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Abstract:  

Selective oxidation catalysis is of prime importance for the production of many key 

intermediates. The control of selectivity in the presence of gaseous oxygen is quite challenging 

and requires the development of efficient catalysts. Thanks to their large composition range, 

resulting from the modulation of their stoichiometry and substitution ability, hydroxyapatites 

can be modified by many metals which make them original catalytic systems gathering both 

tunable acid-base properties and redox properties. In this chapter, we will show the interest of 

metal modified hydroxyapatite catalysts for various classes of oxidation reactions. Due to their 

large range of stability, they can be implemented either in liquid phase for aerobic oxidation of 

alcohols (Pd, Ru), or at very high temperature (> 600°C) for gas phase alkane oxidation, partial 

oxidation of methane (Rh, Ni) and oxidative dehydrogenation of other alkanes (V, Co…).  The 

influence of the metal incorporation method (ion exchange, impregnation in excess of solution, 

or coprecipitation) on the metal dispersion and catalytic performance will be discussed. Finally, 

the role of the basic properties of hydroxyapatites in the alkane activation will be discussed.  
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1. Introduction 

Selective oxidation catalysis plays a crucial role in the current chemical industry for the 

production of many key intermediates. In particular, aldehydes and ketones can be obtained 

from primary or secondary alcohols. Despite oxygen activation remains challenging, selective 

aerobic alcohol oxidation is very attractive. In addition, in the context of decay of oil supplies, 

there is a renewed interest in light C1-C3 alkane valorisation. The proven reserves in natural 

gas are abundant, which makes this energy source available and quite cheap. Alkanes are also 

formed in large quantities by coal- and gas-to-liquid (CTL and GTL) plants. Partial oxidation 

of methane (POM) is a promising route for syngas production (CH4 + 1/2 O2 → CO + 2H2). 

Similarly, given the increasing demand in olefins, there is a renewed interest for oxidative 

dehydrogenation (ODH) of C ≥ 2 alkanes (CnH2n+2 +1/2 O2 → CnH2n + H2O).  

For all these classes of selective oxidation reactions operating in the presence of oxygen, 

the optimization of selectivity should contribute to the establishment of novel green and 

sustainable chemical processes. It remains however quite challenging to avoid overoxidation, 

and the development of selective heterogeneous catalysts remains an important issue. Their 

formulations are mainly based on transition metal ions (TMI). Depending on the nature of the 

molecule to be selectively oxidized, different TMI are used either in their cationic or zerovalent 

form. Cu, Ru, Pd, Au, Fe, V, Ir, Os or Co are commonly used for the selective oxidation of 

alcohols [1]. Zerovalent Rh and Ni have been studied for the partial oxidation of methane [2-

4]. In the case of C≥2 alkane oxidative dehydrogenation reactions, numerous TMI were used, 

alone or in combination [5] to form reducible oxides [6-8], nanostructured oxides [9] or isolated 

species [10], and V-based catalysts are the most extensively investigated for propane activation 

[11]. Beside the nature of TMI, its dispersion is a key parameter to control the selectivity. One 

can discriminate two classes of catalysts, bulk catalysts containing the TMI in its host lattice or 

metal supported catalysts. In the latter case, the nature of the carrier has been found to influence 

the performance of the system, due to its impact on the metal dispersion, but also due to the 

role played by the acid base properties on the adsorption-desorption of reactants and products. 

It was also found that the addition of phosphorus to Cr/TiO2 and V2O5/TiO2 improves the 

performance of various catalysts in the oxidative dehydrogenation of ethane (ODHE) or 

propane (ODHP) [12-14]. Several explanations for such beneficial role of phosphorus were 

proposed, such as appearance on the carrier of a new phosphate with adequate structure of active 

sites, isolation of active site (in contrast to promotion of total oxidation over oxide-like 

catalysts) and / or the tuning of the surface acid–base properties [15-18]. Among the 
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investigated phosphate compounds, (VO)2P2O7 was identified as the active phase for the 

selective oxidation of n-butane to maleic anhydride [19] and many other iron [15, 20], 

molybdenum [21] and vanadium phosphate phases [22-24] were also investigated. In this 

context, the hydroxyapatite system (HA) was also studied from the 90’s, since, depending on 

the strategy of synthesis, it can be advantageously used as a tunable carrier to get metal 

supported hydroxyapatite or directly as metal modified bulk catalyst thanks to the various 

substitution afforded by its flexible network. As developed in chapter 3 of this book, the 

stability of hydroxyapatite both in solution and at high temperature makes this system ideal for 

use in selective oxidation of alcohols operating in liquid phase and for high temperature gas 

phase reactions required for alkane activation. Its acid–base properties can also be tuned both 

by controlling the stoichiometry and by modifying its composition, especially going from 

calcium hydroxyapatite to strontium hydroxyapatite to favor basicity, eventually 

counterbalancing the acidity induced by TMI deposition. The great modulation of composition 

by substitution on both its cationic and anionic sites offers endless opportunities to get metal 

modified systems. Several strategies are used to incorporate transition metal ions, one pot 

coprecipitation syntheses likely to modify the bulk (and surface) properties to favor high metal 

dispersion, or more classical metal surface deposition onto the hydroxyapatite carrier. Such 

two-step approach includes impregnation or cationic exchanges. Both are performed in excess 

of solution and mainly differ by the absence of a washing step in the former case. As a result, 

the metal loading and the metal dispersion may differ to a large extent. 

Given their key impact for the control of reactivity in the selective oxidation reactions, 

these aspects will be considered in this chapter. In a first section, the performances and key 

parameters governing the oxidation of alcohols will be reviewed. In a second section dedicated 

to gas phase reactions, results and main conclusions obtained from methane partial oxidation 

then oxidative dehydrogenation of propane, ethane, heptane and n-octane will be developed. 

 

2. Liquid phase reactions: selective aerobic oxidative of alcohols 

 Aldehydes and ketones are key-compounds that can be obtained from primary and 

secondary alcohols. Oxidants, such as oxides (Cr, Mn, Ru), halides, peroxides or ozone, have 

been traditionally used for these reactions but they are often pointed out to be not environment 

friendly [25]. Guided by sustainable development, efforts have been made over the years to 

replace Cr reagents, particularly in medicinal chemistry and, the most popular oxidants are right 
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now either stoichiometric reagents such as Dess Martin periodinane (IBX), the Swern reagent 

or combinations of a terminal oxidant with a catalyst such as N-methyl morpholine-N-oxide 

(NMO) and TPAP or sodium hypochlorite and TEMPO [26]. In parallel, recent researches have 

led to an exponential increase in the number of publications dealing with combinations of O2 

(or H2O2) with homogeneous, heterogeneous catalysts or biocatalysts that afford a good atom 

economy and only water as a by-product but none of these systems has replaced yet those 

mentioned before in synthetic organic chemistry [27-29]. Dioxygen deserves special attention 

due to its natural availability but its activation is more challenging than that of H2O2 [30]. 

Catalytic systems working at low pressure as well as under mild reaction conditions and with a 

good selectivity and functional group tolerance are needed. Low catalyst loadings and the 

avoidance of costly or toxic additives are required too.  

 In this context, liquid phase apatite-based heterogeneous catalysts working with oxygen 

and involving mainly Ru or Pd have been explored. The different available systems tested in 

batch conditions will be compared considering benzyl alcohol (BA) as a model substrate. Their 

performance towards other primary and secondary alcohols, activated or not, will also be 

discussed. Information on the mechanism will be given using, if possible, in situ 

characterization of catalysts or experiments allowing the determination of Hammet constants 

or of the Kinetic Isotope Effect (K.I.E). 

2.1 Apatite-based catalysts efficient in the aerobic oxidation of alcohols 

 Apatite is not an oxidation catalyst by itself. It must be combined with a transition metal. 

The main catalytic systems based on apatite developed for the oxidation of alcohols by oxygen 

reported since 2000 are presented in Table 1 [31-40]. At best, we have tried to highlight the 

quantities of metal involved in the catalytic tests in order to be able to compare the performance 

of the catalysts with each other. The situation varies greatly from one article to another. Some 

authors do not give any information on the TOF values, or if they do, the TOFs are measured 

either over the whole reaction or at the lowest conversion values, which is normally more 

favorable. Historically, the first example dates back to the work of Kaneda et coll. (Table 1, 

entry 1) [31]. One of the most common reasons emphasized for using apatite as a support for 

heterogeneous catalysts is its natural availability. However, very few authors use natural apatite 

(NAp), probably because the composition and physico-chemical properties are not well 

controlled. Most of the research teams work with apatites synthesised following the protocol of 

Sugiyama et al. [41]. Regarding NAp, Shaabani et al. have used cow bones (Table 1, entries 2 

and 3) [32, 33]. The latter were combined, for example, with 15 wt.% of manganese (IV) oxide 
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[32] or anionic complexes of cobalt(II) phthalocyanine (0.4 wt.% Co) [33], affording 

benzaldehyde with yields of 97 and 95% under air in p-xylene using 8.5% mol of Mn and 0.35% 

mol of Co per BA, respectively. In both cases, Shaabani et al. introduced non-negligible 

amounts of base (K2CO3 or KOH were added with up to 50% mol vs. the alcohol) which makes 

these systems not very attractive from a Green Chemistry point of view. Indeed, as in many 

cases in the aerobic oxidation of alcohols, bases are promoting the deprotonation of the alcohol 

and thus the anchoring of the derived alkoxide to the metal in order to allow its subsequent 

activation. In addition to the catalyst recycling proved by repeated runs, the use of supports 

such as apatite would avoid the deactivation of the cobalt complexes (Table 1, entry 3) which 

are prone to yield non-active -oxo dimers. It has to be pointed out here that this is not specific 

to the apatite material. In the case of MnO2/NAp (Table 1, entry 2), the idea was to increase 

the area to volume ratio of MnO2 which is detrimental for the bulk oxide. It should be noted 

that in these studies, little information is given on the anchoring mode of the active phases on 

the apatite. Apparently, detailed studies of those catalytic materials were difficult to carry out 

due to the use of NAp. In the case of cobalt phthalocyanine, the authors only mention the 

advantage of working with a ligand with anionic functions to enhance the deposition of cobalt 

on the support. 

 The literature in the field of aerobic oxidation of alcohols includes many more papers 

dealing with combinations of apatite with either Ru(III) salts (Table 1, entries 1 and 4-7) or 

Pd(II) salts or complexes (Table 1, entries 8-9). Like in the previous examples (Table 1, entries 

2 and 3), the resulting heterogeneous catalysts are generally efficient at temperatures between 

60 and 100°C and under atmospheric pressure of pure oxygen or air. 
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Table 1: Aerobic oxidation of benzyl alcohol (BA) with apatite-based catalysts. Some data have been recalculated from those provided by the authors and are 

thus reported in italics. 

Entry Support Loading Preparation method Conditions Yield Ref 

1 Stoich. HA  
17.1 wt.% Ru 

1.7 mmol.g-1 

I.E. with aq RuIII / 24 h  

drying 110°C O.N.  

Atm O2 / 80°C / 100 mg cat.mmol ROH-1 

/ toluene /  

17  mol% cat 

> 99% Conv.  

98-95% Ald (3 

h) 

TOF = 2 h-1 

[31] 

2 

NHA from cow bone  

15 wt.% MnO2 

1.7 mmol.g-1 

KMnO4 74 h RT + washing + 

drying 100°C  

Air / 80°C / 50 mg cat.mmol ROH-1  / p-

xylene /8.5 mol% cat + 50 mol% K2CO3  
97% Ald (3 h) [32] 

3 
0.4 wt.% Co 

0.07 mmol.g-1 

CoTSPc 48 h RT + washing + 

drying 70°C O.N. 

Air flow/ 100°C / 50 mg cat.mmol ROH-1  

/ p-xylene /0.35 mol% cat + 50 mol% 

KOH 

95% Ald (4 h) 

TOF = 69.8 h-1 

[33] 

 

4 
HA calcined at 500°C + aq. CoCl2 20 min + 

Wash. Treat. 
 c.a. 0.35 mmol.g-1 

aq RuIII / 24 h 

drying 80°C vacuum 8 h 

Atm O2 / 60°C / 60 mg cat.mmol ROH-1 ? 

/ toluene /  

2.1 mol% cat 

- (kinetic study 

at low conv.) 
[34] 

5 

Stoich. HA  

calcined at 500°C 

+ CoCl2 20 min or Pb2+, + Wash. Treat. 

0.4 mmol.g-1  

aq RuIII / 10 min or 24 h 

drying 80°C vacuum 8 h 

(also 25, 110 and 180°C) 

Atm O2 / 90°C / 50 mg cat.mmol ROH-1 ? 

/ toluene /  

1.7 mol% cat 

> 99% Ald  

(0.75 h) 

TOF 78 h-1 

[35] 

6 

Method I - Stoich. HA modified by Hacid 

or Phos (drying vaccum RT, 24 h) 

0.28 mmol.g-1 

(0.37 w/o modif) 
aq RuIII / 10 min  

drying RT vacuum 6 h 

Atm O2 / 60°C / 60 mg cat.mmol ROH-1 / 

toluene /  

1.7 to 2.2 mol% cat 

 

> 99% Ald  

(0.7-2.6 h) 

TOF from 21 

to 70 h-1 

242 h-1 

[36] 
Method II - HA synthesized in the presence 

of prolinol, proline or benzoic acid (drying 

O.N. 90°C) 

0.31-0.35 mmol.g-1 

7 HA--Fe2O3 
1 wt.% Ru 

0.1 mmol.g-1 

aq RuIII  RT / 24 h  

dyring vacuum O.N. 

1 bar O2 flow / 90°C / 50 mg cat.mmol 

ROH-1 / toluene / 0.5 mol% cat 

> 99% Conv.  

98% Ald (1 h) 

TOF = 196 h-1 

[37] 

8 Stoich. HA  0.02 mmol g-1 
Impregnation with 

PdCl2(PhCN)2 in acetone 

O2 / 90°C / 100 mg cat.mmol ROH-1 / 

trifluorotoluene / 0.2 mol% cat  

99% Ald (1 h) 

TOF = 495 h-1 

[38, 

39] 

9 HA  1.1 mmol.g-1 
Impregnation with Pd(OAc)2 3 

h + N2H4 + washing at reflux 

Atm Air / 100°C / 100 mg cat.mmol 

ROH-1 / water / 0.11 mol% cat 

95% Ald (7 h) 

TOF = 123 h-1  
[40]  

Ald (Aldehyde); Wash. Treat. (Washing treatment); Stoich (Stoichiometric); I.E. (Ion exchange); O.N. (Overnight) 
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 The use of Ru(III) or Pd(II) precursors combined with apatite allows working without 

further addition of a base, which is a particularly-attractive advantage in the context of green 

chemistry. Utilization of apatite in that context was initiated by Kaneda’s group [31]. Baiker's 

group also deeply studied catalysts based on apatite and Ru(III) (Table 1, entries 4-6) [34-36]. 

It is not surprising to find these two metals combined with apatite. Indeed, they are often 

associated with more classical inorganic supports such as zeolites, alumina, hydrotalcite or 

carbon [37-40]. Solids like hydroxyapatite, montmorillonite, and hydrotalcite [42] would allow 

controlling the location of catalytically-active metal species (either in the crystal lattice, or on 

the surface, or in the interlayer space, respectively), to create of well-defined active metal sites 

on the solid surface or understand the molecular basis of heterogeneous catalysis. 

 In the following, we will describe in detail the studies involving Ru(III) and Pd(II), 

trying to highlight the impact of apatite on the catalytic activity when it is possible to make 

comparisons. These can only be made a priori if the methods of deposition and activation of the 

active phases and the catalysis conditions of the resulting catalysts are similar. Finally, it should 

be noted that, surprisingly, gold hydroxyapatite based systems have not been explored yet for 

alcohol oxidation reactions, although gold has been used extensively elsewhere in combination 

with other supports [43]. 

2.2 Apatite / Ru(III) catalysts 

 In 2000, Yamaguchi et al. reported the first application of apatite-based catalysts using 

a Ru(III) precursor as the active phase in the partial oxidation of alcohols in liquid phase, with 

molecular oxygen as an oxidant [31, 44]. According to these authors, the 17 wt.% Ru-HA 

catalyst was prepared following an ion-exchange (I.E.) procedure involving stoichiometric 

hydroxyapatite (HA characterized by a molar Ca/P ratio of 1.67) and an aqueous RuCl3 solution 

for an extended period of 24 h (Table 1, entry 1). The resulting material, dried overnight at 

110°C, was also characterized by a (Ru+Ca)/P of 1.67, thus validating the exchange of Ca2+ by 

Ru(III)X2+ species. EXAFS data confirmed the presence of oxygen atoms in the coordination 

sphere of Ru3+ as well as of one chloro ligand (X = Cl). As a result, the authors considered that 

the active sites of those catalysts are probably monomeric RuCl2+ cations surrounded by O 

atoms of the phosphate matrix. Aromatic (including heterocyclic ones), allylic as well as 

aliphatic primary alcohols such as 1-octanol were tested as substrates at 80°C in toluene under 

1 atm of O2 with 17 mol% of Ru per substrate. In those conditions, very good yields of 

aldehydes were obtained with the activated alcohols. The oxidation of 1-octanol was the slowest 

one. Interestingly, nor carboxylic acids, neither their esters (through their reaction with the 
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starting alcohol) was observed. In the case of BA, three recycling experiments were conducted 

successfully. From the test of different benzyl alcohols varying by the substitution of the 

aromatic ring, the authors could establish that the value of the Hammet slope is negative. 

According to the authors, its value equal to -0.43 is in fact very close to that obtained in 

homogeneous catalysis with RuCl2(PPh3)3 (7) thus validating, monomeric forms of Ru. 

Similarly, the selectivities (especially primary > secondary alcohols, e.g. 1,7-octanediol was 

chemo-selectively oxidized to 7-hydroxyoctanal in 80% yield) reached in the presence of Ru-

HA turned out to be much closer to that of RuCl2(PPh3)3 than those of other heterogeneous 

catalysts such as RuO2 or Ru/Al2O3 [45]. From this result, the authors suggested that, as for 

RuCl2(PPh3)3, the alcohol oxidation would be initiated by the formation of a Ru-alcoholate 

species and that the carbonyl compound would result from -hydride elimination in the rate-

determining step as evidenced by the strong Kinetic Isotope Effect (kH/kD = 7) evaluated in the 

competitive oxidation of BA and its deuterated form. A homolytic mechanism was excluded. 

Ru-HA catalyst does not involve oxo-ruthenium species as the active oxidant. In the last step 

of the catalytic cycle (Figure 1a), the Ru-hydride species produced with the aldehyde would 

be converted into a Ru(III)-OOH species by molecular oxygen, that would release H2O2 or its 

decomposition products (H2O and O2). According to Kaneda et coll, [46] apatite would behave 

as an inorganic ligand that is robust and tolerant of severe reaction conditions: e.g., strongly 

oxidizing or reducing environments at high temperatures. 

 

(a) (b) 

 

 

Figure 1. (a) Plausible mechanism of Ru-HA-catalyzed alcohol oxidation. Source: [46]. Adapted with 

permission of American Chemical Society; and (b) Proposed reaction mechanism for alcohol oxidation over 

Ru-CoHA. Source [34]. Adapted with permission of Elsevier. 
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 One important drawback of this system is the very low TOF value measured (2 h-1) by 

the authors because of the high metal content and the relatively large amount of catalyst used. 

Opre et al. re-investigated this type of catalyst in order to better control its structure and thus 

optimize its performance [34-36]. The first observation made by these authors was that it is not 

useful to substitute Ca located in the most internal sites by Ru because the latter cannot be 

accessible to the substrates. Hence, TOF value obtained by the Yamaguchi’s group in the case 

of BA is probably higher than 2 h-1. Opre et al. [34-36] also paid close attention to the conditions 

of introduction of the Ru(III) species. They were particularly concerned about the mechanism 

of the metal introduction in Yamaguchi's original work. Was it just adsorption to the surface? 

Was it ion-exchange alone or accompanied by apatite dissolution-precipitation mechanisms or 

combinations of these processes, in particular in the presence of acidic aqueous solutions such 

as those of Ru(III)? It is also possible that some restructuration occurs leading, for example, to 

smaller HA crystallites when long contact times are used? One way to better control these points 

was to shorten the contact time of the aqueous solution of Ru(III) with apatite from 24 h to 20 

min or/and use a modified apatite. Shorter contact time would allow reducing the amount of 

Ru(III) introduced but also to avoid the dissolution /restructuration of apatite (lot of Ca and P 

leaching as well as increase of the pH of the contacted solution). Indeed, for longer contact 

times, Opre et al. [35] showed that the Ca+Ru/P molar ratio decreased but this was not the case 

in the work reported by Yamagachi et al. [31]. Opre et al. [34-36] also worked to minimize the 

dehydration of the support by softening the drying conditions of the material recovered after 

Ru(III) incorporation. They were able to establish that the higher the drying temperature, the 

lower the activity. Two types of approaches based on modified apatites have been implemented. 

The first consisted in using apatite previously substituted with divalent cations such as Co2+ 

(Table 1, entries 4 and 5) and Pb2+ [35], the second being based on the use of apatites 

synthesized in the presence of polar organic molecules (Table 1, entry 6), one of the aims of 

which is to reduce the size of the crystals formed and thus increase the specific surface area. 

 Using Co-HA as a support [34, 35] contacted with aqueous Ru(III) solution during 10 

min followed by drying under vacuum at 80°C for 8 h afforded catalysts exhibiting TOF values 

up to 78 h-1 in the conversion of BA to benzaldehyde under 1 atm of O2 at 60°C in toluene 

(Table 1, entry 4, 1.7 mol% of Ru per BA). It is not clear yet if such improvement of the TOF 

value for Ru-CoHA is related to an optimized location of Ru on the surface (as shown by a 

higher Ru/Ca determined by XPS compared to the bulk analysis) or/and to indirect electronic 

effects of Co2+ (it was shown that the incorporation of Co increased the reducibility of Ru for 
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samples prepared at short times). According to XANES and EXAFS, Ru would be highly 

dispersed. Simple replacement of Ca2+ was excluded and similar structures were established for 

promoted and un-promoted materials. A point of divergence between the groups of K. Kaneda 

and A. Baiker also concerned the presence of a chloro ligand in the coordination sphere of 

ruthenium once the latter was incorporated into the apatite. Clearly, no Cl- could be detected by 

XPS and the occurrence of a Ru(OH)2
+ species (Figure 2) with the reaction mechanism of 

Figure 1b was preferred in the work of Opre et al. [34]. The catalytic activity in alcohol 

oxidation was partially lost by drying the catalyst at temperatures above 80°C, presumably, due 

to irreversible dehydration of the active species.  

 

Figure 2. Proposed structure of the Ru species in Ru-CoHA. Source:[34]. Adapted with permission of Elsevier. 

 Excellent yields of aldehydes with reasonable TOF values (> 20 h-1) were also obtained 

with substituted BA as well as heterocyclic alcohols. The oxidation of allylic alcohols was also 

complete but at a slower rate. Octanol-1 oxidation was reasonably fast without octanoic acid 

formation at short reaction times (less than 1 h) but it can be noticed that, for longer reaction 

times, the formation of the carboxylic acid could not be avoided, maybe as the result of the 

oxidation of some Co2+ into Co3+. Like for simple Ru-HA, competitive reactions between 

primary and secondary alcohols showed that the primary alcohols are more reactive. 

Interestingly, these authors performed a “hot filtration” test as recommended by Sheldon [47]. 

No further reaction occurred when the solid was removed after 40% BA conversion. In situ 

EXAFS study of the Ru-CoHA catalyst (Co-HA with RuCl3 for 24 h) during BA oxidation 

emphasized that no reduction of Ru3+ in Ru0 occurs and agreed with the possible formation of 

Ruthenium alcoholate species. Carrying out the reaction at 40°C under argon, the conversion 

of BA stopped at 4.7% after 10 min meaning that the reaction obeys a kind of Mars and Van 

Krevelen mechanism [28, 48]. In the absence of O2, the active sites are “reduced” during the 

reaction and thus become inactive for further reaction. Moreover, considering the amount of 

catalyst (Ru) used in these conditions, the authors concluded that half of the Ru sites would be 

accessible. 
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 The other approach initiated by Opre et al. consisted in using apatites with surfaces 

modified by the introduction of water-soluble polar organic molecules [36, 49] (alkyl 

phosphates, alkenoic acids or amino-acids) able to form strong hydrogen bonds with the OH 

and phosphate functions of hydroxyapatite (Table 1, entry 6). These molecules were used either 

during (case of proline, prolinol, benzoic acid (BAcid), drying at 90°C) or after (case of 

hexanoic acid (HAcid) or 2-ethylhexylphopshate (Phos), drying 24 h/RT) the synthesis of the 

hydroxyapatite support. Ru was later introduced at room temperature and for short contact time 

followed by a filtration step. Materials prepared by incorporation of the molecules in the 

synthesis gel afforded catalysts with the best TOF values. Considering the oxidation of BA at 

60°C under 1 bar O2 in mesitylene, instead of toluene, Ru-HA-BAcid was characterized by a 

TOF of 242 h-1 at 100% conversion (with no further oxidation of benzaldehyde to benzoic acid) 

which is 3 times better than Ru-CoHA [28] and more than two order of magnitude than Ru-HA 

[31]. Again, Ru-HA turned out to be a good and highly selective catalyst for aromatic and allylic 

alcohol but sluggish transformations were obtained with aliphatic primary and secondary 

alcohols. The authors think that higher intrinsic activity of Ru related to some modification of 

its coordination sphere is a more plausible explanation of the good catalytic performances of 

the resulting materials than the increase of the accessible active sites. Indeed, based on DRIFT, 

SEM, STEM-EDX, ICP-OES, and BET measurements, it could be concluded that the location 

and coordination of Ru is different in organically modified HA. Upon the introduction of Ru, 

no exchange of Ca2+ could be observed. In the resulting materials, the incorporation of Ru 

would not result from an ion-exchange process but from an adsorption process controlled by 

the polar organic molecules. It has to be noticed that, according to the authors, those modifiers 

are removed during Ru incorporation (washing and drying at room temperature for 6 h). The 

method using prolinol, proline or benzoic acid in the synthesis gel of hydroxyapatite led 

systematically to non-stoichiometric materials and also to a reduced crystallite size giving rise 

to better specific surface areas. 

 Regarding kinetic studies, Opre et al. [34-36] have underlined the importance of 

operating conditions where there are no mass transport limitations. In these reactions, the 

removal of water from the surface of the catalysts is slow and can be rate-limiting. That is the 

reason why, non-volatile solvents are used at temperatures close to their boiling point in order 

to favor the elimination of water. However, if those solvents are used at temperatures too close 

to their boiling point, there is a risk of decreasing the oxygen partial pressure making the re-

oxidation step of Ru rate-limiting instead of the -elimination. Using solvents with very high 
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boiling point in lesser amounts or less catalyst is recommended. Those authors confirmed that 

under truly kinetically controlled conditions, electron withdrawing substituents of benzyl 

alcohol have a decelerating effect [36] thus agreeing with a rate-limiting β-hydride elimination 

step (Figure 3). This was exactly the opposite in the case of cobalt phthalocyanine/apatite [33] 

where an autoxidation mechanism was proposed by Shaabani et al. In the work of Opre et al. 

[34], the K.I.E. value measured at 5% BA conversion in the case of Ru-CoHA was equal to 1.6 

under kinetically controlled conditions and only 1.2 under transport limited conditions which 

is rather small but also agrees with -hydride elimination as the rate determining step. 

According to these authors, re-oxidation of the ruthenium site should definitely not limit the 

overall reaction rate in the oxidation of aliphatic alcohols which are less reactive than BA.  

 
 
Figure 3. Hammet plot of p-substituted benzyl alcohols oxidation. Reaction conditions: 1 mmol p-X-

benzylalcohol (X = H, Cl, NO2, Me or MeO), 10 mg RuHA-BAcid (0.0031 mmol Ru), 4 mL mesitylene, 60°C, 1 

bar O2, t = 2 min. Source: [36]. Adapted with permission of Elsevier. 

 

 Later, Mori et al. used HA-γ-Fe2O3 materials made of magnetic γ-Fe2O3 nanocrystallites 

dispersed in a hydroxyapatite matrix instead of HA as a support for Ru-based oxidation catalysts 

(Table 1, entry 7) [37]. After Ru3+ introduction at a much lower loading than in their initial 

work (1 wt.% instead of 17) using an impregnation at room temperature, they showed that 

highly dispersed monomeric Ru species could be obtained. These prepared catalysts afforded a 

significant improvement in activity in comparison with Ru-HA [31] with very interesting 

separation properties with an external permanent magnet, thus facilitating recycling 

experiments. One of the reasons was the increase of the BET surface area (115 m2/g instead of 



14 
 

49 m2/g for conventional Ru-HA) that would result from the suppression of the crystal growth. 

In this work, involving EXAFS measurements also, the authors agreed with Opre et al. and 

proposed the occurrence of Ru(OH)2
+ with six coordinated oxygen atoms (two from hydroxo 

and four from phosphato ligands). By analogy with the use of Co-HA [34, 35], HA-γ-Fe2O3 

would promote some electron transfer from Ru(III) to Fe(III) affording Ru(IV) oxidizing 

species. Catalysis tests with benzylic (or heterocyclic), allylic and aliphatic primary alcohols as 

well as with primary alcohols with cyclopropyl substituents at 90°C under O2 flow in toluene 

with 0.5 or 1 mol% of Ru per substrate showed that the double bonds or the cyclopropyl rings 

are not touched. In contrast to the systems described before, Ru/ HA-γ-Fe2O3 led to the aerobic 

oxidation of aliphatic alcohols (e.g. 1-dodecanol) into their corresponding carboxylic acids. 

According to the authors, those catalysts were as efficient with sterically hindered substrates as 

their soluble analogs (homogeneous catalysis), thus emphasizing the location of most of Ru 

sites on the external surface of the apatite crystals. Secondary alcohols could be converted 

almost completely into ketones in the same conditions, especially when using 5 atm of O2. The 

authors have claimed TOF values of 196 h-1 for BA instead of 2 h-1 in their original work 

(17wt.%Ru/HA [31]) and 78 h-1 for Ru-CoHA described by Opre et al. [34, 35]. The addition 

of radical traps or clocks led to the conclusion that no radical intermediates would be involved. 

Apparently, some oxidation tests with BA could be performed even at room temperature for 24 

h but the amount of catalyst used in these examples was quite important. However, it can be 

noticed that other groups describing tests in so mild conditions in the literature proceeded with 

the addition of a base [50-52]. No structural changes upon the catalysis test could be detected. 

2.3. Apatite / Pd(0) catalysts 

 Palladium is also a transition metal widely used in aerobic oxidation catalysis [53, 54]. 

Heterogeneous catalysts based on Pd(0) and supports like activated carbon, pumice, 

hydrotalcite, oxides, or even organic polymers have been reported [55]. Usually, those materials 

suffer from low catalytic activities and a limited substrate scope. In the case of primary alcohols, 

the selectivity in aldehyde is rather low. Support effects on alcohol conversion and product 

selectivity have been mentioned many times [1]. Carbonaceous supports are notorious for their 

gas adsorption capacity which may have some impact on the catalytic performance. Alumina 

with fairly large specific surface areas are known for their ability to disperse Pd and to stabilize 

single-site Pd2+ catalytic centers but selectivity and conversion values are rather low. Optimum 

Pd(0) particle sizes have been reported for benzyl alcohol oxidation which implies that such 
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reaction is structure sensitive, with edge and corner Pd atoms more active than terrace sites 

[56]. 

 In 2002, Kaneda et al., reported a pioneering work on the use of apatite for the 

development of supported Pd catalysts that turned out to be very successful, among the best, in 

the selective oxidation of alcohols using O2 at atmospheric pressure (Table 1, entry 8) [38, 39]. 

Other supports such Al2O3, SiO2 and C are known to lead to less aldehyde and more acid. In 

this study, the authors investigated the influence of the stoichiometry of the apatite support, 

working either with HA-0 (stoichiometric apatite, Ca10(PO4)6X2, where X is a monovalent anion 

such as OH-, F-, or Cl-) or HA-1 (non-stoichiometric, calcium-deficient HA, 

Ca10−n(HPO4)n(PO4)6−n(OH)2−n (n = Ca2+ vacancies) with Ca/P ratio <1.67). Both types of 

materials were impregnated by an acetone solution of PdCl2(CH3CN)2 leading to two kinds of 

bound Pd complexes with similar low Pd loadings (0.02 mmol g-1) despite the presence of up 

to 0.42 mmol g-1 of PO4
3- on the apatite surface. Thereafter, monomeric Pd(II) species could be 

pointed out in both cases but Pd to Cl was 1:2 for PdHA-0 and chlorine was not detected in the 

case of PdHA-1 leading to the proposals shown in Figure 4. 

(a)  (b) 

  

Figure 4. Proposed surface structures around Pd(II) center of (a) PdHA-0 and (b) PdHA-1. Source: [38]. Adapted 

with permission of American Chemical Society. 

 PdHA-0 gave rise to a very efficient catalyst in the aerobic oxidation of BA while 

PdHA-1 did not. Almost complete conversion of BA into benzaldehyde was reached in 1 h with 

0.2% mol of Pd per BA at 90°C under 1 atm of O2 in trifluorotoluene (Table 1, entry 8). 

Oxidation of a wide variety of other benzylic and allylic alcohols giving the corresponding 

ketones and aldehydes was reported in the same conditions. Aliphatic and heterocyclic alcohols 

needed more Pd catalyst (0.6% mol Pd per substrate) to reach completion. With BA and 1-

phenylethanol, oxidation tests could be even performed in water with only 0.04% mol Pd per 

BA but at 110°C. Last but not least, a large-scale reaction was carried out with pure 1-phenyl 

ethanol at 160°C during 24 h with 4 × 10-4 % mol Pd per mol of substrate giving rise to a TON 

of 236 000 (TOF of 9800 h-1) [39]. The lack of activity of PdHA-1 might be explained by the 

coordination of heteroatoms to the Pd(II) centers, thus preventing their reduction to Pd(0). 
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According to the authors, the behavior of Pd-HA0 was analogous to that of Pd nanoclusters 

such as Pd561phen60-(OAc)180 and Pd2060(NO3)360(OAc)360O80. Hence, Pd(II) would be 

converted in situ into Pd(0) during alcohol oxidation as demonstrated by the presence of an 

induction period in the time profile for PdHA-catalyzed oxidation of 1-phenylethanol at 90°C 

in trifluorotoluene under O2 atmosphere. This was confirmed by TEM (average diameter of 3.5 

nm) and Pd K-edge XAFs analyses. Using normalized TOF values, the authors suggested that 

the oxidation of the alcohols would occur at the low-coordination sites of the nanoparticles.  

 One mechanism that is generally proposed for Pd(II)X2 catalyzed aerobic oxidation of 

alcohols is based on the formation of a Pd(II) alcoholate intermediate assisted by the 

deprotonation of the alcohol in the presence of an exogenous base, B, leading to the formation 

of BH+X-. Then, a Pd(II) hydride intermediate is formed upon a -hydride elimination 

mechanism that is followed by a reductive elimination on the Pd(II)HX complex affording 

Pd(0) and HX. Pd(0) is finally re-oxidized to Pd(II) and the two X ligands reintegrated in the 

coordination sphere of Pd as shown in Figure 5 a. Here, no additional base is required. The 

authors propose instead the occurrence of an oxidative addition step of the O-H bond of the 

alcohol to coordinately unsaturated Pd(0) atoms at the edge of the nanoparticles. Those Pd(0) 

atoms would be regenerated in two steps. First, a -elimination would afford the carbonyl 

compound and a dihydride Pd(II) intermediate, then the latter would react with O2 leading to 

H2O2 (or H2O + ½ O2) and Pd(0) (Figure 5 b).  

(a) (b) 

 
 

Figure 5: (a) Generally accepted mechanism of the aerobic Pd(II)-catalyzed oxidation of alcohols. Source: [1]. 

Adapted with permission of RSC; and (b) Possible reaction mechanism for the oxidation of alcohols on the 

surface of Pd nanocluster. Source:[39]. Adapted with permission of American Chemical Society. 
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 Aerobic oxidation of benzyl alcohols in water was also reported by Paul et coll. [40]. 

Those authors proceeded by the impregnation of HA with a Pd(II) complex, i.e. Pd(OAc)2, but 

unlike Kaneda et coll, a reducing agent, i.e. hydrazine, was used to obtain Pd(0) nanoparticles 

of 20 nm average diameter (Table 1, entry 9). Excess of Pd(OAc)2 was removed prior to the 

catalysis tests. It should be noted that this catalyst was much less efficient than the one reported 

by Kaneda et coll. Indeed, Paul et coll. had to introduce c.a. 50 times more Pd (0.11 mol% vs. 

0.02 mol% of Pd per substrate) for the oxidation of BA in order to obtain a 95% yield of 

benzaldehyde in 7 h at 100°C instead of 1 h in the work of Kaneda et al. [38-39]. This strong 

difference in reactivity may be related to the use of air instead of O2. It is also likely that the 

size of the nanoparticles is too large. The oxidation of an aliphatic primary alcohol (1-pentanol), 

not described in the work of Kaneda et coll. [38-39], showed that the reaction was much difficult 

(72% yield after 48 h) but, importantly, pentanal was shown to be selectively formed (no 

pentanoic acid). The absence of added base with apatite supported Pd(0) catalysts would be 

responsible for such selectivity in aldehydes in water [40]. Indeed, the oxidation of aldehydes 

to acids is known to be favored in alkaline water because aldehydes undergo hydration to gem 

diols that are easily transformed into carboxylic acids. 

 

3. Gas phase reactions 

3.1. Partial oxidation of methane 

Methane is an important alternative for the replacement and the diversification of the 

conventional sources of energy. Hydroxyapatite-based catalysts have been investigated for its 

various valorisation routes through oxidative coupling, steam or dry reforming or partial 

oxidation of methane (POM) [2, 41, 57-64]. Only the studies related to the POM reaction (CH4 

+1/2 O2 → CO + 2 H2) will be considered in this chapter that is devoted to the selective 

oxidation in the presence of oxygen. Steam reforming of methane (SRM) is the dominant 

commercial process and is of interest for hydrogen for fuel cells applications since it provides 

H2/CO ratio ≥ 3. However, compared to POM of methane, SRM exhibits some drawbacks: it is 

highly endothermic, it is operated under high pressure and CO2 is significantly produced by 

water-gas shift reaction. POM is comparatively more energy efficient since mildly exothermic 

and may be suitable for Fischer-Tropsch synthesis which requires H2/CO ratio close to 2 [2, 

65]. 
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Supported zerovalent Ni and Rh, are accepted to be active catalysts for POM. Rhodium 

is known as the most active for POM, but Ni was the most extensively studied metal because it 

is effective and cheaper [66]. The related supported catalyst studies emphasized that strategies 

to avoid sintering and coke formation should to be developed [66, 67], and suggested that high 

dispersion of metal species and/or use of alkaline earth metals may be beneficial to improve the 

catalytic performance for the POM. 

In this context, the Ni strontium hydroxyapatite system has been first investigated by 

Yoon et al. [65, 68, 69]. SrNiA(a) catalysts (with a = 100 × Ni/(Sr+Ni) molar percentage 

varying from 1 to 20%) were prepared by a coprecipitation preparation route but, from XRD, 

mixtures of nickel substituted strontium hydroxyapatite and of strontium phosphate (Sr3(PO4)2) 

were rather obtained. Their relative proportions were reported to depend on the Ni content and 

the final global (Sr+Ni)/P molar ratios were found to vary in a large extent, from 1.5 to 3. 

Although metallic Ni was not detected on the calcined samples, no pre-reduction was required 

to get excellent catalytic performance. Ni addition significantly improved the results compared 

to Ni free HA, and at 800°C, with P(CH4)/P(O2)= 2 and W/F= 10 mg min-1 mL-1 (W and F being 

the catalyst weight and the total gas flow rate, respectively). The best CO and H2 yields were 

achieved for Ni/(Sr+Ni) molar ratio of 0.15, with excellent H2 yield of 90 % which is even 

slightly above the equilibrium, probably due to the existence of hot spots. They observed a 

hysteresis upon sequential increase and decrease of the reaction temperature (Figure 6) and 

proposed that the catalyst was activated under the reducing reaction environment. This was 

ascribed to the extraction of Ni out of the phosphate matrix that generates highly dispersed Ni 

metallic active species under the reactional reductive conditions. 

 

Figure 6: Methane conversion with sequential temperature increase and decrease over SrNiA(10), (●) first 

increase, (▲) decrease, (○) second increase. Source: [68]. Adapted with permission of Elsevier. 
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Nickel calcium hydroxyapatite system was further investigated [65]. Coprecipitation 

was carried out at high pH, but varying the Ca/P and Ni/P precursor molar ratios in a quite large 

range. In these conditions, the authors obtained mixtures of calcium phosphate, calcium 

hydroxyapatite, calcium nickel phosphate, calcium nickel hydroxyapatite and NiO (for high Ni 

loadings) (Figure 7A). Measuring the performance at lower contact time (P(CH4)/P(O2) = 2, 

W/F= 2 mg min-1mL-1) than in their former study dealing with the strontium hydroxyapatite 

[68], they reported excellent performance. At 800°C, the methane conversion reached 93%, 

with CO and H2 selectivities of 96 and 90%, respectively [65]. They once more concluded to 

the extraction of nickel out of the matrix during the POM reaction. Following the system upon 

sequential increase and decrease of the reaction temperature (see Figure 6) with related TPR, 

TEM, EDS, XPS characterizations, they described the evolution for the catalyst (Figure 7). 

They reported that the conversion abruptly rose from a given reaction temperature, which is 

explained by the reduction of NiO by the produced H2 and CO (Figure 7B). In addition, in 

these operating conditions, the nickel present in the phosphate or apatite structures gradually 

got out of the phosphate matrices, formed fine particles and was reduced (Figure 7B). It was 

inferred that most of the catalytic activity should be attributed to such highly dispersed metal 

particles. Upon decreasing the reaction temperature, gradual reoxidation occurred, resulting in 

the formation of a thin layer of NiO layer onto the surface metallic nickel entities, while the 

extracted nickel did not go back to the phosphate or the apatite structure (Figure 7C). The metal 

state and high catalytic performance could finally be recovered upon simple increase of the 

reaction temperature to 450°C (Figure 7B). Compared to the other Ni catalysts, Ni from 

calcium phosphate/hydroxyapatite catalysts was found to be more easily reduced, which may 

explain the peculiar ability of this system to be activated under reaction feed at a relatively low 

temperature (at or below 650°C). 

The reaction mechanism over this system was also investigated thanks to pulse 

experiments [69]. It was shown that the reaction occurs primarily via the direct dissociation of 

methane. In addition, while metallic nickel was accepted to be an essential active component in 

POM, given that fully reduced catalyst exhibited lower activity, it was suggested that both 

metallic Ni and partially oxidized nickel might be required to get high activity and selectivity 

[69]. 
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Figure 7: Proposed scheme of changes of Ni state in POM reaction. Source: [65]. Adapted with permission of 

Elsevier. 

 

A different reaction mechanism, a two-step mechanism (complete methane oxidation 

followed by reforming of the residual methane with the primarily produced CO2 and H2O) was 

assumed by Boukha et al. who investigated rhodium impregnated onto non-stoichiometric 

hydroxyapatite (Ca/P= 1.5). Various Rh weight loadings (x = 0.5, 1 and 2 wt%) have been 

considered (Rh(x)/HA catalysts). From XRD, TEM, TPR, XPS and DRS (Diffuse reflectance 

spectroscopy) characterizations, it was found that Rh existed in three different forms in the 

samples as: (i) large crystallites of Rh2O3 deposited on the surface, (ii) RhOx in small particles 

exhibiting strong interaction with the support and (iii) Rh2+ species incorporated in the calcium 

vacancy site of the hydroxyapatite. Upon reduction at high temperature, the appearance of a 

new diffraction line ascribed to calcium triphosphate (TCP) showed that the incorporated Rh 

favors the thermal transformation of HA to TCP, which may be responsible for the decrease of 

specific surface areas observed as Rh loading increases. The POM reaction was carried out over 

the Rh(x)/HA catalysts after in situ reduction at 727°C in the following conditions: 

P(CH4)/P(O2) = 2, W/F = 0.3125 mg min-1 mL-1. Comparison of the three Rh catalysts pointed 

out the structure sensitivity of the Rh particles spread over the HA carrier. The best 
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performances were obtained for Rh(1)/HA, where methane conversion, 53% at 600°C, exceeds 

46%, obtained for Rh/SiO2 in similar operating conditions. In addition, the H2/CO ratio was 

always higher than 2, and the value obtained at 700°C (2.1) appears suitable for Fisher Tropsch 

downstream application. The conversion and products yields were found to be very stable at 

least for 30 h at 700°C (76% conversion for Rh(1)/HA) which was explained by excellent 

resistance against coking. Note that, despite the limited specific surface area of its carrier (here 

33 m2g-1 in the synthesis conditions applied) that was detrimental to the dispersion of rhodium, 

this catalyst was also found excellent for the SRM reaction. The best performance obtained for 

the Rh(1)/HA composition for the two reactions was explained by its higher thermal stability 

ascribed to its lower fraction of incorporated Rh2+ species that hindered its thermal 

transformation into TCP. 

3.2. Alkane oxidative dehydrogenation reactions 

In the context of the increasing gap between the production and the demand in olefins 

on the world market, especially in the cases of ethylene and propylene, their production from 

corresponding alkanes is of great interest [4, 8, 11, 70-73]. Up to now, commercial productions 

of alkenes from alkanes were carried out in the absence of oxygen. However, the 

dehydrogenation reactions suffer from high endothermicity and thermodynamic limitations 

which can be overcome by operating at high temperature. In these conditions, carbon deposition 

on the active sites is responsible for deactivation [74]. The introduction of oxygen in the 

reaction feed appears more appealing since it allows performing exothermic oxidative 

dehydrogenation reactions (ODH), eliminates thermodynamic limitations and prevents the 

growth of carbonaceous deposits over the catalysts [11, 75]. However, such alternative ODH 

routes for the production of olefins (CnH2n+2 +1/2 O2 → CnH2n +H2O) still remain challenging. 

Yet no catalyst has been found efficient enough to produce competitive ethylene or propylene 

yields [11, 72]. 

The main challenge in the gas phase mild oxidation reactions is to achieve the selective 

activation of the C-H alkane bond at temperature low enough to limit over-oxidation of both 

the alkane reactant and the alkene targeted product [11, 71]. Although the limiting step of the 

ODH reactions is commonly believed to be the abstraction of hydrogen from the adsorbed 

alkane [18, 74, 76, 77], there are still open questions about this activation step [71] and the 

factors governing the alkene selectivity [11, 78]. The proposed mechanisms for oxidative 

dehydrogenation of light alkanes over catalyst containing a reducible metal are essentially based 

on the Mars and Van Krevelen mechanism [48], which involves the cleavage of C-H bond, 
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participation of lattice oxygen and its in situ regeneration by gaseous oxygen present in the 

feed. Catalysts are therefore based on supported or bulk TMI, but their compositions depend on 

the nature of the alkane considered. It is well accepted that highly-polymerized oxide-like 

catalytic species are detrimental to the control of the alkene selectivity, but it is still 

controversial whether metal units with limited nuclearity (involvement of ensemble effects) or 

isolated species should be favored [79-82]. In addition, the influence of acid–base properties of 

the support and of the nature of its interactions with the active phase have been recognized for 

many years [83]. Acid-base properties impact both conversion and selectivity of ODH reactions 

[12, 83]. On the one hand, basic properties, although less often studied than acidic ones may 

play a key role in the activation of the C-H bond. On the other one, according to Grzybowska 

et coll., low acidity and high basicity should favor the desorption of the olefin [77, 84]. 

In this context, metal modified HA have been considered as potential candidates for the 

oxidative dehydrogenation of alkanes. HA should not be considered only as a simple carrier to 

disperse the TMI active phase, since its tunable acid-base properties make it an original co-

catalyst. In addition, the numerous opportunities offered by the modulation of its composition 

by either cationic or anionic metal ions makes it a unique catalyst system. The conditions of 

metal deposition (coprecipitation, ion-exchange or impregnation as well as metal loading) are 

thus key parameters impacting the metal dispersion and its surface availability. 

3.2.1 Catalytic performance of the metal modified hydroxyapatite in the ODH 

reactions 

Table 2 gathers some results reported in literature for metal modified HA used in the 

oxidative dehydrogenation reaction of several alkanes. For the sake of comparison, the results 

are presented for the same reaction temperature for a given alkane, and the operating conditions 

have been reported using a homogeneous presentation for the reaction parameters. In line with 

the high demand in propylene, the oxidative dehydrogenation of propane (ODHP) was the most 

investigated up to now (Table 2, entries 1-8). Several metals, vanadium (Table 2, entries 1-5), 

cobalt (Table 2, entry 6), chromium (Table 2, entry 7) and iron (Table 2, entry 8), have been 

considered. Those metals have been introduced with different loadings using several 

preparation methods (Table 2). One pot coprecipitation synthesis was achieved in the case of 

vanadium, the metal precursor being introduced in solution with P and Ca (or other alkaline 

earth metal) (Table 2, entries 1, 4, 5) [85, 86]. In these conditions, despite only a very limited 

fraction of the introduced metal is accessible on the surface, the modification of the bulk apatite 

could induce some benefit on the surface reactivity [87, 88]. Cation-exchange and wet 
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impregnation were also commonly achieved for the ODHP reaction. In practice, the protocols 

are very similar except there is no washing step in the case of impregnation, and this later 

method also allows reaching higher metal loading. As shown in Table 2, in most cases (entries 

1,2,5,7-10, 13, 14), the optimal performance was obtained for low or intermediate metal 

loading, emphasizing that an optimal surface dispersion should be achieved. Although greatly 

dependent on the synthesis conditions, the highest propylene selectivity was obtained for the 

vanadium system. The vanadium impregnated system was also used for the oxidative 

dehydrogenation of n-heptane (Table 2, entry 12) and n-octane (Table 2, entries 13, 14) that 

were taken as models for medium chain length linear paraffins [89-92]. Beside octenes, other 

mild oxidation products were formed in increasing proportions as the vanadium loading 

increases. The ODHE reaction was also studied on cobalt modified apatites (Table 2, entries 9, 

10). Despite the activation of ethane is known to be very challenging due to the very high 

stability of its C-H bond, promising results were reported for this system that remains stable 

even for high reaction temperature. 

The results obtained for the various metal are detailed in the next section. Common 

general features observed for the investigated systems will finally allow to discuss how the 

hydroxyapatite structural properties assist the transition metal in the activation of the alkane. 
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Table 2: Explored metal modified hydroxyapatite systems (Calcium HA, except otherwise mentioned) and related properties and catalytic performance (alkane 

conversion and alkene selectivity) reported for the optimal composition in the mentioned conditions and at a fixed reaction temperature TR for a given alkane. 

In the case of n-octane, beside selectivity in octenes, the global selectivity in aromatics and mild oxygenated compounds is additionally provided in parentheses. 

To facilitate the comparison, metal loading M wt%, and operating conditions are reported in a homogeneous way. Some data have been recalculated from those 

provided by the authors and are thus reported in italics. 

*for one pot coprecipitation syntheses the metal loading gathers metal distributed both in the bulk and on the surface. 

£ the weight has been varied to compare the system in the same conversion range. 

 

 

 

Entry Alkane 

(reaction 

temperature) 

Metal Metal deposition method and 

the M loading range explored 

Composition Properties  

 

M wt%  SSA 

(m2g-1) 

Operating conditions Conv. 

(%) 

Sel. 

(%) 

Ref 

1 Propane 

(TR = 450°C) 

V One pot coprecipitation 

V/P= 0 →0.15 

V/P=0.10 

Ca10(PO4)5.4(VO4)0.6(OH)2 

2.6* 62 P(C3H8)/P(O2)= 3.5 

W/F= 16.7 mg min-1 mL-1 

16.5 54.2 [86]  

2 Wet impregnation 

0-10 wt%VOx / CaHA 

                        / SrHA 

  

2.5 

5 

 

53 

34 

P(C3H8)/P(O2)= 3.5 

W/F= 16.7 mg min-1 mL-1 

 

10.8 

12.7 

 

48.1 

62.5 

[93] 

3 wet Impregnation  

0-10 wt% VOx / BaHA 

  

5 

 

12 

P(C3H8)/P(O2)= 3.5 

W/F= 16.7 mg min-1 mL-1 

 

4.4 

 

26.5 

[94] 

4 One pot coprecipitation  

at constant pH = 9 

Ca10(PO4)6-x(VO4)xOH)2  

 (x 0 →1) 

Ca/(V+P) = 1.66 

V/P = 6.69 

Ca10(PO4)0.78VO4)5.22(OH)2-yOy 

24* 20 P(C3H8)/P(O2)= 3.7 

W/F= 8 mg min-1 mL-1 

5 27 [87] 

5 One pot coprecipitation 

with periodic base addition 

Ca4V4O14:V-HA =5:95 wt% 

Epitaxial growth 

18.7* 28 P(C3H8)/P(O2)= 3.7 

W/F= 8 mg min-1 mL-1 

8.5 44 [88] 

6 Co Ion exchange from SrHA Sr/P= 1.53 

1000Co/Sr (at)= 55 

2.1 56.1 P(C3H8)/P(O2)= 3.5 

W/F= 16.7 mg min-1 mL 

23 48.6 [95] 

7 Cr Ion exchange 

0-3.7wt% 

(Cr+Ca)/P~ 1.5 ~1.5 53-61 P(C3H8)/P(O2)= 2 

W/F = 0.66 mg min-1 mL-1 

13 ~30% [5] 

8 Fe Ion exchange 

0.5-5.4wt% 

(Fe+Ca)/P= 1.63 0.5 42 P(C3H8)/P(O2)= 2 

W/F= 0.83 mg min-1 mL-1 

~4 ~32-35 [96] 

9 Ethane 

(TR = 550°C) 

Co Ion exchange 

0-1.35wt% 

 1.1 34-40 P(C2H6)/P(O2)= 2 

W/F adjusted  £ 

35 60 

 

[10]  

10 Wet Impregnation 

0-14 wt% 
 0.96 48-52 P(C2H6)/P(O2)= 2 

W/F adjusted £ 

16 53 [97] 

11 Isobutane 

(TR = 450°C) 

Cr Wet Impregnation 

0-7wt% 

Ca/P = 1.67 7 52.5 P(iC4H10)/P(O2)= 1.17 

W/F= 16.67 mg min-1 mL-1 

24.4 31.1 [98] 
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12 n-heptane 

(TR = 500°C) 

V Wet impregnation  

15wt % / CaHA 

             / SrHA,  

             / MgHA 

             / BaHA  

M/P = 1.65-1.63 

 

 

 

15 9-12 P(n-C7H16)/P(O2)= 2 

GHSV = 4000h-1 

 

23 

25 

30 

26 

 

42 

43.5 

39 

47 

[89] 

13 n-octane 

 (TR = 450°C) 

V Wet Impregnation 

2.5-15 V2O5 wt% 

Ca/P = 1.51, SS of the support 

72 m2g-1 

V2O5 ≥10wt %, additional 

pyrovanadate phase 

 

0.7(2.5) 

3 (10) 

 

51 

13 

[O2] not provided 

GHSV = 4000 h-1 

 

29 

22 

 

66 (7) 

58 (14) 

[90] 

14 Wet Impregnation  

5 V2O5wt % / SrHA 

7.5 V2O5wt % / SrHA 

15 V2O5wt % / SrHA 

Sr/P = 1.64  

SS of the support 81.2 m2g-1 

V2O5 (+ pyrovanadate for15 

wt%) 

 

1.45 

2.2 

4.7 

 

45.7 

38 

9.5 

P(n-C8H18)/P(O2)= 1 

GHSV = 4000h-1 

 

25 

30 

33 

 

75 (10) 

60 (25) 

56 (29) 

[99] 
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3.2.2 Metal ion modifications 

3.2.2.1 Modifications by metal cations 

Divalent cobalt ions 

Several studies emphasized the advantageous role of cobalt in redox catalysis [100-

103]. Both cobalt modified calcium (Co-HA) (Table 2 entry 6) [10, 97] and strontium (Co-

SrHA) (Table 2, entries 9, 10) [95] hydroxyapatites have been studied for ODHP and ODHE 

reactions, respectively. Since the influence of the metal loading was investigated for both 

impregnation and ion exchange deposition methods these Co-apatite systems provide 

appropriate model systems to discuss the influence of the speciation and dispersion of this redox 

center, that can be present as isolated centers or polymeric entities. 

In the case of Co-SrHA samples obtained by the ion exchange procedure [95], the 

formation of supported CoO/Sr10(PO4)6(OH)2 was discarded by XANES characterization [104]. 

Based on the unicity of the PO4 
31P NMR signal, the authors concluded to the formation of 

Sr10−xCox(PO4)6(OH)2 rather than a mixture of Sr10(PO4)6(OH)2 and Co10(PO4)6(OH)2 (Figure 

8A). They did not precise if this Sr10−xCox(PO4)6(OH)2 formulation refers to the formation of a 

bulk solid solution or if the cationic substitution (achieved by ion exchange) is limited to the 

surface. This is questionable, since, given the acidic pH of the exchange solution, dissolution-

precipitation may possibly occur, as clearly evidenced in the case of iron exchanged HA [96]. 

Although not discussed in this study, in the absence of detectable modification of the XRD 

patterns, the increasing broadness of the NMR signal with increasing Co loading might be 

induced by long range perturbations induced by the presence of surface paramagnetic Co2+ ions. 

Using a similar preparation method starting from calcium HA, Bozon Verduraz et coll. 

concluded to surface cation exchange and estimated that the Co2+/Ca2+ level of exchange was 

limited to 1.35 wt% Co(Figure 8B) [10]. 
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Figure 8: A) Schematic illustration of local structure of SrHA (a) and Co-SrHA (b). Source: [95]. Adapted with 

permission of Elsevier), B) Amounts of exchanged cobalt (c) and remaining (d) versus initial Co content in the 

solution. Source: [10]. Adapted with permission of Elsevier. 

 

Given that no oxidation to Co3+ was observed even upon thermal treatment up to 550°C in air 

(the maximum reaction temperature), a marked support effect was emphasized: the apatite 

matrix impedes the oxidation of Co2+ [10]. Indeed, according to magnetic studies, the cobalt 

remains highly dispersed as paramagnetic isolated Co2+ ions. Upon impregnation method, 

cobalt was also found to be first exchanged with Ca2+ as isolated Co2+ for cobalt loading ≤ 0.9 

wt% [97]. The additional formation of CoxOy clusters, then of Co3O4 nanocrystals was induced 

as cobalt loading increases as summarized in Figure 9 [97]. 

Figure 9: Co species appearing upon increasing the Co content deposited by impregnation method. Source: [97]. 

Adapted with permission of the Royal Society of Chemistry. 

 

Sugiyama reported first that over Co-SrHA, the conversion of propane, the selectivity to 

propylene, and the reaction rate per unit of the corresponding surface area increased upon 

increasing incorporation of Co2+ as isolated exchanged ions (Table 2, entry 6) [95]. Such 
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beneficial impact of isolated Co2+ species was confirmed for the ODHE reaction on Co-HA 

[10, 97]. In the case of exchanged samples, the ethylene yield reaches a maximum (21%) for 

~1 wt% Co at 550°C (Table 2, entry 9) [10]. Consistently, high cobalt loaded catalysts prepared 

by impregnation methods (involving CoxOy then Co3O4, Figure 9) were found much less active 

than those involving isolated Co2+ ions only prepared at lower loadings [97]. Note that the 

maximum yield of ethylene observed for a given reaction temperature was higher for the 

exchanged samples than for the impregnated ones (21.3% against 16.6% at 550°C, Figure 10). 

This was ascribed to the lower exchange capacity when depositing surface cobalt species in 

impregnation conditions. The maxima observed were explained by the involvement of different 

Co2+ sites depending on Co content, the isolated cobalt cations (as Co2+-O-Ca2+) being found 

more efficient than polymeric ones. 

 

Figure 10: Comparison of ethylene yields measured at various reaction temperatures on cobalt-hydroxyapatite 

samples prepared by cation exchange and impregnation methods. Source: [97]. Adapted with permission of the 

Royal Society of Chemistry. 

 

Interestingly, the occurrence of similar maxima was observed in the butan-2-ol model reaction 

that almost exclusively led to butanone upon dehydrogenation route. The involvement of active 

basic oxygen derived from the abstraction of hydrogen from OH groups was thus proposed (see 

section 3.2.3). The maximum observed was explained by a compensation of two parameters, 

the intrinsic dehydrogenating activity first provided by cobalt and the decrease in basicity of 

apatite induced by the replacement of Ca2+ by Co2+ (decrease of basicity of bridging oxygen 

atoms). 
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Trivalent iron and chromium cations 

High alkene selectivities were previously reported in the presence of iron-containing 

phosphates for various dehydrogenation reactions [15, 105, 106]. From previous studies of 

chromium supported catalysts for the ODHP reaction, the ‘Cr3+ clusters’ were proposed to be 

involved as active centers for the ODHP reaction, although this point still remained 

controversial [107-110]. This question prompted Zyiad et coll. to consider chromium and iron 

exchanged hydroxyapatite for the ODHP reaction (Table 2, entries 7, 8). The impregnation 

method was only tested in the case of the isobutane oxidative dehydrogenation (Table 2, entry 

11) [98]. Although not tested in comparable conditions for the ODHP reaction, the iron or 

chromium exchanged systems appeared less performant than the cobalt modified one (Table 2, 

entry 6). However, these studies also clearly emphasized the beneficial role of isolated metal 

cations [5, 96]. 

In line with the acidity of the metal solution, the occurrence of a dissolution precipitation 

process during the ion exchange procedure was clearly evidenced for iron hydroxyapatite, 

which explains the significant modification of the specific surface areas of the resulting 

materials compared to that of the support [95]. Moreover, in the context of exchange of Ca2+ 

ions by trivalent cations, the question of the charge balance is a key issue. In fact, the extent of 

the Ca2+/M3+ exchange was expected to depend on the nature and charge of the metal species 

predominant in solution. While formally exchanged as [Fe(H2O)5(OH)]2+or [Cr(H2O)5(OH)]2+ 

complexes present in the precursor solutions at pH 2.3 and 4.8, respectively [5, 96], only 

isolated Fe3+ and Cr3+ cations were finally obtained upon subsequent calcination. Note that the 

oxidability of the exchanged Cr3+ ions was found to be limited to the lowest Cr content [5], and 

Cr6+ species, detected at very low metal loading, were finally found to be rapidly reduced by 

the reaction feed. For both metals, the charge balance associated with Ca2+/M3+ exchange in the 

calcined samples was proposed to be adjusted by the removal of protons. As Fe loading 

increases, the increasing intensity of the visible absorption band at 850-910 nm shows there is 

an agglomeration of iron species, which is detrimental for propene yield (Figure 11). In 

addition, due to the correlation observed between the ODHP and the butanol conversion to 

butanone, the basicity was considered to be a key parameter to rationalize the performance. It 

was once again concluded that the M3+-O-Ca2+ sites generated at low metal loading provide a 

reasonable performance in propane ODH, most likely because they maintain the needed basicity 

for the hydrogen abstraction from the propane. On the contrary, the limitation observed for 
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higher metal content was explained by the decreased basicity induced by additional fixation of 

M3+ as M3+-O-M3+ [5, 96]. 

 

Figure 11: Comparison of yields obtained for Fe(x)/HA with the areas of the band at 850-910 nm versus Fe loading 

(blue curve). Source:[96]. Adapted with permission of Elsevier. 

 

In the case of isobutane oxidative dehydrogenation reaction, undoped hydroxyapatites 

were reported to be moderately active and selective. The higher performance obtained for 

stoichiometric HA than for under-stoichiometric ones once more supports that basic sites are 

essential to catalyze the ODH reaction [98]. Upon deposition of increasing loadings of 

chromium by impregnation, despite improvement of isobutane conversion, the selectivity to 

isobutene was greatly decreased, probably due the formation of chromium oxide [98]. Such a 

tendency confirms that isolated cationic species are favorable to this class of reaction and that 

this configuration is better controlled upon cation exchange. 

3.2.2.2 Modifications by vanadate anions 

Vanadium based systems have been extensively studied for the oxidative 

dehydrogenation of propane and VMgO is a well-known reference catalyst for this reaction [8, 

11, 72]. Among magnesium vanadates, Mg2V2O7 is generally accepted as the most active phase. 

It was suggested that the V=O and/or V-O-V bonds participate to the activation of propane and 

that the activity may be related to the easy abstraction of lattice oxygen [11, 79]. 

Modifications of hydroxyapatites by vanadate anions have been achieved by both one-pot 

coprecipitation (Table 2, entries 1, 4, 5) and impregnation in excess of solution (Table 2, entry 
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2, 3). Sugiyama et coll. first investigated the coprecipitation synthesis, but in their operating 

conditions, they reported that the limit of vanadium incorporation by substitution was quite low 

(V/P 0 → 0.15) [86]. Promising performance, close to those reached for the Mg2V2O7 phase 

under the same reaction conditions (14.0% conversion and 51% propylene selectivity), were 

reported for the V/P = 0.1 composition (Table 2, entry 1). The authors proposed that the 

combination of VO4 groups and active sites of hydroxyapatite (see section 3.2.3) may be 

involved. They also emphasized the interesting redox properties of vanadate-substituted 

calcium hydroxyapatite: the reduction of V5+ to V4+ in the used catalysts was illustrated by the 

drastic decrease of the 51V solid state NMR signal (that only probes V5+ species) and the initial 

signal could be easily regenerated in presence of oxygen at 450°C [86]. Costentin et coll. 

recently showed that thanks to peculiar attention devoted to the constant control of the pH 

during precipitation, vanadium could be successfully incorporated in the full range of the solid 

solution, Ca10(VO4)x(PO4)6-x(OH)2 (x 0→ 6) with Ca/P+V = 1.66 [85]. Within this series of 

compounds an optimal propylene yield was observed for x = 5.22 (Table 2, entry 4). 

Unfortunately, despite such high bulk vanadium loading, XPS analyses and adsorption of CO 

probe molecule (likely to detect surface acidic vanadium species) showed that vanadate 

tetrahedra are deeply relaxed inside the surface layer, which may explain that the performance 

obtained remained limited [87]. 

In contrast with the coprecipitation approach, wet impregnation over CaHA, SrHA and 

BaHA allowed to vary at purpose the surface vanadium content [93, 94]. Under the same 

reaction conditions, TR = 450°C, P(C3H8)/P(O2)= 3.5, W/F= 16.7 mg min-1 mL-1, the order of 

both propane conversion and propene selectivity was the following VOx /SrHA > VOx /CaHA 

> VOx /BaHA (Table 2, entries 2, 3) [93, 94]. The poor performance obtained for the barium 

system was ascribed too weak interactions of vanadate on the corresponding support whereas 

the peculiar redox properties of the strontium system would be responsible for its better 

properties [94]. From Table 2 (entries 2, 3), both the nature of the alkaline earth cation and the 

vanadium content greatly impact the specific area [93, 94]. It is found to decrease as V loadings 

increase. It is questionable if dissolution precipitation, likely to hinder the accessibility of 

vanadium on the surface might be favored as the vanadium loading increased. In addition, 

Friedrich et coll. observed similar decrease of specific surface areas on the vanadium 

impregnated hydroxyapatites (Ca, Sr, Mg, Ba) and they mentioned that corresponding 

pyrovanadate phase was formed in the as prepared samples for V2O5 weight loading higher than 

10% (corresponding to 3 wt% V loading, Table 2, entries 12, 13) [89-91]. They evaluated the 
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performance of these catalysts for n-heptane or n-octane oxidative dehydrogenation reactions 

(Table 2, entries, 12-14) [89-92]. The vanadium pentoxide, which is the dominant dispersed 

phase in the lower loading (2.5 wt% in V2O5, corresponding to 0.7 wt% in vanadium) gave high 

selectivity towards octenes and low selectivity towards aromatics [90]. At higher loading, due 

to the presence of pyrovanadate phase, the octene selectivity was decreased at benefit of the 

formation of secondary mild oxidation products, C8 aromatics and oxygenates [90, 99]. The 

nature of the alkaline earth cation influences the products distributions, and highest selectivity 

to octane, aromatics or oxygenates were obtained for calcium, strontium and magnesium 

hydroxyapatites, respectively. A possible synergistic effect due to the co-existence between the 

V2O5 and the pyrovanadate phases was proposed [99] since the highly reactive surface oxygen 

species of the isolated tetrahedra of the pyrovanadate phase should promote the secondary 

oxidation of octenes [91, 99]. 

Synergistic effects between vanadium substituted hydroxyapatite and Ca4V4O14 phases 

were also shown to be responsible for the significant enhancement of the propylene selectivity 

compared to that obtained with pure vanadium substituted hydroxyapatite (Table 2, entry 5) 

[87, 88]. The Ca4V4O14 phase alone led to very poor propane conversion. While continuous 

adjustment of the pH of the coprecipitation medium to 9 during the preparation led to the 

formation of the pure substituted hydroxyapatite, periodic base addition [85] led to the epitaxial 

growth of the Ca4V4O14 phase onto the vanadium substituted phase [88]. Combination of 

HRTEM, solid state NMR and EPR studies allowed to precise the structure of the interface. 

The best phase cooperation obtained for the phase composition VHA : Ca4V4O14: = 95 / 5 wt% 

corresponds to a complementary properties between the catalytic functions provided by each 

phase: the intrinsic ability of vanadium substituted hydroxyapatite to activate propane (see 

section 3.2.3) and the easier electron delocalization on the vanadium tetramers located at the 

phase’s boundaries compared to monomeric vanadate present in V-HA that is beneficial to 

propene selectivity [88].  

3.2.3 Activation site and mechanism 

From the former section, the modification of hydroxyapatite by exchanged Co, Cr or Fe 

cations concluded that isolated cations should be favored to achieve selective activation of 

alkanes. On the other hand, except for vanadium impregnated samples where oxygen of the 

VOx formed at the surface are able to activate the propane, isolated VO4 tetrahedra in 

Ca10(VO4)x(PO4)6-x(OH)2 solid solutions incorporated by coprecipitation were found to be too 

poorly accessible for efficient activation of propane. This raises the question of the nature of 
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the active site able to activate light alkane over metal modified hydroxyapatite. Given that the 

limiting step is H abstraction, a beneficial influence of basicity on the activation process was 

proposed [84, 87, 96, 111, 112]. It is well supported by the established relationships between 

the alkane conversion and basic reactivity probed by model reactions [10]. The nature of basic 

entities able to activate alkane deserves discussion. 

Due to their electrophilic properties, adsorbed active O- and O2
- oxygen possibly present 

on HA surface are expected to be associated with non-selective oxidation [70, 78]. At reverse, 

nucleophilic lattice O2- oxide ions should be preferentially involved in the selective process. In 

the HA structure, among the two types of lattice oxygen species present in phosphate and 

hydroxyl groups, the involvement of O2- from PO4
3- was discarded on the basis on the much 

lower activity of Ca3(PO4)2 compound compared to that of hydroxyapatite [113]. On the 

contrary, based on the progressive deactivation associated with the conversion of 

hydroxyapatite into corresponding chloroapatites in the presence of tetrachloromethane in the 

feed stream and to the rather low activities observed on chloroapatite [113, 114], it was inferred 

that hydroxyl groups must somehow participate to the activation process of light alkanes [58, 

89, 95, 104]. However, hydroxyl groups being weak bases [115, 116], it was also underlined 

that it would be surprising that OH- groups of HA directly contribute to hydrogen abstraction 

of alkanes [95, 104]. However, Sugiyama et al. rather assumed that OH- of HA may be a source 

of active oxygen species [104]. Described as similar to lattice oxygen in oxide catalysts, based 

on results obtained for SrHA with and without Co2+ doping, they proposed that this active 

oxygen species would derive from OH- by hydrogen desorption [86, 95, 104]. They studied the 

gas phase H-D exchangeability of hydroxyl groups of calcined hydroxyapatite by D2O at 450°C. 

Solid state 1H MAS NMR characterizations of SrHA and Co-SrHA allowed to evaluate the H-

D exchangeability of OH groups following the signal at ~ 0 ppm [95, 104]. Apart a progressive 

decrease of the chemical shift of this peak, its intensity decreased with increasing Co2+ content. 

Although not considering some misleading effect due to the paramagnetism induced by Co2+, 

the authors concluded to the enhancement of H-D exchangeability [95, 104]. Hydrogen 

abstraction ability could also be achieved with CH3OD [117]. Although these H-D exchange 

experiments could not provide direct evidence for the stable presence of oxygen species that 

would be involved in the activation of propane, the authors underlined that the tendencies 

observed strongly support that active oxygen species should be formed during the catalytic 

reaction and that that modification of hydroxyapatite by cobalt would favor this process [95]. 
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The generation of active O2- from OH- was later discussed in relation with intrinsic ionic 

conduction properties of HA [10, 87, 118, 119]. In the case of cation exchange of Ca2+ by 

trivalent cations, the OH deprotonation required to ensure the charge balance was proposed to 

generate Ca2+-O-M3+, which is able to activate propane [5, 96]. In the case of divalent Co2+ ions 

modification (introduced by cation exchange), it was hypothesized that the formation of active 

O2- may be favored by the mobility of neighboring lattice oxygen or OH- groups and may thus 

influence the activation process [10]. The authors proposed a mechanism described by 

Equations (1-2), where Oo is a lattice oxygen and Vo a neutral oxygen vacancy. This oxygen 

present in Co2+-O-Ca2+ entities would both activate ethane and act as labile oxygen. The neutral 

oxygen vacancy formed upon its departure would be further replenished by gaseous oxygen 

[10]. 

C2H6 + Oo → C2H4 + H2O + Vo (Eq. 1) 

½ O2 + Vo → Oo (Eq. 2) 

Such key role played by the bulk anisotropic conduction onto the surface reactivity was 

later unambiguously demonstrated by Costentin et coll. et al. to rationalize the behavior of solid 

solution of vanadium substituted apatite for oxidative dehydrogenation of propane thanks to 

combination of advanced in situ and operando characterization techniques [87]. Firstly, 1H 

NMR evidenced that there was a lack of protons inside the OH columns while the vanadium 

was increasingly incorporated in the bulk lattice by coprecipitation achieved maintaining the 

pH constant to 9 value. In addition, the formation of the vanadium oxy-hydroxy-apatite 

Ca10(PO4)6-x(VO4)x(OH)2-2yOy solid solution was favored upon thermal treatment thanks to 

partial dehydration along the OH columns generating additional O2- oxide ions. Their formation 

was also supported by in situ DRIFT with the appearance of a characteristic shoulder at ~3530 

cm-1 that was ascribed to H-bonding interaction between the generated O2- oxide ions and the 

remaining adjacent O-H groups inside the channels. These bulk O2- species were found to be 

stable at high temperature. According to impedance spectroscopy, they initiate the activation of 

proton anisotropic ionic conductivity along the columns running along the c axis. This proton 

migration process eventually resulted in the exposure of surface O2- species (Figure 12) that 

could act as strong basic sites. This is supported by the ability of surface Ca2+-O2- pairs to 

dissociate H2 [87]. The key role played in the activation of propane by these strong basic O2- 

ions was supported by the unique synergistic effect between the propane to propene catalytic 

reaction and the proton mobility process evidenced by operando impedance spectroscopy. It is 

shown that the transformation of propane to propene proceeds both upon oxidative 

dehydrogenation reaction (O2 is required for propene formation), and dehydrogenation reaction 
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(minor route). Finally, based on all the collected data, a catalytic cycle for the ODHP reaction 

was proposed (Figure 13). It requires two types of surface oxygen ions: - a basic O2- species 

emerging from the OH channels of the apatite framework and -a labile oxygen from the VO4 

tetrahedra. The former species is formed and regenerated upon the assistance of the peculiar 

proton conduction ability of the apatite material. The latter species can be protonated by proton 

diffusion and can contribute to the formation/desorption of a water molecule. This oxygen 

species is eventually regenerated by oxidation with gaseous oxygen.  

 

Figure 12: a) Schematic representation of the thermally-activated proton migration mechanism in the oxy-

hydroxy-apatite system. This schematic representation shows (1) the stacking of OH- along the c axis including 

O2- native defects present in vanadium-modified apatites, and the proton rotation activated at low temperature that 

are favored by the polarization induced by the defective stacking, (2) O2- species generated upon thermal 

dehydration together with a OH vacancy site, (3-7) and the proton transportation along the c-axis activated in the 

medium range temperature. The proton migration occurs from the upper layers to the lower ones with time, 

resulting in O2-climbing up from the bulk to the surface. Slight displacement of the O2- ion from the initial position 

of the OH- group allows the formation of O2-…HO- H-bonding interaction. b) Ca2+ triangles coordination sphere 

of the OH- and O2- anions present in the channels. Source: [87]. Adapted with permission of Wiley-VCH. 
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Figure 13: Schematized representation of the catalytic transformation of propane to propene involving 

dehydrogenation and oxidative dehydrogenation routes on V-HA samples exhibiting Ca2+-O2- surface acid-base 

pairs generated thanks to proton migration process that are close to VO4 tetrahedra. The square box represents an 

oxygen vacancy and  refers to the proton migration process. Source: [87]. Adapted with permission of 

Wiley-VCH. 

 

4. Conclusions and perspectives 

Metal modified hydroxyapatites have been studied since the 90’s as heterogeneous 

catalysts for selective oxidation reactions. Very interesting results have already been reported 

for the oxidation of primary alcohols in the liquid phase under aerobic conditions and the partial 

methane oxidation operating in gas phase at very high temperature (up to 800°C). This 

illustrates the large application scope of the hydroxyapatite system due to its stability in a very 

large range of conditions. 

From the analysis of the literature dealing with the selective oxidation of primary 

alcohols in the liquid phase under aerobic conditions over metal modified hydroxyapatite, Pd-

based systems are quite interesting. Despite the higher price of Pd compared to Ru, the latter 

has to be used at a higher loading. Significant improvements have however been achieved in 

reducing the amount of Ru while maintaining good catalytic performance but complicating the 

catalyst synthesis procedure (addition of another metal or of organic additives). The reference 

substrate for aerobic oxidations of primary alcohol is clearly benzyl alcohol. It should be noted 

that its conversion into benzaldehyde by aerobic and heterogeneous catalysis in liquid phase is 

of interest because of the use of this compound as a flavoring agent, etc. (7000 t produced per 
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year in 1999 [118]. Other aldehydes of industrial importance are cinnamaldehyde, vanillin but 

the one that is the most industrially produced is formaldehyde because of its involvement in the 

synthesis of polymeric materials. Gas phase aerobic oxidation of methanol was not examined 

in this chapter but it can be noted that there are some reports dealing with the use of 

hydroxyapatite supported molybdenum oxide catalysts for this reaction [119]. 

Rhodium supported hydroxyapatite shows the best performance for the partial oxidation 

of methane. Although also very promising, the nickel catalyst obtained from coprecipitation 

synthesis is a complex multiphasic sample. It is thus unclear if the highly dispersed active Ni 

species that were extracted from the bulk to the surface during the POM reaction comes from 

the Ni-substituted hydroxyapatite and / or from the other Ni phosphate phase. Optimization of 

the precipitation conditions to get single phase Ni-hydroxyapatite would be useful to investigate 

this point. In addition, comparisons with the highly dispersed nickel or even isolated single Ni 

atoms obtained upon ion exchange and reported to be very efficient for the dry reforming of 

methane [64] would also be of interest. 

The oxidative dehydrogenation of light alkanes into alkenes remains more challenging 

since the lower stability of alkenes compared to alkanes and CO2 makes the control of alkene 

selectivity difficult in the presence of oxygen. Nevertheless, quite promising results have been 

reported with the vanadium system for propane conversion to propene, with performances very 

comparable to those of a well-known reference catalyst. Cobalt exchanged hydroxyapatite also 

shows good selectivity for the oxidative dehydrogenation of ethane. 

For all the investigated systems, further optimization requires better control of the 

synthesis and advanced characterizations allowing to establish fine structure-reactivity 

relationships. In particular, better description of the role played by the hydroxyapatite itself in 

the selective oxidation reactions is of peculiar interest. 

In most studies, hydroxyapatite was mainly envisaged as a support for the dispersion of 

the active phase. The formation of highly dispersed metal sites is favoured due to the peculiar 

ability of the hydroxyapatite structure for substitution and it can be achieved either by one step 

coprecipitation procedure, or by post synthesis cation exchange in the excess of solution. Wet 

impregnation approach may also lead to highly dispersed species, but non-selective oxide like 

active phase could be preferentially obtained for high metal loadings. This may explain that an 

optimum metal loading was often identified, namely for Co impregnated system for the ODHE 

reaction. Better attention should also be devoted to the control of dissolution precipitation of 

the support possibly occurring in acid conditions imposed by the metal salt containing solution 
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since such process may be detrimental to the specific surface area and to the metal accessibility 

onto the surface. Although reported efficient for vanadium-substituted hydroxyapatite, 

coprecipitation is a priori less favourable in terms of economy of metal atoms. Moreover, as 

mentioned above, depending on the metal, the formation of single phased metal-hydroxyapatite 

is not easy to monitor. Note however, that, as sometimes described for other systems also 

governed by the Mars and Van Krevelen mechanism, beneficial synergistic effects resulting 

from the complementary functions provided by each phase were finally observed for a vanadate 

tetrameric phase grown onto a vanadium substituted hydroxyapatite.  

Beside the control of the metal dispersion, hydroxyapatite is an original support with 

modulating acid-base properties that can be monitored by varying its stoichiometry and/ or by 

substituting calcium by other alkaline earth cations. As far as aerobic oxidation of alcohol 

reaction is concerned, although the authors preferentially used stoichiometric hydroxyapatite, 

known to exhibit basic properties, there is no mention of the possible involvement of the basic 

sites of apatite itself. Note however that the authors point out that the Ru or Pd/apatite catalytic 

systems avoid the use of any additional base. It could be interesting to investigate if the basic 

properties of the hydroxyapatite itself take part in the liquid phase oxidation reactions. The 

direct involvement of the hydroxyapatite as part of the active phase was more directly discussed 

in the case of alkane oxidative dehydrogenation reactions. Similar tendencies were reported 

between the basic reactivity evaluated by a model reaction and the ODH activity. Rather than 

OH groups that are too weak bases, their derived O2- form, that are in situ generated via the 

thermally activated proton ionic conduction process, have been shown to be much stronger 

basic sites and to be involved in the activation of the C-H bond of propane. Such role played 

by basic sites of hydroxyapatite in the ODH mechanism illustrates that metal modified 

hydroxyapatite system are original and can be very efficient bifunctional redox and acid-base 

catalysts. 
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