hap in the case of 5 Mn/Hap and excluding 2.5 Mn/Hap in the 

cases of 10 Mn/Hap and 20 Mn/Hap will be considered as representing the best quality fit and their 

results will constitute the basis for the subsequent interpretation. Thus, it seems that three phases of 

Mn are present in the 5 Mn/Hap sample in the following order of decreasing quantity: 

2.5 Mn/Hap (54.8%) > Mn3O4 (32.6%) > β-MnO2 (12.6%). Three phases are also found in 10 Mn/Hap: 

Mn3O4, β-MnO2 and Mn2O3 instead of 2.5 Mn/Hap, with Mn3O4 (50.3%) being predominant followed 

by β-MnO2 (37.5%) and lastly by Mn2O3 (12.2%). It can be noted that the weight fraction of β-MnO2 

becomes much more significant in 10 Mn/Hap leading to an increase in the average oxidation state of 

Mn in this sample compared to 5 Mn/Hap. Finally, in the case of 20 Mn/Hap, 2 types of Mn species 

are co-present: β-MnO2 and Mn3O4 in the proportions of 75% and 25%, respectively.  

It can be clearly perceived that when the amount of Mn increases within the Mn/Hap material, the 

weight fraction of β-MnO2 (Mn
4+

) increases. This observation agrees with the previously noted shift of 

the edge position towards higher energy values when going from 2.5 Mn/Hap to 20 Mn/Hap, which 

indicated a parallel evolution between the Mn oxidation state and the Mn loading in the sample. Thus, 

the sample with the highest Mn weight load, i.e. 20 Mn/Hap, consists mainly of β-MnO2; the 

additional presence of other Mn species, type 2.5 Mn/Hap or Mn3O4 or even ε-MnO2 (which was 

revealed to be possibly present by XRD analysis but for which no XANES reference spectrum is 

presently available) cannot be excluded at this stage. On the opposite end, the sample with the lowest 

Mn weight load, i.e. 2.5 Mn/Hap, is comprised of Mn species with lower AOS (between +2 and +3) 

and hypotheses have been proposed as to the nature of Mn species potentially present in 2.5 Mn/Hap 

(Mn inserted in Hap structure in the form of Mn
2+

 in addition to Mn3O4). Finally, regarding the 

catalysts with an intermediate content of Mn, i.e. 5 Mn/Hap and 10 Mn/Hap, it can be seen that the 

amount of Mn3O4 increases with that of the Mn weight load, possibly signaling a change of the 

Mn AOS from a ratio of +2/+3 in favor of +3, on the way towards a ratio of +3/+4, which is becoming 

more important when the Mn content increases from 5 to 10 wt%. 

6.4.2. In situ analysis 

In situ XANES of the temperature-programmed reduction of 10 Mn/Hap catalyst and the reference 

samples β-MnO2, Mn2O3 and Mn3O4 was conducted. The resulting absorption spectra were recorded 

and given in Figure 6.9. 

For all samples, we observe a very rapid decrease in the intensity of the white line and a shift of the 

absorption edge towards lower energies, showing that the samples have undergone major changes in 

their geometric and electronic structures. 

What is more, the overall shape of the spectra obtained at the end of the ramp (Figure 6.9) is similar 

for all samples, testifying to the presence of same type of Mn species at the end of all in situ 

experiments, regardless of the nature of the sample being examined. It can be noted that the shape of 

the spectrum obtained towards the end of the analysis corresponds to none other than that of the MnO 

reference compound, indicating that at the conclusion of the temperature-programmed reduction 

experiments all manganese oxide species present in the samples have been reduced to the maximum 

degree possible (Mn
2+

) under the analysis conditions (MnO does not reduce to metallic Mn before 

1000 ° C for thermodynamic reasons [46]).  
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Concerning the transformation of the 10 Mn/Hap sample during the temperature-programmed 

reduction, it can be seen that, compared to the other reference compounds (β-MnO2; Mn2O3; Mn3O4), 

its XANES spectrum shows an evolution that is most similar to that of Mn3O4, which seems to imply a 

predominant presence of this manganese oxide phase in 10 Mn/Hap compared to the other reference 

compounds with higher Mn AOS (β-MnO2 and Mn2O3). This corroborates the results of the LCF 

carried above for 10 Mn/Hap catalyst, which showed that the latter consists predominantly of Mn3O4. 

Therefore, it does seem that for an Mn weight load ≤ 10 wt%, the Mn AOS leans towards rather low 

values comprised between +2 and +3. Furthermore, seeing as LCF results showed 5 Mn/Hap to be 

comprised mainly of 2.5 Mn/Hap (54.8%) and Mn3O4 (32.6%); and having formerly proposed a 

concomitant presence of Mn3O4 and Mn
2+

 inserted in Hap within 2.5 Mn/Hap, it is possible to push the 

interpretation further and suggest that for an Mn weight load ≤ 10 wt%, Mn3O4 is the majorly present 

MnOx phase in Mn/Hap catalyst.   

  

  
 

 

  

Figure 6.9. In situ Mn-K edge XANES experimental spectra, recorded during the temperature-

programmed reduction of a) β-MnO2; b) Mn2O3; c) Mn3O4 and d) 10 Mn/Hap compounds. In each 

series of recorded spectra, every subsequent spectrum is a shade darker than the previous one, so that 

the one corresponding to the first acquired spectrum (at the beginning of the experiment) is the darkest 

in color and the one corresponding to the last acquired spectrum (at the end of the experiment) is the 

lightest in color. All XANES spectra were measured at a fluorescence detection energy of 6491.5 eV. 

6.5. H2-TPR analysis  

The H2-TPR analyses were conducted in order to examine the reducibility of the manganese oxide 

reference compounds (except for MnO which will not exhibit any reduction behavior before 1000 °C 

[46]), as well as that of x Mn/Hap series of catalysts (x = 2.5; 5; 10 and 20 wt%). The resulting 

reduction profiles are shown in Figure 6.10 and the related data reported in Table 6.2.  
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6.5.1. H2-TPR analysis of reference compounds 

 

It could be first remarked that the Mncalc AOS, calculated from the total amount of hydrogen 

consumption during the TPR experiments for each of the reference compounds by assuming that MnO 

is the final state, are in good accordance with the theoretical Mnth AOS (Table 6.2). This serves in 

validating the presence of the indicated stoichiometry in each manganese oxide reference sample.  

 

Regarding the reduction of manganese oxides materials, the process can be described as follows [47]–

[49]:  

                                 (6.1) 

 

However, no distinct reduction peak for an intermediate transformation of MnO2 into Mn2O3 can 

always be noted during the reduction of MnO2 solids [50]–[52] and this is clearly the case in the 

current reduction analysis of the synthesized β-MnO2 material. Indeed, the H2-TPR pattern of β-MnO2 

(Figure 6.10-a) reveals two reduction peaks: the first intense and narrow centered at 345 °C; and the 

second weaker and broader centered at 449 °C, in line with literature data concerning the reduction of 

this manganese dioxide polymorph [52], [53]. The ratio between the areas of the first to second 

hydrogen consumption peak, which is in the order of 2:1, is consistent with the successive reduction of 

MnO2 into Mn3O4, followed by a final reduction to MnO. The H2-TPR profile of ε-MnO2 was 

comparable to that of β-MnO2, but the two reduction peaks both shifted slightly to lower temperatures 

at 327 and 444 °C. Moreover, ε-MnO2 manifests a clear shoulder on the first reduction peak at 362 °C, 

implying that an intermediate transformation into Mn2O3 occurs, readily followed by an additional 

reduction to Mn3O4.  

 

In the case of Mn5O8, the reduction pattern observed in Figure 6.10-a indicates that a two-step 

reduction process takes place within this sample [47], with a first reduction peak centered at 311 °C 

and a second one at 446 °C. However, the ratio between the H2 consumption during the first reduction 

step and the second one is 1:1, which suggests a slightly different reduction route than what has been 

seen so far: meaning that instead of having Mn3O4 being the distinguishable intermediate between 

MnO2 and MnO, it is this time Mn2O3 which will be the intermediate compound between the initial 

and the final manganese oxide state.   

 

γ-MnOOH showed two peaks centered at 316 and 437 °C, with an area ratio of the lower temperature 

peak to the higher one of about 1:1, indicating a reduction process of purely trivalent Mn in γ-MnOOH 

to first multivalent Mn (II and III) in Mn3O4, then to divalent Mn in MnO. 

 

Compared to the H2-TPR profile of γ-MnOOH, that of Mn2O3 showed only a single reduction peak 

centered at 627 °C. Thus, it would seem that no clear boundaries between the consecutive reduction 

steps (Mn2O3 → Mn3O4 → MnO) can be defined in this compound. A similar reduction profile has 

been noted before for Mn2O3 in another work [50].   

 

As for the last examined reference compound, i.e. Mn3O4, its H2-TPR profile reveals, surprisingly, two 

reduction peaks centered at 323 °C and 378 °C, despite the absence of any possible reduction 

intermediate product between Mn3O4 and MnO. This unexpected two-step reduction process has been 

explained by Yongnian et al. [54] (and later reasserted by Kim et al. [55]) as being due to the 

particular structure of the Mn3O4 compound in which Mn
2+

 ions occupy tetrahedral sites while Mn
3+

 

ions are located in tetragonally distorted octahedral sites. The distortion caused by the Jahn-Teller 
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effect on the octahedron of oxygen ions around Mn
3+

 ions in high-spin configuration results in the 

occurrence of four short Mn
III
―O bonds and two long Mn

III
―O bonds. Thus, become present two 

different types of Mn
III
―O which lead towards the detection of two reduction peaks.  

This first unexpected finding in the H2-TPR profile of Mn3O4 having been clarified, there remains 

another perplexing observation which is the better reducibility manifested by this compound (lowest 

value of Tonset reduction) compared to all other examined reference compounds. What makes this latter 

result rather puzzling is the fact that authors have announced in the past the existence of a correlation 

between the Mn oxidation states and the reducibility of the material: a higher Mn AOS resulting in a 

higher reducibility [48]. Yet, in the current study, Mn3O4 which is characterized by the lowest Mn 

AOS is also the one presenting the highest reducibility. This can perhaps be accounted for by 

enhanced oxygen mobility for this product. Indeed, this same reason was proposed by Kim et al. [55] 

to justify the better reducibility of their Mn3O4 compound when compared to both MnO2 and Mn2O3. 

 

Therefore, on the basis of the obtained Tonset reduction values, summarized in Table 6.2, the reducibility of 

the manganese oxide reference compounds decreases in the following order:  

Mn3O4 ≈ ε-MnO2 > Mn5O8 > β-MnO2 > γ-MnOOH > Mn2O3. 

Table 6.2. H2-TPR results. 

Sample Tonset reduction [°C]
 [a]

 n(H2)
 [b]

 [mmol.g
-1

] Mncalc AOS 
[c]

 Mnth AOS 
[d]

 

β-MnO2 150 11.82 
4.1 4.0 

ε-MnO2 135 11.13 
3.9 4.0 

Mn5O8 145 7.58 
3.2 3.2 

γ-MnOOH 235 5.75 
3.0 3.0 

Mn2O3 285 7.13 
3.1 3.0 

Mn3O4 135 6.07 
2.9 2.7 

2.5 Mn/Hap 190 0.44 
3.6 - 

5 Mn/Hap 160 0.75 
3.4 - 

10 Mn/Hap 150 1.27 
3.3 - 

20 Mn/Hap 190 3.18 3.7
 

- 

[a] Temperature of onset reduction. [b] Experimental amount of H2 consumed. [c] Calculated manganese 

average oxidation state based on H2-TPR results. [d] Theoretical manganese average oxidation state. 

6.5.2. H2-TPR analysis of Mn/Hap catalysts 

Regarding the reduction pattern of the x Mn/Hap series of catalysts, shown in Figure 6.10-b, it is clear 

that for low Mn contents (≤ 10 wt%), the curve of the TCD signal is characterized by a large 

asymmetrical peak, with a shoulder located at 433 °C and 380 °C for Mn loadings of 10 and 2.5 wt%, 

respectively. In the case of 5 Mn/Hap catalyst, a broad peak appears at 360 °C with no apparent 

shoulder, which does not negate however the possibility of the presence of more than contribution 

within it.  
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By opposition, for higher Mn content, i.e. 20 Mn/Hap, the H2-TPR profile is characterized by two 

overlapping peaks located at high temperatures, at around 360 and 470 °C.  

In fact, it is this catalyst with the highest amount of manganese (20 Mn/Hap) that manifested by XRD 

analysis the existence of large MnO2 crystallites (ε- and/or β-MnO2) and whose XANES spectrum was 

very similar to that of manganese dioxide (β-MnO2) reference product. Thus, it is expected that its 

reduction profile would resemble that of MnO2 compound (Figure 6.10-a). Indeed, it is very similar to 

that of β-MnO2, therefore confirming XANES results and reinforcing the predominant presence of the 

β- polymorph of MnO2 in 20 Mn/Hap.     

In parallel, 2.5, 5, and 10 Mn/Hap samples, which were previously shown through XANES analysis to 

mainly consist of Mn3O4, demonstrate in the present H2-TPR analysis reduction profiles that are in line 

with that of Mn3O4 reference compound. 

On a different note, the effect of potentially reducible NO3
-
 species, which were shown to persist in 

Hap supported manganese bearing catalysts (despite the calcination step at 400 °C) and to participate 

in the overall consumption of hydrogen in Chapter III, has also been studied presently by coupling the 

H2-TPR analysis with mass spectrometry (MS) and monitoring the evolution of selected m/z signals at 

the outlet of the reactor. The results indicate the appearance of m/z signals at 30, 14, 15, and 16 in 

agreement with the NO fragmentation spectrum, for all of the examined Mn/Hap catalysts in the 

temperature range 250 to 450 °C with a maximum temperature between 300 and 380 °C. From this 

observation, it was deduced that the reduction of nitrate occurs for these materials in the form of NO. 

In terms of calculated Mn AOS, the values obtained vary in the range of 3.3-3.7. However, seeing as 

these samples contain remaining traces of reducible nitrate species, the Mn AOS calculated for the 

Mn/Hap solids could prove to be an overestimation of the actual Mn AOS value. It would actually 

depend on the nitrate species’ percentage of contribution in the overall H2 consumption process, within 

each of the examined Mn/Hap catalysts. Thus, no pertinent interpretation of the calculated Mn AOS 

could be proposed at this stage.  

Nonetheless, it can be noted that the production of NO (signal m/z = 30) starts while the consumption 

of hydrogen (signal m/z = 2) has already well begun (Figure AD.7). Therefore, it is safe to assume that 

the beginning of the reduction process is related to the reduction of manganese-based species.  

By comparing the onset reduction temperature values (Tonset reduction) between the four Mn/Hap 

catalysts, it can be observed that Tonset reduction decreases with the addition of manganese up to an Mn 

weight load of 10% for which the lowest Tonset reduction, equal to 150 °C, is achieved. After that, 

Tonset reduction increases significantly to attain 190 °C for 20 Mn/Hap (Table 6.2). To summarize, the 

reducibility of the dispersed MxOy species decreases according to the following sequence: 10 Mn/Hap 

> 5 Mn/Hap > 2.5 Mn/Hap ≈ 20 Mn/Hap. It can be noted that this trend follows that of decreasing 

Mn3O4 amount in the Mn/Hap catalysts, as revealed by prior XANES results. Therefore, this explains 

the obtained reducibility sequence in the Mn/Hap catalysts, since according to a previous H2-TPR 

finding (section 6.5.1), Mn3O4 presents the highest reducibility among all examined MnxOy reference 

compounds.   

In conclusion, as has been demonstrated by the results discussed above, the H2-TPR patterns strongly 

depend both on the oxidation state of the Mn species, as well as on the structure and geometry in 

which these Mn entities are present within the sample. Moreover, it seems that an increase in Mn 

content up to 10 wt% load enhances the reducibility of Mn/Hap catalyst, seeing as it favors the 

presence of Mn3O4, the most reducible Mn species. While, conversely, a further increase in Mn 



173 
 

amount is detrimental for the reducibility conduct of the solid seeing as it promotes the formation of β-

MnO2 which is a less reducible Mn species.  

  

 

Figure 6.10. H2-TPR reduction profiles for a) MnxOy reference compounds and b) x Mn/Hap catalysts. 

6.6. XPS analysis  

XPS is a powerful tool to study surface properties, delivering both elemental (determination of the 

surface’s chemical composition) and chemical state information (evaluation of metal oxidation state 

and investigation of the nature of oxygen species present in solid surfaces). Moreover, by being a 

quantitative spectroscopic technique, information about the enrichment or depletion of elements on the 

surface can be attained. In this study, XPS was used for all of these purposes. 

6.6.1. XPS analysis of fresh Mn-based compounds 

6.6.1.1. Survey spectra 

The survey XPS spectra recorded for β-MnO2; Mn5O8; γ-MnOOH; Mn2O3; and MnO reveal no 

significant presence of impurities, except for the contaminant carbon. However, the survey spectra of 

ε-MnO2 and Mn3O4 manifest, in addition to contaminant carbon, photoelectron emissions 

characteristic of lanthanum (in the case of ε-MnO2) and potassium (in the case of Mn3O4) elements. 

Therefore, it would appear that a certain amount of La and K species remain in ε-MnO2 and Mn3O4, 

respectively, despite the acid treatment conducted in the case of the former and the washing step 

carried out in the case of the latter, in the course of the synthesis process. 

In the case of the catalysts x Mn/Hap (x = 2.5; 5; 10; and 20 wt%), besides Mn, O, Ca, P and 

adventitious carbon, another element could be discerned by analysis of their survey spectra, which was 

none other than nitrogen “N”, reaffirming once more the presence of residual nitrates in these 

hydroxyapatite supported manganese samples. 
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6.6.1.2. Manganese spectra 

The XPS spectra of Mn 2p and Mn 3s energy levels were recorded for all reference compounds. All 

XPS related data are reported in Table 6.3. 

Regarding the determination of the Mn oxidation state in the analyzed samples, studies have shown 

that this task could be accomplished either by examining the binding energy values of the Mn 2p3/2 

main peak or by measuring the Mn 3s multiplet splitting: the higher the oxidation state, the higher the 

Mn 2p3/2 binding energy (BE) value and the lower the Mn 3s splitting [56]–[58]. 

However, it should be pointed out that contrary to Mn(II) species for which the attribution may not 

prove to be too difficult, trivalent Mn cannot be clearly distinguished from tetravalent Mn by relying 

only on Mn 2p3/2 BE [59]. Indeed, the small influence induced by the change in Mn oxidation state on 

the BE shifts of the Mn 2p3/2 peak, added to the usual broadness of this peak, renders the determination 

of Mn oxidation state based solely on Mn 2p3/2 BE value very complicated, even more so when two or 

more species of Mn are present simultaneously (i.e. Mn5O8 and Mn3O4).  

Table 6.3. XPS results for Mn-bearing compounds. 

Sample 

O 1s 
Mn 2p3/2 

Mn 3s 

Mn 

AOS 

OI OII OIII 

OII/

OI 

Mn 3s1 Mn 3s2 

ΔE 

(eV) 
BE 

(eV) 

At. 

(%)
[a]

 

BE 

(eV) 

At. 

(%) 
[a]

 

BE 

(eV) 

At. 

(%) 
[a]

 

BE (eV) 
BE 

(eV) 

FWH

M (eV) 

BE 

(eV) 

FWHM 

(eV) 

MnO 530.0 66 531.4 20 532.0 14 0.30 641.1 89.3 3.3 83.3 3.1 6.0 1.9 

Mn3O4 529.5 64 530.9 26 532.1 11 0.40 
641.9 

[640.6]
 [b]

 
88.9 3.4 83.8 3.3 

5.1 

[6.1]
 [b]

 

3.1 

[1.8]
 [b]

 

Mn2O3 529.9 72 531.4 23 533.0 5 0.32 
641.9 

[640.7]
 [b]

 
89.1 3.3 84.0 3.2 

5.1 

[6.0]
 [b]

 

3.1 

[1.9]
 [b]

 

γ-

MnOOH 
529.7 30 530.9 40 532.3 30 1.32 641.8 89.2 3.4 84.0 3.0 5.2 3.0 

Mn5O8 529.6 68 531.1 23 532.7 9 0.34 641.5 88.7 3.8 83.7 4.1 5.0 3.2 

β-MnO2 529.6 72 531.1 23 532.8 4 0.33 
642.0 

[640.8]
 [b]

 
89.0 3.2 84.5 2.9 

4.4 

[6.1]
 [b]

 

4.0 

[1.8]
 [b]

 

ε-MnO2 529.5 60 531.0 20 532.6 20 0.34 642.0 89.1 3.4 84.5 3.1 4.5 3.9 

2.5 

Mn/Hap 
- - - - - - - 641.8 90.1 4.0 84.1 3.6 6.0 1.9 

5 

Mn/Hap 
- - - - - - - 642.5 89.6 3.9 84.1 3.7 5.5 2.6 

10 

Mn/Hap 
- - - - - - - 

642.7 

[641.1]
 [b]

 
89.2 3.7 84.0 3.3 

5.2 

[6.1]
 [b]

 

3.0 

[1.8]
 [b]

 

20 

Mn/Hap 
- - - - - - - 642.7  89.4 4.0 84.5 3.3 4.9 3.4 

[a] XPS atomic concentration. [b] Data obtained after H2 reduction test.  

 

In the present work, in order to evaluate the oxidation state of Mn on the samples surface, we will use 

several methods complementarily, namely curve fitting of Mn 2p3/2 peak, but only in the case of 

monovalent Mn-bearing compounds; and Mn 3s multiplet splitting for all prepared reference 

compounds and catalysts. 

The Mn 2p3/2 peak is broad due to multiplet splitting. By using curve fitting of Mn 2p3/2 spectra for 

single-valence compounds, based on the fitting parameters proposed by Biesinger et al. [60] for MnO2, 
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γ-MnOOH, Mn2O3, and MnO, a further validation of the successful synthesis of these manganese 

reference compounds could be attained. Fitting parameters for the Mn 2p3/2 peak of ε-MnO2, β-MnO2, 

γ-MnOOH, Mn2O3, and MnO are presented in Table 6.4 with spectra for these references given in 

Figure 6.11: ε-MnO2 is fitted with 6 peaks of equal Full Width at Half Maximum (FWHM), similarly 

to β-MnO2, while γ-MnOOH and Mn2O3 are fitted with 5 peaks of equal FWHM. It can be seen that a 

good fitting is obtained for these products by following the same curve fitting procedure as the one 

reported in the paper of Biesinger et al. [60], signaling the formation of the desired phase in the above-

mentioned compounds. However, in the case of MnO material, Figure 6.11-e shows a minor misfit due 

to a problem with the satellite peak component area (Peak 6). The latter could be the result of a slight 

oxidation of the MnO layer at the surface.  

  

  

 

Figure 6.11. Mn 2p3/2 spectrum of a) ε-MnO2; b) β-MnO2; c) γ-MnOOH; d) Mn2O3; and e) MnO fitted 

with parameters from Table 6.4. 
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A visual inspection of the Mn 2p core level spectra of Mn/Hap catalysts illustrated in Figure 6.12 

reveals first an increase in the binding energy values of the Mn 2p3/2 main peak with that of Mn 

content within the sample (Table 6.3). This could be indicative of Mn species becoming more oxidized 

at the surface when the Mn loading increases. Secondly, a satellite feature which is characteristic of an 

Mn
2+

 oxidation state appears clearly in the Mn 2p spectrum of 2.5 Mn/Hap, becoming less marked 

when Mn content rises to 5 wt% and even less so when the Mn weight load reaches 10 wt%, to the 

point of being indiscernable in 20 Mn/Hap. This supports the proposition of an increasing Mn 

oxidation with that of Mn content.  

An attempt at curve fitting of Mn 2p spectra of Mn/Hap catalysts with the envelope of an MnxOy 

reference compound was conducted (the experimental details of this procedure is described in 

Chapter II). This approach revealed that the best fitting could be obtained by using an asymetrical 

lineshape representative of Mn3O4 compound in the case of 2.5 Mn/Hap, 5 Mn/Hap, and 10 Mn/Hap 

(Figure 6.12-b, c, and d). A noticeable misfit can be nevertheless seen for 2.5 Mn/Hap and 5 Mn/Hap 

in the region where the satellite feature of Mn
2+

 appears, signaling the additional presence of an Mn 

phase with an Mn AOS of +2, which has been previously suggested to correspond to Mn
2+

 inserted in 

Hap structure (refer to XANES analysis). However, in the case of 20 Mn/Hap, the best fitting was 

achieved by using an asymetrical lineshape representative of β-MnO2 reference compound 

(Figure 6.12-e). This would suggest that, just as stated in the XANES results section, 2.5, 5, and 

10 Mn/Hap samples are predomianatly composed of Mn3O4, with 10 Mn/Hap presenting the highest 

amount of Mn3O4 among these three catalysts (no notable misfit in Figure 6.12-d), while 20 Mn/Hap 

majorly consists of β- MnO2. This proposition will be further examined when looking into the 

multiplet splitting of Mn 3s peaks which was subsequently employed for determining the oxidation 

state of Mn.  

Table 6.4. Mn 2p3/2 spectral fitting parameters: binding energy (eV), percentage of total area, spectral component separation (eV), and FWHM value (eV). 

Sample  

Peak 

1 

(eV) 

% 

Peak 

2 

(eV) 

ΔPeak 

2 - 

Peak 

1 (eV) 

% 

Peak 

3 

(eV) 

ΔPeak 

3 - 

Peak 

2 (eV) 

% 

Peak 

4 

(eV) 

ΔPeak 

4 - 

Peak 

3 (eV) 

% 

Peak 

5 

(eV) 

ΔPeak 

5 - 

Peak 

4 (eV) 

% 

Peak 

6 

(eV) 

ΔPeak 

6 - 

Peak 

5 (eV) 

% FWHM 

Mn(II)  

MnO [a] 
640.3 24 641.3 0.97 27.8 642.2 0.93 22.1 643.2 0.95 12.5 644.3 1.14 4.7 646.1 1.75 9.1 1.57 

Mn(III) 

Mn2O3 
640.8 18.9 641.9 1.10 44.5 643.2 1.27 25.3 644.7 1.50 8.5 646.3 1.62 3.1       1.74 

Mn(III)  

γ-

MnOOH 

640.8 24 641.5 0.70 24.0 642.3 0.81 27.8 643.3 1.02 17.5 644.7 1.37 6.7       1.42 

Mn(IV)  

β-MnO2 
641.7 41.7 642.6 0.86 26.5 643.3 0.70 15.5 644.0 0.75 9.1 644.9 0.85 4.9 645.9 1.00 2.5 1.40 

Mn(IV)  

ε-MnO2 
641.7 41.7 642.6 0.86 26.5 643.3 0.70 15.5 644.0 0.75 9.1 644.9 0.85 4.9 645.9 1.00 2.5 1.50 

[a] Peak 6 is a satellite peak with FWHM of 4.4 eV. 



177 
 

  

  

 

Figure 6.12. a) Mn 2p core level spectra of Mn/Hap catalysts. Curve fitting of the Mn 2p spectrum of 

b) 2.5 Mn/Hap; c) 5 Mn/Hap; d) 10 Mn/Hap and e) 20 Mn/Hap catalyst with the asymmetrical 

lineshape of Mn3O4 (b-c-d) and β-MnO2 (e) reference compounds. 
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Indeed, the spectral splitting of the Mn 3s photoelectron peak, which is due to the exchange interaction 

between 3s core hole and 3d electrons, can be correlated with the Mn AOS (average oxidation state) 

[58]. Thus, the Mn 3s region of Mn bearing compounds was firstly investigated, as illustrated in 

Figure 6.13, with the derived values reported in Table 6.3.  

  

Figure 6.13. Mn 3s XPS spectra of a) MnxOy reference compounds and b) x Mn/Hap catalysts, fitted 

with two components. 

Secondly, Mn 3s splitting of the examined MnxOy reference compounds was plotted as a function of 

the formal valence of the Mn ions, as shown in Figure 6.14.  

 

Figure 6.14. Mn 3s splitting of the examined MnxOy reference compounds as function of the formal 

valence of Mn ions. 
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It can be seen that the relationship between Mn 3s splitting and the formal valency of Mn ions seem to 

be following a linear tendency, with the magnitude of the Mn 3s splitting decreasing monotonically 

with the increase of the formal valency of the manganese ions, except in the case of Mn3O4 material. 

Seeing as the prior inspection of Mn 2p3/2 peak for ε-MnO2, β-MnO2, γ-MnOOH, Mn2O3, and MnO 

revealed results in line with previous literature data in respect to those reference compounds, thus 

confirming the presence of the expected MnxOy phases these former will used to conduct the linear fit. 

Regarding the mixed valence compound Mn5O8, besides the Mn 3s multiplet splitting being in line 

with the linear trend connecting it to the formal valency of Mn, characteristic features in the Mn 2p 

and Mn 3s spectra of the Mn5O8 solid, reported in Figure 6.15, attest more conclusively to the 

presence of this phase. Indeed, comparably to what was observed in the work of Gao et al. [12], in the 

Mn 2p XPS core level spectrum, the Mn 2p3/2 peak presents a distinct shoulder at 639.7 eV, while the 

Mn 2p1/2 peak reveals a less defined one at 651.3 eV. A shoulder also appears in the Mn 3s2 peak at 

82.4 eV. These additional Mn 2p and Mn 3s components, emerging at lower binding energy values 

than those of the main peak contributions, are likely to correspond to the divalent manganese ions 

(Mn
2+

) present in this multivalent material. Besides, it should be noted that the great values of the 

FWHM of the Mn 3s components (Table 6.3) are consistent with the presence of a mixture of 

oxidation states and are in line with those reported previously in the literature for Mn5O8 solid [59]. 

Therefore, the experimental data for this compound can also be used to conduct the linear fit. 

  

Figure 6.15. a) Mn 2p and b) Mn 3s XPS core level spectra of Mn5O8 compound. 

By conducting a linear fit from the considered experimental data, the following equation is obtained: 

                            (6.2) 

where ΔE is the Mn 3s multiplet splitting energy.  

Concerning the multivalent reference compound Mn3O4 (whose experimental data was disregarded 

when conducting the linear fit), the calculation of Mn AOS based on equation (1) revealed a value of 

3.1 for this sample. This number which exceeds significantly the theoretical value of 2.7, in addition to 

FWHM values of the Mn 3s peaks (Table 6.3) which are incongruent with the presence multivalent 

Mn species [59], suggest that the surface is characteristic of a single manganese oxidation state which 

is most likely Mn
3+

, at least for the upper 10 nm of the sample. This occurrence might be explained by 

several theories. A first viable explanation would be a possible oxidation of Mn species occurring at 

the surface of the sample. A second plausible option would be that Mn3O4 exposes at the outer surface, 
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layers consisting principally of Mn
3+

 ions, which would lead to an increase in the Mn AOS. A third 

postulate would be that the potassium entities remaining in the material (as shown by the survey 

spectrum of Mn3O4) could be at the origin of a structural modification leading towards an increase of 

Mn oxidation state at the surface. In fact, XPS quantification study revealed an atomic concentration 

of 11.3% for K element, which is not a negligible amount; and seeing as K
+
 ions are known to be very 

mobile in oxide layers [61], X-ray irradiation exposure might drive the migration of these mobile 

species [62], being thus responsible for instigating a change in the structural arrangement of the atoms 

constituting the Mn3O4 sample. This could result for example in a birnessite-type MnO2 structure (as 

seen by Raman spectroscopy analysis) in which interlayer cations, such as K
+
, balance charge [22], 

which would account for the higher than expected Mn AOS value calculated for this compound.  

Finally, when it comes to Mn/Hap catalysts (Figure 6.13-b), it can be noted that the Mn AOS increases 

from 1.9 to 3.4 when the Mn loading increases from 2.5 wt% to 20 wt% (Table 6.3). This is in 

agreement with XANES results which also indicated an increase of Mn AOS associated with that of 

Mn content in the Mn/Hap catalyst.  

Hence, the increase in surface Mn species’ oxidation state with that of Mn content within the sample, 

which was formerly suggested by the evolution of BE Mn 2p3/2 values, has been confirmed by the 

study of the Mn 3s splitting in Mn/Hap catalysts. 

6.6.1.3. Oxygen spectra 

The O 1s spectrum is often employed to distinguish the types of surface oxygen species present in a 

certain sample. Depending on the peak positions, three types of oxygen species can be recognized: 

lattice oxygen (O2
2−

) corresponding to the low binding energy peak (OI: 529.5–530.0 eV), the surface 

adsorbed oxygen (O
2−

 or O
−
), OH groups and oxygen vacancies associated with the medium binding 

energy peak (OII: 530.9–531.4 eV), and at last adsorbed molecular water linked with the high binding 

energy peak (OIII: 532.0–533.0 eV) [49], [63]–[65].  

The O 1s spectra were fitted using the three peaks referred to above. However, it should be pointed out 

that no curve-fitting of the O1s spectrum of Mn/Hap catalysts was attempted due to the fact that in the 

case of the presently examined Mn loadings (≤ 20 wt%), the manganese-bound oxygen species will be 

hidden by the oxygen associated with the calcium phosphate phase (Hap support), making any 

deconvolution operation very delicate. Therefore, curve-fitting of the O1s spectrum was only carried 

out in the case of Mn reference compounds. The corresponding spectra are presented in Figure 6.16 

and the curve-fitting data reported in Table 6.3.  

As revealed by the results noted in Figure 6.16 and Table 6.3, the O 1s spectrum could be successfully 

deconvoluted into three components related to various oxygen-involving chemical bonds. The relative 

percentage of each of these surface oxygen species could have a powerful impact on the catalytic 

properties of the studied material. Indeed, former studies have advanced that OII species present higher 

mobility than lattice oxygen and that a higher amount of HO
−
 groups and oxygen vacancies might lead 

towards an increase in the oxidation activity [48], [66]. 

In the present work, apart from γ-MnOOH, Mn3O4 catalyst contained the highest percentage of OII 

species compared to the other reference compounds. Moreover, as has been noticed in H2-TPR 

analysis, Mn3O4 material presents the highest reducibility (lowest Tonset reduction) among the examined 

manganese reference compounds (β-MnO2; ε-MnO2; Mn5O8; γ-MnOOH; Mn2O3; and Mn3O4) even 

while having the lowest Mn average oxidation state. Accordingly, an increase in the atomic ratio of 

OII/OI does in fact seem to be correlated with an increase in the sample’s reducibility in the current 
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study. The fact that γ-MnOOH which possesses the highest ratio of OII/OI among the investigated 

reference compounds did not exhibit the highest reducibility among said solids does not negate the 

previous postulate, for it should also be remarked that this trivalent compound also has the highest 

relative percentage of adsorbed water species (OIII) among the examined samples. The latter could 

result in an adverse effect on the reducibility behavior of the sample, hence explaining its slightly 

higher Tonset reduction value compared to that of Mn3O4 material. 

   

 

   

 

 

 

  

Figure 6.16. O 1s spectrum of a) ε-MnO2; b) β-MnO2; c) Mn5O8; d) γ-MnOOH; e) Mn2O3 f) Mn3O4 

and g) MnO fitted with 3 components. 

Finally, a quantitative evaluation of surface Mn/O atomic ratio was performed for all MnxOy reference 

compounds. The results reported in Table 6.5 indicate a surface enrichment in oxygen for all MnxOy 

materials except for β-MnO2 for which a slight surface depletion in oxygen can be noted. Furthermore, 
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what is even more interesting is that Mn3O4 shows the greatest deviation from the theoretical 

stoichiometric Mn/O ratio, with its experimental value being significantly lower than what can be 

expected (Deviation ≈ + 41%), thus representating the compound with the most pronounced oxygen 

surface enrichment. This finding could thus be at the origin of the previous constation concerning the 

Mn AOS value of 3.1 found for Mn3O4, exceeding the theoretical value of ≈ 2.7. It could also be a 

possible cause behind the enhanced reducibility of Mn3O4 compared to β-MnO2. In fact, it has been 

previously reported that metal oxide structures with superstoichiometric surface oxygen, can be highly 

beneficial in terms of reducibility due to the fact that the excess oxygen is considered to be weakly 

bound to the cationic center and can thereby readily pass into the gas phase when the temperature is 

increased [67].  

Table 6.5. Surface Mn/O ratios for MnxOy reference compounds based on XPS results. 

Sample Mn/O [a] Mn/O [b] Deviation (%) [c] 

MnO 1.00 0.69 + 31 

Mn3O4 0.75 0.44 + 41 

Mn2O3 0.67 0.61 + 10 

Mn5O8 0.63 0.58 + 8 

γ-MnOOH 0.50 0.33 + 34 

β-MnO2 0.50 0.54 - 8 

ε-MnO2 0.50 0.38 + 25 

[a] Theoretical atomic ratio. [b] Experimental atomic ratio derived from XPS results. [b] Calculated deviation between 

theoretical and experimental data based on the following equation:               
       –       

      
     . A positive 

deviation corresponds to an experimental value of the ratio lower than the experimental one and is thus representative of a 

surface enrichment in O and depletion in Mn atoms, whereas a negative deviation would correspond to an experimental value 

of the ratio higher than the experimental one and is thus representative of a surface enrichment in Mn and depletion in O 

atoms.   

6.6.2. XPS analysis of Mn-based compounds after H2-reduction test 

β-MnO2, Mn2O3, Mn3O4, and 10 Mn/Hap compounds were submitted to an H2-reduction reaction, at 

the end of which an XPS analysis of the resulting materials was conducted. Reduction of Mn in the 

samples obtained following H2-reduction test was confirmed by several means and the presence of 

manganese species in a divalent oxidation state was also indisputably proven.  

First as noted in Table 6.3, the binding energy of Mn 2p3/2 found in all four of the samples having 

undergone the H2-reduction reaction was in the range of 640.6- 641.1 eV, in line with the literature 

reported values for MnO compound (Mn
2+

) [56], [57], [68]. Furthermore, the presence of the typical 

Mn 2p satellite features produced by Mn (II) species is clearly discernable in all the examined Mn 2p 

spectra, which are displayed in Figure 6.17.   

Finally, multiplet splitting of Mn 3s peaks is also consistent with a Mn oxidation state of +2 

(Figure 6.17 and Table 6.3), all of which validates the in-situ XANES analysis results.  
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Figure 6.17. a) Mn 2p and b) Mn 3s XPS core level spectra of β-MnO2_ATR, Mn2O3_ATR, 

Mn3O4_ATR, and 10 Mn/Hap_ATR compounds obtained after H2-reduction test. 

6.7. Conclusion  

In this work, we have employed several characterization techniques, among which some (in situ XAS, 

H2-TPR) allowed to monitor the H2-reduction process in manganese-bearing samples: MnxOy 

reference compounds and Mn/Hap catalysts; all in the aim of clarifying the influence of Mn loading in 

Mn/Hap catalysts on the Mn speciation in the obtained product. 

The various methods yield a substantially comparable result in terms of Mn-speciation both in the 

fresh samples and in the materials obtained following the H2-reduction reaction. Indeed, all of the 

above discussed data describe a similar trend regarding the evolution of Mn-speciation versus Mn 

amount: for low Mn loadings, the Mn oxidation state leans towards lower values (2-3) as revealed by 

Raman, XAS and XPS analysis; the majority of Mn oxide species being in the form of Mn3O4 phase. 

Furthermore, when the Mn loading increases, a higher Mn AOS becomes predominant (≈ 4) and 

manganese dioxide (MnO2) turns into the main Mn oxide phase present on the surface of the Mn/Hap 

catalyst. While XRD revealed for the two catalysts with the highest Mn weight load (10 Mn/Hap and 

20 Mn/Hap) the presence of an MnO2 phase whose crystallinity increases when going from 

10 Mn/Hap to 20 Mn/Hap, no conclusive discrimination between ε- or β-MnO2 phases was possible at 

that stage. Yet, through subsequent analysis methods (Raman, XANES and H2-TPR) a distinction 

became possible and β-MnO2 phase was found to be the majorly formed Mn species with increasing 

Mn content within the catalysts.  

However, what is perhaps even more interesting to note is the fact that a lower Mn AOS appears to be 

conductive to an enhanced reducibility, as shown by H2-TPR experiments. This enhanced reducibility 

seems to be correlated with the increase of Mn3O4 amount in Mn/Hap catalysts. Thus, the following 

sequence of catalysts with decreasing reducibility was obtained: 10 Mn/Hap > 5 Mn/Hap > 

2.5 Mn/Hap ≈ 20 Mn/Hap. It was postulated that enhanced oxygen mobility could account for the 

better reducibility of Mn3O4 compared to other Mn species with higher Mn AOS, among which figures 

β-MnO2. In order to gain further clarity regarding this matter, XPS analysis was conducted over the 

Mn-bearing materials. Results from the fitting of the O 1s spectrum of MnxOy reference compounds 
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indicated that Mn3O4 contained a higher percentage of OII species compared to other MnxOy materials, 

such as β-MnO2. Since these OII species have been shown in previous works to promote oxygen 

mobility, the hypothesis of a higher reducibility engendered by higher oxygen mobility appears to 

uphold thus far. Moreover, quantitative evaluation of surface Mn/O atomic ratio revealed that among 

all examined MnxOy reference compounds, Mn3O4 presented the greatest proportion of surface excess 

oxygen; this latter having been formerly shown to promote a metal oxide’s reducibility.  

Seeing as it has been agreed that an oxidation process occurs through a Mars-van-Krevelen 

mechanism in the case of transition metal oxide based-catalysts, the reducibility of the catalyst will be 

decidedly closely related to the catalytic activity. Therefore, Mn3O4 should result in a better catalytic 

performance in the oxidation of toluene than β-MnO2. This was indeed the case in the study conducted 

by Kim et al. [55], as well as in another performed by Piumetti et al. [69].  

Hence, it follows that Mn3O4-rich samples would be more catalytically efficient than β-MnO2-rich 

materials. The validity of this notion will be further investigated in future work focusing on the 

catalytic performances of these Mn-bearing solids. 
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General conclusions and outlook 

Catalytic systems composed of transition metal oxides (TMO), Cu and/or Mn oxides, supported on 

stoichiometric hydroxyapatite (Hap) were studied in the total oxidation reaction of toluene, a widely 

encountered Volatile Organic Compound (VOC). Different strategies for enhancing the catalytic 

performances of these Hap supported TMO were methodically examined. The synthesized materials, 

prepared via wet impregnation route, were characterized by different physicochemical techniques, 

namely X-Ray Diffraction (XRD), Thermal Analysis coupled with Mass Spectrometry (TGA/DSC-

MS), Infrared spectroscopy (IR), Temperature Programmed Reduction coupled with Mass 

Spectrometry (H2-TPR/MS), X-Ray Photoelectron Spectroscopy (XPS), Raman spectroscopy, Time of 

Flight Secondary Ion Mass Spectrometry (ToF-SIMS), X-ray Absorption Spectroscopy (XAS), etc ..., 

in order to better understand the obtained compounds’ catalytic reactivity towards the complete 

oxidation of toluene.  

First, binary Cu-Mn oxides supported on Hap, with a total metal loading of 10 wt%, were investigated 

in the total oxidation of toluene. Different molar Cu/Mn compositions (2; 1; 0.5) were examined and 

compared with the corresponding supported single transition metal oxide catalysts (Cu/Hap and 

Mn/Hap). The catalytic performances of the supported Cu-Mn oxide catalysts revealed the existence of 

a synergetic effect in terms of activity and selectivity towards CO2 through the formation of Cu-Mn 

mixed oxides. The strongest synergetic effect was observed for a Cu/Mn molar ratio of 2 as confirmed 

by the standardized conversion rate values determined at 190 °C (r190) which followed the decreasing 

sequence (/10
-2

 h
-1

): Cu2Mn/Hap (2.57) > CuMn/Hap (2.04) > CuMn2/Hap (1.59) > Mn/Hap (1.13) >> 

Cu/Hap (0.13). The highest activity of Cu2Mn/Hap was explained by a better reducibility of the active 

phase in line with a high density of Cu-O-Mn interactions at the outermost layers as shown by ToF-

SIMS results. Nonetheless, a poor stability conduct was noted for these Hap supported CuMnOx 

catalysts which was correlated with a decomposition of the mixed entities, the latter being likely 

induced by a slow rate in the Mn reoxidation step. 

A second catalytic performances optimization scheme consisted in using an organic complexant, β-

cyclodextrin (β-CD), as a Cu species dispersing agent in the synthesis procedure of copper oxides 

dispersed on hydroxyapatite support. The catalyst prepared via a β-CD assisted route, noted 10 Cu-

CD/Hap was compared to a conventionally synthesized Hap supported copper oxide material, noted 

10 Cu/Hap. TGA/DSC-MS results showed that the use of β-CD accelerated the thermal decomposition 

of nitrates, due most probably to optimized interactions between β-CD and copper precursors which 

helped reduce the direct interaction of Cu
2+

 and NO3
-
 species with the support, thus preventing a strong 

retention of nitrates and resulting in a better elimination efficiency of residual nitrate species, as 

revealed through infrared spectroscopy. Most importantly, it turned out that the addition of β-

cyclodextrin altered copper location on the hydroxyapatite support. Indeed, XRD, XPS, and H2-

TPR/MS analyses indicated that highly dispersed small Cu(II) clusters were primarily formed in 

10 Cu-CD/Hap solid, which resulted in enhanced copper particles dispersion and reducibility 

compared to 10 Cu/Hap material, where bulk CuO were predominant on the surface. It followed that 

the catalytic performances of 10 Cu-CD/Hap were better than those manifested by 10 Cu/Hap. Both 

toluene conversion rate and CO2 productivity were improved by the use of β-CD during the catalyst 

preparation due to a rise in the quality and number of Cu active sites. In fact, the catalyst derived from 

a β-CD-assisted synthesis (10 Cu-CD/Hap) displayed less sintering of copper species following 

stability tests, which ultimately led to it retaining better catalytic conduct over time. 

By demonstrating the effectiveness of using β-CD oligosaccharides in order to prevent copper species 

aggregation and enhance their reducibility, thus succeeding in improving the catalytic performances of 
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Hap supported copper oxide catalyst, it became imperative to gain a better grasp of the role of β-CD in 

the Cu-CD/Hap system. Therefore, a thorough study of the evolution of this Cu-CD/Hap system 

starting from the interactions taking place between β-CD, the copper precursor, and hydroxyapatite 

support in the aqueous phase, up to the formation of active Cu species in the catalyst was carried out. 

Based on the data obtained through Raman and ToF-SIMS monitoring, it appeared that molecule-ion 

associations between β-CD and Cu
2+

 ions derived from the copper nitrate precursor were generated. 

Indeed, solutions Raman analysis revealed the occurrence of a 14 cm
-1

 red shift of the β-CD 

characteristic band at 876 cm
-1

 which emerged at 862 cm
-1

 in the Cu/β-CD solutions, indicating the 

existence of an interaction between copper and β-CD species. The occurrence of such interactions 

between Cu entities and β-CD molecules was further proven by the detection of Cu-organic fragments 

in the ToF-SIMS spectra of dried 10 Cu-CD/Hap D. Furthermore, the formation of Ca-organic ion-

fragments within dried 10 Cu-CD/Hap D system evidenced interactions taking place between β-

cyclodextrin molecules and calcium ions of hydroxyapatite. Hence, by acting as a chemical spacer 

between copper species and hydroxyaptite support, β-cyclodextrin succeeded not only in preventing 

copper species agglomeration but also their close interaction with the support. Indeed, the high surface 

density of CuxOyHz
 
entities detected by ToF-SIMS analysis of 10 Cu-CD/Hap D compared to those 

noted for 10 Cu/Hap D, in addition to the higher cristallinity degree of Hap support obtained in the 

case of 10 Cu-CD/Hap compared to 10 Cu/Hap highlighted the role of β-CD in favoring the formation 

of homogeneously dispersed copper species situated on the surface of hydroxyapatite support rather 

than inserted in its subsurface layers, thus making the copper active sites more accessible and available 

for catalytic reactions. 

Regarding manganese oxides supported on Hap (Mn/Hap) catalysts, in the aim of achieving effective 

future optimization of this catalytic system, a deeper inspection of the nature of active Mn species 

responsible for the material’s high activity in the total oxidation of toluene was of essence. Thus, an 

extensive study of the speciation of Mn entities in Mn/Hap samples was performed. Mn/Hap solids 

with various manganese loadings: 2.5; 5; 10; and 20 wt% of Mn were prepared in order to examine the 

effect of Mn content on the manganese speciation in the resulting sample. Moreover, a series of 

synthesized manganese oxide bulk solids (ε-MnO2, β-MnO2, Mn5O8, Mn2O3, γ-MnOOH, Mn3O4, and 

MnO) served as a set of reference data for the various physicochemical characterizations carried out. 

Raman, XAS, and XPS analysis revealed that for low Mn loadings the Mn average oxidation state 

(AOS) tended towards lower values (2-3), with the majority of Mn oxide species present in Mn/Hap 

sample being in the form of Mn3O4 phase. However, when the Mn content increased, a higher Mn 

AOS became predominant (≈ 4) and manganese dioxide (MnO2) turned into the main Mn oxide phase 

present in Mn/Hap catalyst. This agreed with the results of XRD analysis indicating that for both 

10 Mn/Hap and 20 Mn/Hap an MnO2 crystalline phase was formed, whose crystallinity grew with that 

of Mn loading within the sample, without being able to ascertain nonetheless the type of MnO2 

polymorph it represented (ε- and/or β-MnO2). Moreover, what was perhaps a most significant 

revelation was the fact that H2-TPR analysis demonstrated that a lower Mn AOS promoted a higher 

reducibility of the Mn/Hap sample: a higher amount of Mn3O4 being conductive to a higher 

reducibility. Indeed, the reducibility of Mn-bearing samples increased when going from β-MnO2 to 

Mn3O4 reference compound. It ensued that it was the Mn/Hap catalysts with lower Mn content 

(≤ 10 wt%), rich in Mn3O4, which presented the greater reducibility when compared to the Mn/Hap 

catalyst with the highest Mn loading (20 Mn/Hap), rich in β-MnO2. It was suggested that an increase 

in oxygen mobility might be at the origin of the enhanced reducibility of Mn3O4 bearing materials. 

This hypothesis was supported by XPS results which indicated that Mn3O4 contained a higher 

percentage of OII species, which were shown in previous works to promote oxygen mobility, 

compared to other MnxOy materials, such as β-MnO2. Moreover, Mn3O4 presented the greatest 
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proportion of superstoichiometric surface oxygen, previously reported to be highly beneficial in terms 

of reducibility owing to their weakly bound state to the cationic center. 

Having now presented the main findings of this research, it should be noted that based on the catalytic 

performances limitations encountered when examining binary CuMn oxides supported on Hap 

materials, some modifications of the catalytic system can be envisaged in the intent of overcoming the 

poor stability conduct of Hap supported CuMnOx catalysts. One of them being metal doping, with 

noble or transition metal, of the supported CuMnOx solids. Indeed, previous works have shown that 

gold doping of copper manganese oxides modified the catalyst surface so that it could store much 

more oxygen, promoting thus the Mars van Krevelen mechanism and enhancing the redox efficiency 

of the catalyst [1]. Moreover, another investigation on cobalt doping of CuMnOx catalysts revealed 

that the addition of cobalt creates a higher amount of oxygen vacancies which would most likely 

facilitate the exchange of oxygen between lattice and surface oxygen, i.e. the reoxidation step of the 

catalyst [2]. Therefore, a prospective study of the impact of metal doping of binary Cu-Mn oxides 

supported on Hap, with either gold or cobalt, on the durability behavior of the catalyst tested in the 

total oxidation of toluene might prove to be highly rewarding. It has the potential of increasing the 

reoxidation rate of manganese species which would allow averting the decomposition of the highly 

active mixed CuMnOx entities.    

Last but not least, it would also be interesting to examine the effect of using β-CD in the synthesis of 

Hap supported binary Cu-Mn oxides on the physicochemical properties and catalytic performances of 

the resulting material. For it might not only lead to an enhancement in the catalytic oxidation activity 

of CuxMny/Hap as a result of an increase in active species dispersion, but even more importantly to an 

improvement in this catalyst’s previously noted poor stability conduct.  

[1] K. Morgan, K. J. Cole, A. Goguet, C. Hardacre, G. Hutchings, N. Maguire, S. O. Shekhtman, 

and S. H. Taylor, « TAP studies of CO oxidation over CuMnOX and Au/CuMnOX catalysts », J. 

Catal., vol. 276, n
o
 1, p. 38–48, 2010. 

[2] S. Dey, G. C. Dhal, D. Mohan, R. Prasad, and R. N. Gupta, « Cobalt doped CuMnOx catalysts 

for the preferential oxidation of carbon monoxide », Appl. Surf. Sci., vol. 441, p. 303–316, 2018. 
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Appendix A 

 

Figure AA.1. X-ray diffractogram of MnHap solid. 
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Figure AA.2. Evolution of the intensity of the signals corresponding to m/z = 2, 14, 17, 28, 30, and 44 

as a function of temperature for the solids: a-CuHap; b-Cu2MnHap; c-CuMnHap; d-CuMn2Hap; e-

MnHap. The y-axis on the left gives the intensities of the signals m/z = 14, 17, 28, 30 and 44. The y-

axis on the right gives the intensity of the peak m/z = 2. 
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Figure AA.3. CO production as a function of temperature over CuxMnyHap catalysts. 

Table AA.1. TGA based data obtained for dried CuHap D, Cu2MnHap D, and MnHap D samples. 

Sample 

 

Global weight 

loss 

Experimental weight loss (%) 
Theoretical 

weight loss (%) 

1
st
 step 2

nd
 step 3

rd
 step Nitrates 

CuHapD 17.5 
4.0  

(20 - 180 °C) 

11.2 

(180 - 400 °C) 

2.3 

(400 - 600 °C) 
13.7 

Cu2MnHapD 19.4 
5.1 

(20 - 140 °C) 

12.0 

(140 - 400 °C) 

2.3 

(400 - 600 °C) 
13.6 

MnHapD 20.4 
6.4 

(20 - 130 °C) 

12.5 

(130 - 400 °C) 

1.5 

(400 - 600 °C) 
13.2 

 

Table AA.2. T10, T50, and T90 (CO2) obtained in toluene oxidation for Hap and CuxMnyHap catalysts. 

Sample T10 (CO2) [°C] T50 (CO2) [°C] T90 (CO2) [°C] 

Hap 297 - - 

CuHap 223 255 302 

Cu2MnHap 180 196 213 

CuMnHap 180 202 216 

CuMn2Hap 185 205 218 

MnHap 192 210 224 
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Appendix B 

 

Figure AB.1. Deconvolution of the XRD peaks obtained in the 2θ range 45.5 ° < 2θ < 54 ° for 

10 Cu/Hap. 

Table AB.1. Cracking Patterns of various fragments 

Gas     MM m/z R. A. 
[a]

/ % 

NO2     46 (NO) 30 100 

 (NO2) 46 32 

 (O) 16 24 

 (N) 14 10 

N2O     44 (N2O) 44 100 

 (NO) 30 30.5 

 (N) 14 12.5 

 (N2) 28 10 

 (O) 16 5 

NO      30 (NO) 30 100 

 (N) 14 8 

 (NH) 15 2 

 (O) 16 1 

N2      28 (N2) 28 100 

 (N) 14 14 

 (N2H) 29 2 
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Table AB.1. Cracking Patterns of various fragments (continued) 

Gas     MM m/z R. A. 
[a]

/ % 

CO2    44 (CO2) 44 100 

  (CO) 28 11.5 

  (O) 16 11 

  (C) 12 10 

CO      28 (CO) 28 100 

  (C) 12 5 

  (O) 16 2 

CH4     16 (CH4) 16 100 

  (CH3) 15 90 

  (CH2) 14 21 

  (CH) 13 17 

  (C) 12 5 

  (CH5) 17 2 

NH3     17 (NH3) 17 100 

  (NH2) 16 80 

  (NH) 15 7 

  (N) 14 2.5 

  (NH4) 18 0.5 

H2O   18 (H2O) 18 100 

  (HO) 17 21 

  (O) 16 1 

HCHO    30 (HCHO) 30 58 

  (HCO) 29 100 

  (CO) 28 24 

HNO3     63 (HNO3) 63 2 

  (NO2) 46 100 

  (O2) 32 4 

  (NO) 30 86 

  (N2) 28 20 

  (H2O) 18 49 

  (OH) 17 24 

  (O) 16 22 

  (N) 14 10 

[a] Relative abundance. 
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Appendix C 

 

Figure AC.1. Raman spectrum of water. 

 

 

Figure AC.2. Raman spectra of pure a) copper nitrate trihydrate precursor and b) β-CD compound 

with band indexation. 
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Figure AC.3. Raman spectrum of calcined support Hap. 

 

 

Figure AC.4. White-light images captured by the Raman apparatus video camera of sample a) before 

and b) after laser-induced photodegradation. 
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Table AC.1. Raman spectroscopic data of Cu(NO3)2.3H2O. 

Raman Assignment 

96 
Lattice vibrations 

136 

173 ―NO2 restricted rotations 

218 

Coordinated nitrate (Cu―Ost) 241 

399 

716 

ν3―ONO2 
728 

754 

762 

1015 
ν2―ONO2 

1045 

1282 
ν1―ONO2 

1322 

1430 

ν4―ONO2 1489 

1500 

 

Table AC.2. Raman spectroscopic data of β-CD (r  =  Stretching  mode;  ф  =  Bending  mode). 

Raman Assignment 

440 

Skeletal vibrations 475 

580 

850 ф CCH, r CO, r CC 
[a]

 

947 skeletal vibration involving α-1,4  linkage 

1000 r CC, ф OCH, ф CCH, ф CCO 

1048 r CO, r CC  

1106 r CO, ф COH, r CC 

1081 r CO, ф COH, r CC 

1127 r CO 
[b]

 

1203 r CO, ф CCH, ф COH 

1250 ф OCH, ф COH, ф CCH 
[c]
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Table AC.2. Raman spectroscopic data of β-CD (r  =  Stretching  mode;  ф  =  Bending  mode)_(continued). 

Raman Assignment 

1338 ф CCH, ф COH, ф HCH 
[c]

 

1389 ф CCH, ф OCH, ф COH 

1410 ф OCH, ф CCH 

1450 ф OCH, ф HCH 

[a] anomeric vibration. [b] pyranose ring vibration. [c] Complex CH2OH vibration. 

’  anomeric  vibration.  
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Appendix D 

  

 

 

Figure AD.1. Mn-K edge XANES spectrum of MnO a) obtained from the current study, b) taken from 

the work of Kuo et al. [70] (in black) and c) taken from the work of An et al. [71] (in pink). 

   

 

Figure AD.2. Mn-K edge XANES spectrum of Mn2O3 a) obtained from the current study, b) taken 

from the work of Kuo et al. [70] (in blue) and c) taken from the work of Ye et al. [72] (in green). 

   

 

Figure AD.3. Mn-K edge XANES spectrum of γ-MnOOH a) obtained from the current study, b) taken 

from the work Gibson et al. [73] (full black line) and c) taken from the work of McKeown et al. [74] 

(in black with an upward facing arrow). 
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Figure AD.4. Mn-K edge XANES spectrum of β-MnO2 a) obtained from the current study, b) taken 

from the work of Yang et al. [75] (in black)  and c) taken from the work of Leven et al. [76] (in black). 

  

 

 

Figure AD.5. Mn-K edge XANES spectrum of Mn3O4 a) obtained from the current study, b) taken 

from the work of Kuo et al. [70] (in green) and c) taken from the work of Jiao et al. [77]. 

   

Figure AD.6. LCF with 2 a), 3 b), and 4 c) components along with the LCF difference from data 

points and Mn-K edge XANES experimental spectrum of 2.5 Mn/Hap measured at a fluorescence 

detection energy of 6491.5 eV. 
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Figure AD.7. Evolution of the intensity of the signals corresponding to m/z = 2 and 30 as a function 

of temperature for the solids: a) 2.5 Mn/Hap, b) 5 Mn/Hap, c) 10 Mn/Hap and d) 20 Mn/Hap. The y-

axis on the left gives the intensities of the signals m/z = 30. The y-axis on the right gives the intensity 

of the peak m/z = 2. 
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Table AD.1. The linear combination fitting results for 2.5 Mn/Hap sample with 2, 3, and 4 components. 

Sample Number of components Standard sample Weight fraction R factor 
[a]

 

2.5 Mn/Hap 2 Mn3O4 0.66 0.00112 

  Mn2O3 0.34 

2.5 Mn/Hap 3 Mn3O4 0.587 0.00079 

  Mn2O3 0.314 

  β-MnO2 0.099 

2.5 Mn/Hap 4 Mn3O4 0.535 0.00075 

  Mn2O3 0.256 

  β-MnO2 0.101 

  γ-MnOOH 0.108 

[a] R-factor is defined as follows: R= sum((data-fit)
2
)/sum(data

2
). 
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NWIMA-2 Workshop                              Lebanese University - Faculty of Sciences – Fanar, Lebanon 

Oral Presentation                                                                                                                       April 2019 

Title: « Catalytic oxidation of toluene over copper-manganese mixed oxides supported on 

hydroxyapatite: durability tests » 

 

FCCAT 2 Conference                                                                                                        Fréjus, France 

Poster presentation                                                                                                                     June 2019 

Title: « Bioinspired Cu-Mn hydroxyapatite materials for toluene total oxidation » 

Prize: Best Poster Presentation 
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