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ABSTRACT 

The main purpose of my Ph.D. research work was the preparation of functionalized hydroxyapatite 
materials and the elucidation of their physicochemical properties, putting special attention on their 
superficial characteristics, to better understand their behaviour at the atomic/molecular level. 
Exclusively bio-inspired hydroxyapatites were prepared, i.e., possessing low crystallinity, high 
specific surface area, nanometric size, and carbonates groups (CO3

2-) partially substituting the 
hydroxyapatites phosphates (PO4

3-) and/or hydroxyls (OH-) groups.  

Several types of non-functionalized hydroxyapatites were prepared to be used as a reference for 
the functionalized hydroxyapatites. One type was prepared in presence of citrates since they are 
molecules with important biological interest that can be found in natural bone tissue, and stabilize 
the formation of the hydroxyapatite phase [1,2]. In the other two types, the preparation was 
optimized to obtain hydroxyapatites preferentially exposing their {010}-facets. Along their [010] 
crystallographic direction, the hydroxyapatites are constituted by stacked layers following the 
sequence -ABA-ABA-ABA, where A= Ca3(PO4)2 and B= Ca4(PO4)2(OH)2. Therefore, the (010) faces can 
finish in three different manners: (i) ƛƴ ŀ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŀǊǊŀƴƎŜƳŜƴǘ Χ!.!-ABA, which suppose a 
stoichiometric Ca/P molar ratio of 1.67; (ii) in (010)_Ca-ǊƛŎƘΣ Χ!.!-AB with a molecular Ca/P ratio 
of 2; and (iii), in (010)_P-ǊƛŎƘ Χ!.!-A, with a molecular Ca/P ratio of 1.5. Moreover, these three 
possible terminations can coexist with different proportions of the hydroxyapatites [3,4]. Therefore, 
the last two materials were prepared with a preferential exposition of their {010}-facets, but in a 
different (010)_Ca-rich:(010)_P-rich ratio, being 1:1.4 for the material possessing a higher amount 
of Ca-rich terminations (labelled as HA_Ca_Rich), and 1:5 for the material possessing higher amount 
of P-rich terminations (labelled as HA_P_Rich). As a consequence of their surface different 
terminations, the resulting hydroxyapatites nanoparticles present different morphologies, that are 
needle-like in the case of the higher (010)_Ca-rich termination, and plate-like in the case of higher 
(010)_P-rich termination. 

Functionalization of hydroxyapatites with copper (II) cations was studied by two methodologies, 
namely ionic exchange and co-precipitation. For the ionic exchange, the HA_Ca_Rich sample was 
suspended in solutions at increasing concentrations of CuNO3, to promote substitution of the 
surface Ca2+ ions by the Cu2+ ions present in the solution, thanks to the non-apatitic layer which is 
present at the hydroxyapatites nanoparticles surface embedding them [2]. For the co-precipitation 
preparation methodology, the Cu2+ ions were included in the initial steps of the hydroxyapatite 
preparations, thus promoting the cationic substitution in both, surface and bulk. Two different 
hydroxyapatite samples were prepared, one in absence of citrates and the other in the presence. 
The physicochemical, compositional, textural, and surface properties of copper-functionalized 
hydroxyapatite materials were then investigated. Elemental composition and Ca/P atomic ratio 
were calculated by ICP-OES, Specific Surface Area was calculated by N2 adsorption, hydroxyapatites 
morphology was investigated by HR-TEM, structural characterization of bulk and surfaces; phase 
composition; and crystalline domain estimation was performed by PXRD and Solid-State NMR, and 
the elucidation of the chemical state of the species present at the hydroxyapatites surfaces was 
investigated by FTIR of adsorbed carbon monoxide. 

Two applicative uses of the copper-functionalized hydroxyapatites are presented. The first one is 
based on the potential use of these materials as electrochemical sensors, evaluated through the 
electrochemical reduction of H2O2 by cyclic voltammetry, an important biological molecule in living 
systems due to its signalling activity for the regulation of diverse biological processes [5]. The second 
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one was the use of the copper-functionalized hydroxyapatites as potential anticancer drugs, 
evaluated through their cytotoxicity and ROS generation in human and mice cancer cells lines. 

Finally, non-functionalized hydroxyapatites were used as support for platinum nanoparticles.  The 
importance of these nanoparticles relies on their reductive properties, thus, being excellent 
heterogeneous catalysts when they are supported on the proper scaffold. However, detailed 
information on their surface features at the atomic/molecular level is still scarce [6]. A total amount 
of 5 wt.% of Pt was deposited on the hydroxyapatite surfaces. A full characterization of the Pt 
nanoparticles and the hydroxyapatites support was performed. Elemental composition of the 
support and total amount of platinum in the samples was measured by ICP-OES. Structural 
characterization of the hydroxyapatites bulk was studied by PXRD. Morphology of the 
hydroxyapatites and the platinum nanoparticles distribution and size was measured by HR-TEM. 
Finally, the characteristics of the platinum nanoparticles present at the hydroxyapatites surfaces 
and their oxidation state were investigated by FTIR of adsorbed carbon monoxide. 
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1. INTRODUCTION 

Ceramic materials subject of this thesis are hydroxyapatites (HAs). Hydroxyapatites are made up of 
calcium, phosphates, and hydroxyls. The interest in these materials is caused by their role as a 
principal component of the mineralized parts in mammals bodies. In particular, in humans, it means 
bones and teeth. Therefore, in this thesis, we focused on the work with synthetic hydroxyapatites 
replicating the principal characteristics of bio-hydroxyapatites which constitute human bones. 
Nevertheless, synthetic bio-inspired hydroxyapatites are not exclusively limited to biomedical 
applications. Synthetic hydroxyapatites have shown excellent properties in so many different fields, 
whether on their own or together with other materials. Some of their non-biomedical applications 
fields are environmental remediation, electrochemistry, or heterogeneous catalysis. For that 
reason, we present here hydroxyapatites mimicking bio-natural ones, but not addressed only to 
their biomedical applications. In any case, it is difficult to get a complete understanding about the 
versatility of hydroxyapatites without a global vision of their natural environment and the principal 
characteristics which determine their properties. 

1.1. WHERE DO HYDROXYAPATITES COME FROM? 

Apatite was first discovered as a mineral species by the German geologists Abraham Gottlob Werner 
in 1786. This mineral was called by him from the Greek apato (to mislead or to deceive). Afterwards, 
Berzelius was the first one who tried to establish their chemical composition, in the middle of the 
19th century [1]. But it was not successful until 1929 when H. Hausen, introduced the idea about the 
existence of different crystal phases of calcium phosphates. Since then until now, these mixtures of 
calcium phosphates had been called apatites [2]. 

The basic elemental composition of all calcium phosphates is based on three principal atoms: 
calcium in oxidation state 2+, phosphorus in its oxidation state 5+, and oxygen in its oxidation state 
2-. Calcium phosphates family can be classified in function of the type of phosphate anion in: ortho- 
(PO4

3-), meta- (PO3
-), pyro- (P2O7

4-), and poly- ((PO3)nn-), and for the specific case of ortho- and pyro- 
phosphates, it is also possible differentiated them by the number of hydrogen ions attached to the 
anion: mono- (Ca(H2PO4)2), di- (CaHPO4), tri- (Ca3(PO4)2), and tetra- (Ca2P2O7) calcium phosphates 
[3ς5]. 

For the scope of this thesis, we consider calcium orthophosphates only. Since they are the calcium 
phosphates that naturally occur in mammal bodies. Being calcium orthophosphates the sub-family 
of compounds where hydroxyapatites belong. 

1.1.1. CALCIUM ORTHOPHOSPHATES 

Nowadays, calcium orthophosphates present in our world are proceeding from two different 
sources. First, pure synthetic calcium orthophosphates appear as white crystals with moderate 
hardness. Second, natural calcium orthophosphates are proceeding from minerals or biological 
sources. Common characteristics of all calcium orthophosphates are insolubility in alkaline 
solutions, slight solubility in water, and high solubility in acids [3]. 
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Natural geological calcium orthophosphates can be extracted from mineral deposits of apatites. 
These deposits are located in different parts of the world (Russia, Brazil, Morocco, China, Australia, 
and other places). Mineral apatites are principally found as natural fluorapatite (FA, Ca10(PO4)6F2) or 
sedimentary rocks (phosphorites). Calcium orthophosphates minerals always contain impurities 
(normally, iron ions and rare earth) that make them coloured. The principal reason to extract and 
commercialised calcium orthophosphates minerals is their high applicative interest in the 
agricultural field as phosphorus-containing fertilizers [3]. 

Biological calcium orthophosphates are the prime components in all mammalians calcified tissues. 
They make up the inorganic parts of biological systems. It means that they constitute both, normal 
(bones, teeth, fish enameloid, deer antlers, and some species of shells) and pathological 
calcifications (dental, urinary calculus and stones, atherosclerotic lesions, among others). For the 
particular case of human beings, all hard tissues are made up of calcium orthophosphates, except 
for small portions in the inner ear. From a chemical point of view, the processes for normal and 
pathological calcifications are just an in vivo crystallization or dissolution of calcium 
orthophosphates [3]. 

The principal calcium orthophosphate species are orthophosphate ((PO4)3-) anions. All the structure 
is built up around orthophosphate groups (PO4). They provide stability to the structural entity 
through their assembly conforming to a network of (PO4)3- anions. All atomic arrangements are 
strengthened around the PO4 network. Due to the presence of hydrogen in the structure, 
orthophosphate groups ((PO4)3-) can be combined with Ca2+ cations in different ways. Hydrogens 
can be found in the structure as an acidic phosphate (HPO2-

4 or H2PO4
-) or as molecular water 

(CaHPO4 · 2H2O). The most important parameters determining the principal characteristics of the 
ternary system Ca(OH)2-H3PO4-H2O are Ca/P molar ratio, basicity/acidity, and solubility. These three 
parameters are strongly correlated between them and with the pH of the solution. At a lower Ca/P 
molar ratio, the more acidic and water-soluble the obtained calcium orthophosphate is, and vice 
versa. A strong correlation with the pH is due to the triprotic equilibrium. Triprotic equilibrium is the 
equilibrium established between the four polymorphs of orthophosphoric acid as a consequence of 
different pHs in the solution. The importance of triprotic equilibrium is due to its direct relation to 
the chemical composition of the calcium orthophosphate precipitated (Ca/P molar ratio and relative 
abundance of orthophosphates polymorphs) (Figure 1.1) [3,6]. Considering this, eleven known non-
ion-substituted calcium orthophosphates with Ca/P molar ratio varying between 0.5 and 2.0 can be 
directly precipitated from Ca2+ and (PO4)3- containing solutions (see Table 1.1). 

 

Figure 1.1: Triprotic equilibrium for phosphoric acid and solutions showing the different 
orthophosphates species and their relative abundance as a consequence of the pH. Adapted from 

Ref. [3]. 
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1.1.2. CLASSIFICATION OF CALCIUM ORTHOPHOSPHATES 

There eleven known non-ion substituted calcium orthophosphates (all summarized in Table 1.1), as 
it was previously mentioned. In this section, we present a brief resume of all of them ordered by the 
increasing Ca/P ratio. 

I. Monocalcium phosphate monohydrated (MCPM, Ca(H2PO4)2 · H2O, Ca/P = 0.5 ). MCPM 
precipitates from highly acidic solutions, and it is the most acidic and water-soluble 
compound. Due to its high acidity, it cannot be found in biological calcifications. 

II. Monocalcium phosphate anhydrous (MCPA, Ca(H2PO4)2, Ca/P = 0.5). MCPA is the anhydrous 
form of MCPM. It precipitates at temperatures above 100 °C in the same conditions as 
MCPM, or due to the liberation of water molecules from MCPM by heating at 100 °C. Like its 
hydrated homologue, it does not exist in biological calcifications. 

III. Dicalcium phosphate dihydrated (DCPD, CaHPO4 · 2H2O, Ca/P = 1.0). The mineral brushite. It 
can be easily crystallized from aqueous solutions. It has been proposed as an intermediate 
in both bone mineralization and dissolution of enamel in acids (dental erosion). it has been 
detected in some pathological calcifications in the human body. 

IV. Dicalcium phosphate anhydrous (DCPA, CaHPO4 Ca/P =1.0). The mineral monetite. It is the 
anhydrous form of DCPD. Therefore, it can be obtained from DCPD by heating at 
temperatures above 80 °C, or it can be directly crystallized from aqueous solutions at 
temperatures over 100 °C. DCPD can be found in neither normal nor pathological 
calcifications. 

V. Octacalcium phosphate (OCP, Ca8(HPO4)2 (PO4)4 · 5H2O, Ca/P = 1.33). It is one of the stable 
components of human dental and calculi [7ς9]. OCP structure is constituted of apatitic layers 
separated by hydrated layers (water molecules). Apatitic layers are structurally similar to 
those of hydroxyapatites [4,5,10,11]. It is thought that they are directly involucrate in the 
initial formation steps of apatitic biominerals. Since OCP has been identified as an unstable 
transitory intermediate during the precipitation of thermodynamically more stable calcium 
orthophosphates in aqueous solutions [12ς16]. 

VI. Amorphous calcium phosphate (ACP, CaxHy (PO4)z· nH2O (n= 3-4.5, 15-20% H2O), Ca/P = 1.2-
2.2). It is the first precipitate obtained from supersaturated solutions containing calcium and 
orthophosphates ions. Like OCP, ACP has been often detected as a transient phase during 
the formation of calcium orthophosphates in aqueous systems [4,17ς22]. ACP experiences 
a slow recrystallization process when it is left in the mother solution aqueous. The resulting 
product is a better crystalline compound, like CDHA [4,5]. Biological ACPs are never pure. 
They possess Na+, Mg+, carbonate, and/or pyrophosphate ions in their structure. Biological 
ACP is found in pathological calcifications [5,23ς25]. 

VII. -hTricalcium phosphate (h-TCP, h -Ca3(PO4)2 Ca/P = 1.5). It is a high-temperature phase of 
ŎŀƭŎƛǳƳ ƻǊǘƘƻǇƘƻǎǇƘŀǘŜΦ ʰ-¢/t ƛǎ ǇǊŜǇŀǊŜŘ ŦǊƻƳ ʲ-TCP by heating at temperatures above 
ммнр ϲ/Φ ʰ-TCP never occurs in biological calcifications. 

VIII. -̡Tricalcium phosphate (̡-TCP, ̡-Ca3(PO4)2 Ca/P = 1.5). It is another high temperature-phase 
of calcium orthophosphate. It precipitates from thermal decomposition at temperatures 
ŀōƻǾŜ улл ϲ/Φ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ʰ- ŀƴŘ ʲ-TCP relies on their chemical structure and 
ǎƻƭǳōƛƭƛǘȅΣ ōŜƛƴƎ ʲ-ǇƘŀǎŜ ƳƻǊŜ ǎǘŀōƭŜΦ tǳǊŜ ʲ-TCP never occurs in biological calcifications. 
Only the Mg-substituted is found in some pathological calcifications.  

IX. Calcium-deficient hydroxyapatite (CDHA, Ca10-x(HPO4)x(PO4)6-x(OH)2-x (0<x<1), Ca/P = 1.5-
1.67). It precipitates as a result of the contemporary addition of calcium and orthophosphate 
solutions in boiling waters and after leaving the suspension boiling for several hours. Firstly, 
it precipitates ACP, which is then restructured into CDHA. CDHA crystals are poorly 
crystalline and of submicron dimensions. It has a large specific surface area (25ς100 m2/g) 
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[26ς31]. Its Ca/P molar ratio variability is a consequence of surface adsorption, lattice 
substitution, and intercrystalline mixtures of HA and OCP [32]. In biological systems only 
substituted CDHA exists. These types of CDHA, in addition to some water, form the biological 
apatite [5,23]. 

X.    Fluorapatite (FA, Ca10(PO4)6F2, Ca/P = 1.67). FA is the hardest mechanically, most stable, and 
least soluble compound among all calcium orthophosphates. Pure FA never occurs in 
biological systems because of the inherent toxicity of F- [3]. It is possible to find solid 
solutions between FA and HA, where the F- are substituting the OH- positions, or vice versa 
(fluorhydroxyapatites (FHA) or hydroxyfluorapatites (HFA)). Their chemical formula is 
Ca10(PO4)6(OH)2-xFx (0 < x < 2) and their physico-chemicals characteristics are between FA 
and HA physico-chemical properties [32ς36]. 

XI. Hydroxyapatite (HA, Ca10(PO4)6OH2, Ca/P = 1.67). It is the second more stable and least 
soluble calcium orthophosphate after FA. Chemically pure HA crystallizes in the monoclinic 
space group P21/b. But the monoclinic phase experience a transition to the hexagonal phase 
(space group P63/m) at temperatures above 250 °C [4]. Natural biological hydroxyapatite is 
always exhibiting a hexagonal phase, which is stabilized by the presence of some impurities 
in the crystalline lattice (like OH- substituted by F- or Cl-). Pure hydroxyapatites never occur 
in biological systems [3]. Their structure, preparation methodologies, and physico-chemical 
characteristics will be further described. 

XII. Tetracalciumphosphate (TTCP or TetCP, Ca4(PO4)2O, Ca/P = 2.0). The mineral hilgenstockite. 
It is the most basic calcium orthophosphate. It can be prepared only by a solid-state reaction 
above 1300 °C. TTCP is not stable in aqueous solutions and cannot be found in biological 
calcifications due to its high basicity. 

As can be appreciated, all calcium orthophosphates are closely related between them through 
their Ca/P molar ratio and their structural flexibility. Since they can experience structural 
reorganizations between them producing the conversion of a calcium orthophosphate to 
another. All of the above descriptions demonstrate the complexity of these compounds and why 
their study is complicated. For that reason, it is important to have a global view of the calcium 
orthophosphates family, which permits the proper fine design and study of the materials. 

As can be appreciated, all calcium orthophosphates are closely related between them through their 
Ca/P molar ratio and their structural flexibility. Since they can experience structural reorganizations 
between them producing the conversion of a calcium orthophosphate to another. All of the above 
descriptions demonstrate the complexity of these compounds and why their study is complicated. 
For that reason, it is important to have a global view of the calcium orthophosphates family, which 
permits the proper fine design and study of the materials. 
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Table 1.1: Principal characteristics of the compounds belonging to the calcium orthophosphates 
family. Table adapted from Ref. [3] 

Ca/P 
molar 
ratio 

Compound Formula Solubility 
at 25 °C, -
log(Ks) 

Solubility at 
37 °C, -
log(Ks) 

pH stability 
range in 
aqueous 
solutions at 
25 °C 

0.5 Monocalcium 
phosphate 
monohydrate (MCPM) 

Ca(H2PO4)2 · H2O 1.14 Data not 
found 

0.0-2.0 

0.5 Monocalcium 
phosphate anhydrous 
(MCPA) 

Ca(H2PO4)2 1.14 Data not 
found 

c 

1.0 Dicalcium phosphate 
dihydrate (DCPD), 
mineral brushite 

CaHPO4 · H2O 6.59 6.63 2.0-6.0 

1.0 Dicalcium phosphate 
anhydrous (DCPA), 
mineral monetite 

CaHPO4 6.90 7.02 c 

1.33 Octacalcium phosphate 
(OCP) 

Ca8(HPO4)2(PO4)4 · 
5H2O 

96.6 95.9 5.5-7.0 

1.2-2.2 Amorphous calcium 
phosphate (ACP) 

CaxHy(PO4)z · nH2O, 
n = 3-4.5; 15-20% 
H2O 

b b 5-12 

1.5 -hTricalcium phosphate 
ό-hTCP) 

-hCa3(PO4)2 25.5 25.5 a 

1.5 -̡Tricalcium phosphate 
ό-̡TCP) 

-̡Ca3(PO4)2 28.9 29.5 a 

1.5-
1.67 

Calcium-deficient 
hydroxyapatite (CDHA) 

Ca10-x(HPO4)x(PO4)6-

x(OH)2-x (0<x<1) 
~85.1 -85.1 6.5-9.5 

1.67 Hydroxyapatite (HA) Ca10(PO4)6(OH)2 116.8 117.2 9.5-12 
1.67 Fluorapatite (FA) Ca10(PO4)6F2 120.0 119.2 7-12 
2.0 Tetracalcium phosphate 

(TTCP or TetCP), mineral 
hilgenstockite 

Ca4(PO4)2O 38-44 37-42 a 

a Compounds that cannot be precipitated from aqueous solutions. b Cannot be measured precisely. 
c Stable at temperatures above 100 °C. 
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1.2. HYDROXYAPATITE BULK/ SURFACE STRUCTURE AND 
MORPHOLOGY 

1.2.1. HYDROXYAPATITE STRUCTURE 

Stoichiometric hydroxyapatites (Ca10(PO4)6(OH)2, Ca/P = 1.67) crystallize in P63/m space group. This  
ƳŜŀƴǎ ŀ ǇǊƛƳƛǘƛǾŜ ƘŜȄŀƎƻƴŀƭ ƭŀǘǘƛŎŜ ǿƛǘƘ ǳƴƛǘ ŎŜƭƭ ǇŀǊŀƳŜǘŜǊǎ ōŜƛƴƎ ŀ Ґ ō ґ ŎΣ ʰ Ґ ʲ Ґ флϲΣ ʴ Ґ мнлϲΦ 
For the specific case of hydroxyapatites, these unit cell parameters are: a = 9.418 Å, c = 0.6881 Å 
ŀƴŘ  ʴ Ґ мнл ϲ/ όW/t5{ bƻΦ ф-432) [37,38]. 

Hydroxyapatites structural backbone is tetrahedral PO4 groups compactly arranged between them. 
P5+ ions are located at the centre of the tetrahedrons with oxygen atoms occupying the vertexes. 
Calcium cations are packed in columns that are sharing every single PO4 tetrahedron. There are two 
types of calcium cations, denoted as type I (Ca (I)) and type II (Ca (II)). Each unit cell possesses 4 Ca 
(I) and 6 Ca (II). Ca (I) cations are coordinated to 9 oxygen atoms of the PO4 tetrahedra, thus 
producing the formation of a polyhedron. Ca(II) ions are placed into the imaginary vertexes of the 
helicoidal senary axis at two different heights of the unit cell along the c-axis (1/4 and 3/4). 
Therefore, Ca (II) cations are forming alternate equilateral triangles around the helicoidal senary 
axis. The Ca(II) ions are in coordination state 7. They are bonded to six oxygen atoms from the PO4 
tetrahedrons and to one OH- anion that is occupying the 2a position. This disposition produces two 
types of unconnected channels, denoted as channel type I and channel type II (Figure 1.2). Channel 
type I is delimited by Ca (I) cations. This channel possesses a diameter of 2.5 Å. Channel type II is 
bigger than the first one, with a diameter of 3-4.5 Å. Channel type II is surrounded by Ca (II) cations. 
Finally, OH- anions are disposed like columns along the c-axis to balance the positive charges inside 
channels type II[37ς39]. 

It is worth noting two important characteristics of hydroxyapatite structure. The first one is the 
existence of two types of Ca sites. This is interesting since it allows a fine-tuned design of the HA 
properties by specific modifications of the sites [4,38]. The second one is that the dimensions of 
channel type II enable some mobility of the OH- ions, consequently allowing their circulation along 
the channels in the OZ axis direction [38,39]. 



15 
 

 

Figure 1.2: Different representations of HAs unit cell. (a) view of the unit cell from (001) plane; (b) 
projection showing the octahedrons arrangement [Ca(I)O6]; (c)View of the octahedral sequence 
[Ca(I)O6] together with tetrahedral [PO4]; and (d) view of the octahedral sequence: [Ca(I)O6] and 

[Ca(II)O6] together with tetrahedral [PO4]. Figure reprinted from Ref. [38]. 

 

1.2.2. IMPORTANCE OF THE  EXPOSED SURFACES AND MORPHOLOGY 

From the point of view of materials science, a material can be differentiated into its bulk and its 
surfaces. The bulk is the vast internal part of a material. The bulk structure is the part supporting all 
the material, and its composition determines the intrinsic characteristics of the material. Moreover, 
the bulk is the part in contact with the surfaces of the material. For that reason, the composition 
and structure of the bulk also determine the characteristics of the surfaces. If we consider the 
example of a biomaterial intended to be used as an implant. The biomaterial bulk must be resistant 
to support all the mechanical stress of the human body [40,41]. This is also applicable for materials 
intended to be used in any type of catalysis or procedure. Bulk composition and structure must be 
robust, not to be degraded or collapsed as a consequence of the aggressive environments in which 
the material must be used, and normally for more than one use. For that reason, a proper design 
and preparation of (bio)materials with an appropriate bulk structure are mandatory. Equal 
importance is necessary for the development of a meticulous study of their durability, functionality, 
and mechanical properties. 

Nonetheless, the material surface structure is even more important than the bulk structure. Since 
material surfaces are the meeting point where directly occurs the interaction between material and 
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surrounding media. For example: in biomaterials, the structure of their surfaces determines their 
biological compatibility; in adsorption process, the capacity of adsorption of the material relies on 
their surfaces; in catalytic process, the surfaces define the catalytic activity of the material and its 
catalytic effectivity; and this only to cite some examples of surface importance. Thus, for all these 
reasons, a precise design of the surfaces with the further scrupulous characterization of them is 
mandatory for the correct development of (bio)materials. Last but not least, these surface 
characteristics are further improved when the material possesses nanometric dimensions [40ς42].  

Regarding the hydroxyapatites, it is of crucial importance to pay attention to their surfaces. Since 
hydroxyapatites nanoparticle surfaces are possessing special intrinsic characteristics which 
significantly differ from those of the bulk [43]. In general, the characterization of the surfaces of any 
material is not an easy task, because they can be easily contaminated, and normally show a high 
reactivity, metastability, or ion mobility. This statement is even more accurate for the case of 
hydroxyapatites nanomaterials. Therefore, a deep understanding of hydroxyapatites surfaces is 
mandatory for the proper design of the materials whether as biomimetics or as catalysts. The 
chemical composition of stoichiometric hydroxyapatites is largely different from that of the 
biological hydroxyapatites or their synthetic biomimetic analogues. Bone mineral is constituted by 
a single-phase non-stoichiometric nanocrystalline hydroxyapatites with general chemical formula : 

Ca10-x (PO4)6-x (HPO4 or CO3)x (OH or ½ CO3)0.3  

(This formula principally evidences the presence of vacancies in both Ca and OH sites) [43,44]. 

A meticulous analysis of the surfaces of biological hydroxyapatites and their biomimetic synthetic 
analogues hydroxyapatites nanoparticles in comparison with stoichiometric ones has demonstrated 
that biological hydroxyapatites and their synthetic analogues may be most accurately described as 
nanoparticles possessing an apatitic core (but frequently nonstoichiometric) and a surface hydrated 
layer ǿƛǘƘ ŀ άƴƻƴ-ŀǇŀǘƛǘƛŎέ ǎǘǊǳŎǘǳǊŜ [43]. The detection was possible because the chemical 
environments for phosphates and carbonates ions were different from that belonging to 
stoichiometric apatitic domains. It was Rey who named these different environments as non-apatitic 
environments [45,46]. The discovery of the non-apatitic layer was achieved through years of 
investigation, thanks to the combined power of some different techniques. Nowadays, some of 
these techniques are really powerful in the analysis of material surfaces and/or structure, such as 
XRD, Raman, Solid-State NMR, and FTIR, only to name the principal of them [43]. The non-apatitic 
surface layer is composed of superficial water molecules and labile ions (Ca2+, HPO4

2-, CO3
2-Χύ ŀǎ Ŏŀƴ 

be appreciated in Figure 1.3 [43,47]. Therefore, the superficial ionic species of HAs nanoparticles 
are susceptible to be exchanged by ions present in the surrounding media. The non-apatitic surface 
layer has been also detected in biomimetic hydroxyapatites and seems to be also responsible of 
their special properties. Concretely, it made the hydroxyapatites surface highly reactive with the 
surrounding media. Because it permits a great mobility of the ionic molecules constituting this layer, 
which is evidenced by the rapid surface ion-exchange reactions. It is also important to underline 
that the non-apatitic surface layer has been described sometimes as amorphous. This terminology 
is not accurate, because it has been evidenced by spectroscopy techniques that the non-apatitic 
layer shows its own reproducible structural characteristics [43]. 

Another property related to this special surface layer is the apparent solubility of HAs. It is not 
possible to precisely determine a constant solubility product (Kps) for hydroxyapatites nanoparticles, 
because there is a relationship between the obtained Kps and the amount of dissolved material. This 
strange behaviour ǿŀǎ ŘŜƴƻƳƛƴŀǘŜŘ ŀǎ άƳŜǘŀǎǘŀōƭŜ ŜǉǳƛƭƛōǊƛǳƳ ƻŦ ǎƻƭǳōƛƭƛǘȅέ όa9{ύ [48]. 
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The non-apatitic surface tends to progressively disappear during the process known as 
άƳŀǘǳǊŀǘƛƻƴέΦ ¢ƘŜ ƳŀǘǳǊŀǘƛƻƴ ƻŎŎǳǊǎ ŀǎ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ ŀƎŜƛƴƎ ƛƴ ǎƻƭǳǘƛƻƴ ŦƻǊ ǘƘŜǎŜ 
nanocrystals. It consists of the progressive consumption of the non-apatitic layer due to the growth 
of apatitic domains most likely thermodynamically driven [43,49,50]. This process entails the 
transformation in a solution of poorly-crystallized nonstoichiometric hydroxyapatites toward 
stoichiometric nanoparticles with an improvement of their crystallinity. As consequence, there is a 
decrease in the capacity to exchange ions or the adsorption ability [43]. 

 

 

Figure 1.3: (a) Pictural representation of a biomimetic hydroxyapatite nanoparticle. (b) interaction 
with the surrounding media. Adapted from Ref. [43]. 

 

Another determinant parameter with respect to hydroxyapatites nanoparticles is their morphology 
and the study of the different faces that they expose to the media. Fortunately, the preparation 
methodologies of hydroxyapatites nanoparticles can be addressed to obtain different 
morphologies, such as needle-like [51ς54] and plate-like [55], among others. However, only the 
second morphology has been found in bone tissues [56ς58]. Prepared hydroxyapatites 
nanoparticles showing any of these two morphologies crystallize into the hexagonal system showing 
a predominant surface termination of the {010} type. As consequence, needle-like nanoparticles 
lateral {010} facets are elongated due to the growth of the nanoparticles along their crystallographic 
c-axis. Instead of that, for plate-like nanoparticles {010} facets are the basal facets, preferentially 
grown through both the c- and a- (or b-) axis [55,59]. Regarding these surfaces, hydroxyapatites can 
be seen as ŀ ōƭƻŎƪ ƻŦ ǎǘŀŎƪŜŘ ƭŀȅŜǊǎ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ǎŜǉǳŜƴŎŜ Χ!.!-ABA-!.!ΧΣ where the chemical 
composition for A and B is Ca3(PO4)2 and Ca4(PO4)2(OH)2, respectively. The importance of these {010} 
facets relies on the fact that the crystalline growth can be interrupted in one of these layers. Thus, 
resulting these {010} facets into three possible types of surface terminations. First, the growth of 
the layers is not interrupted, so the face finish in the whole -ABA block, as a consequence 
stoichiometric nano-HA {010} surface types are obtained. Second, the sequence can be interrupted 
ŀǎ Χ-ABA-AB type, which gives origin to a nonstoichiometric nano-HA {010} facets, denoted as 
(010)_Ca-ǊƛŎƘΦ !ƴŘ ŦƛƴŀƭƭȅΣ ǘƘŜ ŎǊȅǎǘŀƭƭƛƴŜ ƎǊƻǿǘƘ Ŏŀƴ ōŜ ƛƴǘŜǊǊǳǇǘŜŘ ŀǎ Χ-ABA-ABA-A, originating 
another nonstoichiometric nano-HA {010} facets, named as (010)_P-rich [60]. It has been reported 
that these two nonstoichiometric surfaces co-exist together by Sato et al. and Ospina et al. [61,62]. 



18 
 

Furthermore, it has been studied by theoretical calculous that the stoichiometric HA {010} surfaces 
react spontaneously with water, which produces the generation of P-OH and new Ca-OH groups 
ƻƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜΦ ¢Ƙŀǘ ƛǘ ƛǎ ǊŜǎǳƭǘǎ ƛƴ ϑлмлϒ ǎǳǊŦŀŎŜǎ ƴŀƳŜŘ ŀǎ ϑлмлϒw όw ƳŜŀƴǎ άǊŜŀŎǘŜŘέύ [63,64]. A 
detailed pictogram of all these types of {010} terminations is shown in Figure 1.4. 

Moreover, some studies made by HR-TEM provided experimental evidence of the exposure of these 
terminations [61,62]. But in any case, it is not a trivial task to observe the really small differences, 
since it is not easy to obtain a proper orientation and stability of the nanoparticles under the 
ŜƭŜŎǘǊƻƴ ōŜŀƳΦ CƻǊǘǳƴŀǘŜƭȅΣ ǘƘŜ ƛƴŦǊŀǊŜŘ ǎǇŜŎǘǊƻǎŎƻǇȅ ƻŦ ǇǊƻōŜ ƳƻƭŜŎǳƭŜǎ ŘƻŜǎƴΩǘ ǎǳŦŦŜǊ ǘƘŜǎŜ 
types of problems. Indeed, carbon monoxide has been used as a probe molecule to study the Lewis 
acidity of the Ca2+ cations located at the surface of the nano-HA [65], as well as the influence on the 
basic properties and the characteristics of surface hydroxyls groups of the nano-HA after the 
substitution of some cation as Mg2+ [66]. Regarding this, it is very interesting the synergic 
computational-experimental work developed by Chiatti et al. Since they presented a way to deeply 
analyse adsorbed CO spectra that permit to evaluate the relative contribution of the different 
terminations for the (001) and three types of {010} facets of the surface nano-HA [67]. Subsequently 
extended by Sakhno et al. in a study that evaluated the textural and surface features in nano-HA by 
infrared spectroscopic of probe molecules to evaluate how the presence of acetates affects in the 
synthesis medium [60]. 

 

 

Figure 1.4: Upper part: side view of the sequence of A) Ca3(PO4)2 and B) Ca4(PO4)2(OH)2 layers in 
the bulk structure of HA along the cross-section perpendicular to the (010)  surface. Bottom part: 

Top view of the three possible (010) terminations. Figure adapted from Ref.[60]. 
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1.3. HYDROXYAPATITES FUNCTIONALIZATION 

One of the most useful, interesting, and exploited characteristics of the HAs is their structural 
flexibility, which allows the incorporation or exchange of anions and/or cations with the surrounding 
media leading to functionalise the nanoparticles. All the present species in the structure are 
susceptible to be exchanged (Ca2+, (PO4)3- and/or, OH-). This ability allows a fine design of the HAs, 
providing materials with specific chemical properties [68,69]. 

There are three different ways to functionalise HA nanoparticles. The first one is to include the 
desired non-apatitic species at the beginning of the synthesis, together with the apatitic reagents 
(from now on referred to as bulk substitution). The bulk substitution occurs in both, the bulk, and 
the surface. Here, the replacing ions can occupy any position in the lattice. The second methodology 
is accomplished once hydroxyapatites have been already prepared. In this procedure, the HA 
powder is suspended in a solution containing the interest ions (from now on referred to as exchange 
substitution). And finally, HAs can be used as support for different molecules of interest whether 
organic, inorganic, or nanoparticles (i.e., HAs as support) [43]. 

Exchange substitutions are possible thanks to the above-mentioned non-apatitic surface layer. Since 
the non-apatitic surface layer is non-stoichiometric, possesses a low crystallinity degree and its ions 
are poorly bonded to the mineral species. For these reasons, allowing ionic mobility and exchange 
between its ions and the present species in the surrounding media. The superficial exchange of the 
HAs nanoparticles seems to be firmly correlated with the maturation stage, the composition of the 
hydroxyapatites, and the nature of the cations [43,70]. The exchange substitutions do not produce 
significant modifications in the structural composition, as has been evinced from XRD patterns and 
hydroxyapatites stoichiometry [43,71]. The exchange procedure is fast, and the equilibrium can be 
reached only in a few minutes. The exchanged materials are stable since it is not possible to remove 
the exchanged species from the surfaces only by resuspending the powders in aqueous solutions or 
washing them. Nevertheless, the back exchange can be achieved by soaking the exchanged 
materials in solutions containing calcium or phosphate ions, or even in presence of other minerals 
ions ((CO3)2- or Mg2+ or Sr2+). The maximum of adsorbed ions and their affinity constants are only 
dependent on the nature of the ions [43,70ς72]. It seems that one of the important parameters in 
the exchange procedure is the ionic radii of the species. In the case of cationic substitution, cations 
with an ionic radio bigger than Ca2+ (0.099 nm) are easier exchanged than cations possessing atomic 
radii similar to or smaller than Ca2+ [73]. Nonetheless, the hydroxyapatite ability to exchange species 
seems to be firmly correlated with the composition of the hydrated layer and the maturation stage. 
The non-apatitic hydrated layer decrease with the maturation time, as it does the ability to exchange 
species with the solution. There are less amount of exchangeable species available. In contrast to 
this, into bulk substitution, the substituted species cannot be removed without destroying the 
structural entity [43,70,72].  

1.3.1. SUBSTITUTION IN PHOSPHATE GROUPS 

For the particular case of the (PO4)3- anions, the most common substituting species are (HPO4)2- and 
(CO3)2-, which are substitutions naturally occurring in biological apatites [74]. Carbonates can occupy 
two positions in the apatites lattice, substituting the phosphates groups (B-type carbonates) or 
substituting the hydroxide groups (A-type carbonates). Also, substitution with silicate (SiO4)4- or 
sulphates (SO4)2- have been studied. As can be observed, in these cases, there is a difference in the 
charge number of the phosphate ions and substituting groups. The charge balance of the entire 
structure must be respected, and the way to do it is through hydrogen vacancies. The elemental 
formula of the HAs is illustrated as Ca10(PO4)6(OH)2-2xOx xΣ ōŜƛƴƎ ά έ ŀ ƘȅŘǊƻƎŜƴ ǾŀŎŀƴŎȅΦ .ǳǘ ŀƭǎƻΣ 
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substitutions with anions maintaining the charge valance are possible. For example, in Hara et al., 
2006, all the phosphate groups were substituted by (VO4)3- and the resulting material was used as a 
catalyst in organic reactions [69,74,75]. 

1.3.2. SUBSTITUTION IN CALCIUM ATOMS 

With respect to calcium 2+ ions, a huge range of divalent species have been used to perform 
substitutions, some of them are Mg, Sr, Mn, Fe, Co, Rh, Ni, Pd, Pt, Cu, Zn, Cd, Pb [69]. When the 
substitutions are performed by exchange, the way to include the cation into the structure is 
different and depends exclusively on the cation nature. It has been reported that Mg2+ is principally 
exchanged into the non-apatitic domains, and it cannot substitute extensively calcium from the 
apatitic structure. Therefore, Mg2+ exchanged cations are always susceptible to be re-exchanged if 
the material is soaking in a solution containing other cations (as Ca2+). Instead of that, It was also 
reported that Sr2+ is a cation that can substitute calcium cations from the apatitic structure as a 
consequence of the ageing (even if an exchange substitution is performed). So, as a consequence of 
maturation time, a certain amount of Sr2+ ions get incorporated into the apatitic domains, and they 
cannot be removed from the apatite structure without destroying the crystal. This behaviour is 
similar to those happening in the bulk substitutions [43,70]. The calcium cations can be also 
substituted by cations with a positive charge different from 2+. Some authors have achieved the 
calcium substitution by silver (Ag+). Also, it has been reported the incorporation of Ti4+ cations. In 
this case, the authors reported that the substitution of Ca2+ by Ti4+ is possible, but at Ti4+ 
concentrations lower than 0.1 M, because at concentrations higher than 0.1 M it starts to appear 
amorphous phases [74]. Moreover, attempts to incorporate rare earths into the structure have been 
done. But they have not been successfully achieved. These are the cases for La3+ and Ru3+ cations, 
where instead of getting a substitution of the Ca2+ cations, it was appreciated the formation of new 
amorphous phosphates phases rich in La or Ru on the surface of the apatites together with the 
apatitic phases. This also produces a partial dissolution of the HAs in the aqueous solution with the 
consequent release of phosphates and calcium ions in the solution [69]. 

1.3.3. SUBSTITUTION IN HYDROXYL GROUPS 

OH- groups normally are substituted by halogens, especially Cl- or even most often F- (FHAs, principal 
components of the human teeth). But also, can be substituted by carbonates (Type-A carbonates), 
as naturally occur in biological hydroxyapatites. 

In general conclusion, it may be said that all these substitutions affect the different lattice 
parameters, crystal morphology, crystallinity, solubility, and thermal stability of hydroxyapatites. 
Specifically, it is possible to observe that substitution procedures principally depend on the nature 
of the specie of interest. So, it is difficult to predict if the substitution will be achieved or not, and 
how it will affect the hydroxyapatites structure [74]. 

1.3.4. ADSORPTION ON HYDROXYAPATITES SURFACES 

The last functionalization type of hydroxyapatites is the adsorption of different species on their 
surfaces. In this case, the species are not incorporated into the hydroxyapatites structure but 
adsorbed on their surfaces by complexation. Therefore, hydroxyapatites are acting as support for 
different phases in this type of functionalization. The adsorption effectiveness depends on the 
intrinsic characteristics of the cations, but the mechanism ruling the adsorption is not still clear. One 
hypothesis is based on Lewis acidity-basicity of hydroxyapatites surfaces. Since OH- and (PO4)3- are 
hard Lewis bases in hydroxyapatites, adsorption of hard Lewis acid might be more effective. Another 
important factor seems to be the cations electronegativity, being more effective the adsorption of 
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cations with higher electronegativity since it facilitates surface complexation reactions. The 
hydroxyapatites can adsorb a huge range of species onto their surfaces. It is possible to perform the 
adsorption of metal ions, metal nanoparticles, organic molecules, and/or proteins. So, as can be 
appreciated, the versatility of hydroxyapatites is enormous; this fact permits their use in a whole 
range of different applications, as will be discussed below [73]. 

1.3.5. HYDROXYAPATITES AS SUPPORT FOR METAL NANOPARTICLES 

Hydroxyapatites nanoparticles have also been explored as support for different metal nanoparticles. 
Normally, the use of hydroxyapatites as support is aimed at catalytic applications. The principal 
advantages of the use of hydroxyapatites as a support are related to their environmentally friendly 
characteristics and their biocompatibility. Therefore, is possible to obtain more environmentally 
friendly catalysts and in some cases also more biocompatible. Moreover, in a non-negligible amount 
of cases, their use as support for metal nanoparticles in catalysis brings better results than other 
traditional supports. As a consequence of their reactive surfaces which can assists actively in the 
catalytic process through their acidic and basic centres. Furthermore, the use of hydroxyapatites 
from natural sources as support means saving with respect to other synthetic catalysts, and a 
renewable mode of supporting metal nanoparticles. The metal nanoparticles are supported by 
linkage with the OH- and (PO4)3- groups, which are acting as binding groups. Different types of metal 
nanoparticles have been supported, based on their future applications. For example, gold and 
ruthenium for their use in water gas shift reaction or platinum with a huge range of diverse 
applications. In any case, more types of supported nanoparticles and their applications will be 
further presented in the application section (1.5.4) [73,76,77]. 

1.4. GENERAL OVERVIEW ON HYDROXYAPATITES PREPARATION 
METHODS 

The increasing interest in the preparation of hydroxyapatites nanoparticles has brought the 
development of several preparation procedures. Each methodology has its special conditions, which 
result in hydroxyapatites nanoparticles possessing different characteristics. The preparation 
methodologies have been developed to exert an accurate control of the crystal growth. Since the 
principal characteristics of nanosized hydroxyapatites are strongly influenced by morphology and 
particle dimensions. Stoichiometry, crystallographic structure, and phase purity are important too. 
But the last ones are more relevant for micro- than for nanostructure. Consequently, 
hydroxyapatites nanoparticles possessing different characteristics mean hydroxyapatites with 
different mechanical properties, biocompatibility, bioactivity, specific surface area, and surface 
chemistry. Therefore, it is possible to address the hydroxyapatites nanoparticles applications 
through their preparation specific conditions. Hereafter, the principal hydroxyapatites preparation 
methods are briefly presented putting more emphasis on the wet methods, since it is the 
methodology employed for the preparation of the nanoparticles presented in this manuscript 
[38,69,78]. 

1.4.1. DRY METHODS 

Dry methods are employed when well-crystallized stoichiometric hydroxyapatites are desired. No 
solvents are used in this methodology. To perform the preparation, the powders of the precursors 
must be carefully and homogeneously mixed. Then, the mixture is submitted to a thermal 
treatment. Variation relies on used precursors, heating temperature, and/or environmental 
conditions [38,78]. 
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1.4.2. WET METHODS 

They are the most used methods, because of their simplicity and high yield. Moreover, it is possible 
to exert a fine tune of hydroxyapatites structure, morphology, and texture. Obtained 
hydroxyapatites can be poorly crystalline and ionic substituted. But other phosphate phases might 
appear together with hydroxyapatites. Wet methods are really versatile since they can be carried 
out in different solvents (aqueous or organic), employ different reagents (even using additives in 
some cases), can be performed at different temperatures, and finally, at different atmospheric 
conditions; in the sense of pressure (atmospheric or high pressures), or composition (inert or air 
atmosphere). It is possible to distinguish four different preparation methodologies in the wet 
methods. 

Co-precipitation methods: It is a simple methodology that consists in the reaction of a phosphorus 
phase (phase containing (PO4)3- ions) with a calcium phase (phase containing Ca2+ cations) in 
presence of other additives, like an acid or a base to control the pH. A huge number of reagents can 
be used as precursors of the calcium and phosphorus phases. Also, the reaction conditions can be 
variable, with pH values ranging from 3 to 12, or temperatures varying from room temperature to 
boiling water temperatures. This methodology can be also performed in the presence of templates. 

Sol-gel methods: It is a methodology performed under soft-chemistry conditions i.e., mainly lower 
temperatures than the conventional procedures. Mineralization occurs from precursors in solution, 
which are normally organometallic reagents. In the first stage, it produces the hydrolysis of 
precursors and the formation of micelles around templates, in aqueous or organic phases. Then the 
polycondensation of these species occurs through the formation of a three-dimensional inorganic 
network. In sol-gel methods, if certain parameters are not taken under control, the appearance of 
different phases, like CaO, Ca2P2O7, Ca3(PO4)2, and CaCO3 might happen. 

Emulsion methods: This method is useful, simple, and efficient for the production of nano-
structured hydroxyapatites powder. The methodology permits accurate control of morphology and 
grain size distribution. Different calcium and phosphate sources can be employed, being the most 
common Ca(NO3)2 and H3PO4. Also, a huge batch of surfactants is available. The more important 
parameters with respect to these methods are the type of surfactants, the ratio of aqueous and 
organic phases, the pH, and the temperature. 

Hydrolysis methods: The preparation protocol follows two steps: dissolution of the precursors and 
subsequent precipitation. Many calcium orthophosphates can be used as precursors, but the most 
common are octacalcium phosphates, dicalcium phosphate dihydrate, and tricalcium phosphate. 
The precursor dissolution step is strongly dependent on the pH and temperature in the media. 

Hydrothermal methods: Resulting hydroxyapatites exhibit a moderate degree of stoichiometry and 
high crystallinity. This process permits control over morphology, porosity, and crystal sizes. The 
preparation procedure is carried out in water, organic solvents, or a mixture of water/organic 
solvents. The reaction medium is isolated from the environment. Reaction conditions include 
temperatures and pressures higher than atmospheric. Frequently, this procedure is combined with 
other methods, like co-precipitation or sol-gel protocols [38,78]. 

1.4.3. ALTERNATIVE ENERGY INPUT METHODS 

They are normally combined with other conventional methodologies. 

Microwave (MW)-assisted methods: It produces hydroxyapatites perfectly crystalline, and greatly 
homogeneous in particle size, morphology, and porosity. 
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Ball-milling method (or mechanochemical process): They are very useful methods for the 
production of hydroxyapatites at a large scale. Also, it has the advantage of being simple and 
reproducible. The different adjustable parameters of these methods are the type of precursors, the 
type of atmosphere, the milling medium, the diameter of the milling balls, the powder-to-ball mass 
ratio, the duration of the milling steps and interval pauses, and the rotational speed. 

Sonochemical methods: The reactions are activated by ultrasound energetic radiation. The method 
permits to exert a perfect control over porosity, morphology, and size (being this always 
nanometric) [38,78]. 

1.4.4. OTHER METHODS 

There are two methodologies specialized in the preparations of biomimetic hydroxyapatites, 
combustion (and/or pyrolysis), or spray pyrolysis. Combustion methods are performed in an 
aqueous phase between HAs precursors and a suitable organic fuel (glycerine, sucrose, citric acid, 
succinic acid, etc.). Therefore, the produced reaction is exothermic and self-sustaining redox. 
Instead of that, in the pyrolysis, the liquid reagents are evaporated, and then, the solutions of the 
precursors are sprayed in a flame or hot zone of an electric furnace using an ultrasonic generator 
[38,78]. 

1.5. APPLICATIONS OF HYDROXYAPATITES 

Hydroxyapatites application fields are extensive and totally different between them. They are 
incredibly versatile materials thanks to their inherent properties. Hydroxyapatites can be used in 
the biomedical field thank to their intrinsic biocompatibility. But, thanks to their structural flexibility, 
exchange, and/or adsorption ability; hydroxyapatites have also shown remarkably interesting 
applications in totally different fields like agriculture, pollution remediation, heterogeneous 
catalysts, etc. For that reason, it is not possible to collect all their applications in this dissertation. 
Therefore, only the definition of some concepts which facilitate the understanding of these 
materials, and some of the most relevant applications will be briefly described here. 

1.5.1. BIOLOGICAL IMPORTANCE OF HYDROXYAPATITES IN HUMAN BONES 

Human body is constituted by different calcified tissues, which in turn are principally constituted by 
calcium orthophosphates. The composition of each calcified tissue is different between them. All 
inorganic phases of adult human calcified tissues are summarized in Table 1.2 showing their 
differences in composition and structural parameters. 

Between all the human calcified tissues, the bones are the majority present. Great efforts have been 
done to understand their formation and fundamental biological role at a molecular level. Bone is a 
complex composite material constituted by both inorganic and organic compounds. Inorganic 
compounds are predominant, being the ratio of inorganic to organics of approximately 75-25% in 
weight and 65-36% in volume. Bone inorganic phase is principally constituted by biological 
hydroxyapatites. On the other hand, the organic matrix is constituted principally by collagen, but 
there are other important biological molecules that play a key role in hydroxyapatites development, 
like citrates or carbonates  [3,79ς83]. 

 



24 
 

Table 1.2: Comparative composition and structural parameters of inorganic phases of adult human 
calcified tissues 

Composition, wt% Enamel Dentin Cementum Bone HA 

Calcium a 36.5 35.1 c 34.8 39.6 
Phosphorus (as P) a 17.7 16.9 c 15.2 18.5 
Ca/P (molar ratio) a 1.63 1.61 c 1.71 1.67 
Sodium a 0.5 0.6 c 0.9 - 
Magnesium a 0.44 1.23 c 0.72 - 
Potassium a 0.08 0.05 c 0.03 - 
Carbonate (as CO32-) b 3.5 5.6 c 7.4 - 
Fluoride a 0.01 0.06 c 0.03 - 
Chloride a 0.30 0.01 c 0.13 - 
Pyrophosphate (as P2O7

4-) b 0.022 0.10 c 0.07 - 
Total inorganic b 97 70 50 65 100 
Total organic b 1.5 20 35 25 - 
Water b 1.5 10 15 10 - 
Crystallographic properties: Lattice parameters (±0.003 Å) 

a-axis, Å 9.441 9.421 c 9.41 9.430 
c-axis, Å 6.880 6.887 c 6.89 6.891 
Crystallinity index, (HA = 100) 70-75 33-37 c 33-37 100 
Typical crystal sizes (nm) 100 µm x50 x50 35 x25 

x4 
c 50 x25 x 

4 
200-600 

Ignition products (800 °C) -̡TCP + HA -̡TCP + 
HA 

-̡TCP + HA HA + 
CaO 

HA 

Elastic modulus (GPa) 80 15 c 0.34-
13.8 

10 

Tensile strength (MPa) 10 100 c 150 100 
a Ashed samples, b unashed samples, and c values were not found in the literature, they should be 
similar to those for dentin 

 

Bones are connective tissues. They are found in vertebrate animals composing the mineralised parts 
of them. Bones are porous materials hierarchically organized. They are relatively hard and 
lightweight, with reasonably high compressive strength but low tensile strength. But also, they are 
basically fragile. Bones develop their functions at both, macroscopic and nanoscopic levels. At a 
macroscopic level, they act as support for body structures, keep safe internal organs, and aid the 
movement together with the muscles. On the nanometric scale, they participate in cell formation, 
calcium metabolism, and store of body minerals. 

 Regarding their structure, bones, as all living tissues, are organized into a strong hierarchical 
structure which is normally differentiated into 7 levels of organization (Figure 1.5) [3,81,90ς93,82ς
89]. 
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Figure 1.5:The seven hierarchical levels of bones organization. Figure reprinted from Ref. [94]. 
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Moving from macroscopic levels to nanoscale dimensions. The first two levels comprise the whole 
skeleton and different bones, which are levels 7 and 6, respectively. There are two types of bones, 
woven and lamellar. Woven bones are formed at the first stage during growth or repair. Their fibres 
are aligned randomly, and for that, they possess low strength. During bone growth, woven bones 
are normally replaced by lamellar bones. On the contrary, lamellar bones are much stronger 
because their fibres are parallel arranged. Lamellar bones are the result of the normal ageing 
process in the human body. Moreover, bones are composed of two types of osseous tissues called 
the first cortical or compact bone, and the second cancellous, spongy, or trabecular bone. Compact 
bone has a relatively high density, and for that, a low surface area. It composes large portions of the 
skeletal mass, and it is found externally surrounding trabecular bone. On the contrary, trabecular 
bone constitutes smaller parts of the skeleton. It has an internal porous structure arranged like a 
network, with variable density, and relatively high surface area. [5,24,89,90,93,95,96,79ς
83,85,86,88] [3]. Both types of osseous tissues are constituted by a porous structure, with pore sizes 
ranging from 1 to 100 µm in compact bone, and from 200 to 400 µm in trabecular bone. In the 
specific case of trabecular bone, the 55-70 % of the pores are connected between them. The 
macroscopic structure of bones and osseous tissues is represented in Figure 1.6 [3,97]. 

The next following steps are lamellar (level 5), fibril array pattern (level 4), and fibril array. These 
levels are at a micrometric scale. Lamellar are bone layers of 3-7 microns thick (level 5). These layers 
are concentrically arranged around the so-called central haversian or osteonic canal (central canal 
of the bones containing nerves and blood vessels) (level 4). 

Finally, at a nanoscale level, bones are constituted by type I collagen molecules conforming a triple 
helix and bio hydroxyapatites nanocrystals (level 1). Collagen triple helices are arranged together 
giving rise to mineralised collagen fibrils (level 2) which are specifically oriented between them (level 
3). 

Collagen triple helices are interacting between them through their elongated axes and thus 
producing the collagen fibrils. The periodicity of a collagen fibrils block is ca. 67 nm. Between one 
collagen fibril block and the next one, there is a gap of ca. 35-40 nm, which is the place where bio 
hydroxyapatites are placed [3,57,85,86,98]. Biological hydroxyapatites crystals show a platelet-like 
morphology (elongated through their crystallographic c-axis), with a really thin and notably uniform 
thickness of 2-4 nm. Bio hydroxyapatites crystals are parallel oriented between them. Thus, they 
interact directly with the collagen fibrils through their elongated direction [3,86,99,100]. 
Nevertheless, there is not yet a well understanding between the interface interaction of collagen 
with bio-hydroxyapatite crystals, it is thought that citrates develop a key role mediating in the 
interaction [3,57]. It is not known neither why the bio-hydroxyapatite crystals show a platelet-like 
morphology [3,79,90,101,102,80ς83,85,86,88,89]. 

Biological hydroxyapatites are not pure and perfectly stoichiometric hydroxyapatites. Biological 
hydroxyapatites are ionic substituted calcium deficient hydroxyapatites (CDHA) [3,103,104]. 
Therefore, they are poorly crystalline and show a high specific surface area. They are non-
stoichiometric, since they are substituted by biological ionic species like Na+, Mg+, F-, Cl- and/or 
(CO3)2-. 
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Figure 1.6: Macroscopy structure of the bones where the compact and trabecular bones can be 
appreciated. Figure reprinted from Dorozhkin 2009 [92]. 
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Some preparation methodologies have been directed to obtain hydroxyapatites nanoparticles 
mimicking the structure, morphology, and principal characteristics of human bone hydroxyapatites. 
These types of bio-mimicking hydroxyapatites were developed to be firstly used in related 
applications in the human bones to treat different diseases and/or injuries. One of the most 
extended uses of biomimetics hydroxyapatites is in bone reparation as bone grafts or implants. 

The first in vivo studies of nano-hydroxyapatites as implants dated from the 1990s either alone on 
their own or together with organic molecules as biocomposites. Hydroxyapatites in a micrometric 
size have been employed for 30 years in dentistry, orthopaedics, and surgery, due to their inherent 
biocompatibility. But, nowadays, thanks to the development of nanotechnology and the 
enhancement that brings the nanometric size to materials properties, the interest in nano-
hydroxyapatites has increased. Hydroxyapatites at a nanometric size show improvements in sense 
of sinterability, densification, and better bioactivity than rough crystals. For these reasons, nano-
hydroxyapatites have become an excellent choice for self-setting bone cement. Moreover, they 
have shown good results in repairing bone defects, as drug deliverers, and as implants. In fact, the 
current use of nano-hydroxyapatites as bone grafts is not intended only to replace lacking bones, 
but also, they are intended to be osteoconductive, since, in this way, grafts can direct bone growth 
by acting as scaffolds [43,94]. 

There are two principal ways to use nano-hydroxyapatites materials in bone repair: 

(a) Nano-hydroxyapatites can be used in powder form as filling materials in biocomposites and 
hybrid materials to transmit biocompatibility. 

(b) Nano-hydroxyapatites can be used alone as dense compacts or porous scaffolds. Since they 
possess enough mechanical properties. 

The application list for nano-hydroxyapatites is pretty huge. For that reason, here I will only present 
briefly some of the most common and recent examples that are employed nowadays.  Nano-
hydroxyapatites can be also used in different application fields. Indeed, they have been used in 
sports medicine, trauma, and orthopaedics due to their ability to remodel into human bones with 
time. As is the case of NanOssTM bone void filler developed by Angstrom Medica. Another example 
is Ostim®, which is a ready-to-use injectable paste used in metaphyseal fractures, periprosthetic 
fractures during hip prosthesis exchange operations, and/or filling cages in spinal column surgery, 
among others. Also, there are materials mimicking bones nanostructure, as is the case of the 
nanosized HA-collagen biocomposites developed by Cui et al. The interesting characteristic of these 
materials is that after implantation they can be incorporated into bone metabolism. Additionally, it 
is possible to find the combination of these HA-collagen materials in combination with polymer. 
Thus, they are producing a porous 3D nanocomposite mimicking bone material which can be 
employed as a matrix for tissue engineering of bones [94,105,106]. 

Nevertheless, synthetic bio-apatites are too stiff and brittle to be used in load-bearing applications, 
and for that, their use in this aspect is quite limited. To solve this problem, biological friendly metals 
are used (cobalt-chromium alloys, titanium and its alloys, and others). Normally these metals are 
coated with bio-inspired-apatites materials in order to improve their biological properties in their 
uses as implants. Finally, synthetic bio-apatites have been used as coating materials to induce 
surface bioactivity in other materials like glasses and polymers [94]. 

Another of the most exploited uses of bioinspired nano-hydroxyapatites is together with bone-
related cells. Bone-related cells are principally osteoblasts and osteoclasts. The importance of these 
cells relies on the fact that they play a key role in the physiological formation of calcified tissues. It 
has been demonstrated that the use of nano-hydroxyapatites can improve the structural 
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biomimicity and osteoconductivity. Nanosized HA-polyamide biocomposites scaffolds have been 
employed to study the adhesion, proliferation, and differentiation of mesenchymal stem cells. 
These biocomposite materials showed good biocompatibility and extensive osteoconductivity with 
host bone in vitro and in vivo. Therefore, nanosized HA-polyamide scaffolds demonstrated their 
potential use in orthopaedic, reconstructive, and maxillofacial surgery. Nanosized hydroxyapatites 
have also shown an improvement in cell attachment and mineralization in vivo. Thus, it suggests 
that these materials possess really good bioactivity, making them excellent candidates for clinical 
use. Moreover, it has been studied the effects of these materials in terms of crystallinity and particle 
size on bone-related cells. The cell culture experiments proved the improvement in the cytophilicity 
of the nanophase HAs in comparison with submicron-sized HAs. Nonetheless, for bone tumour cells 
happened the opposite phenomenon. The bio-apatites showed a great ability to prevent cell 
proliferation in some cancer cell lines when the particle size decreases. The effects of the 
crystallinity were performed between HAs nanoparticles and ACP nanosized, both possessing the 
same particle size distribution. The experimental results showed that the crystalline HAs 
nanoparticles are a better substrate for Marrow mesenchymal stem cells (MSCs) than ACP [94]. 

1.5.2. BIOMEDICAL APPLICATIONS 

In spite of the bone-related applications commented in the previous subsection, nano-
hydroxyapatites have been also tested for other types of medical applications. Here we present a 
brief resume of their most remarkable uses in this field. 

Nano-hydroxyapatites can act as a secure environment for loaded drugs by adsorption, protecting 
them from degradation during the process of penetration inside the cell membrane and performing 
a controlled release of the drugs. For example, two hydroxyapatites with different morphologies 
were studied for the uptake and liberation of a typical anti-inflammatory drug such as ibuprofen, 
showing really promising results [107]. They have been also studied for the adsorption of sodium 
ampicillin or vancomycin [108,109]. Furthermore, calcium phosphates have shown promising results 
as gene delivery systems. In this case, their best advantage is their safety improvement in 
comparison with other conventional carriers. In this application, hydroxyapatites have been proven 
as non-viral vectors to transfer foreign nucleic acids (DNA or RNA) into nuclei of living cells 
(transfection), since nucleic acids cannot penetrate the cell walls by themselves. Transfection is 
done with the objective of repairing missing cell functions and providing means to enhance or 
silence gene expression. Moreover, HAs nanoparticles can be used also as adjuvants to enhance 
vaccines since they can selectively stimulate immunoregulatory responses [94]. Finally, 
hydroxyapatite materials can also act as carriers for proteins, as it has been studied for the particular 
case of bovine serum albumin and lysozyme [110ς112]. 

Taking advantage of the great hydroxyapatites ability to incorporate different substituents in their 
structure. They have been used to host radioisotopes. It has been studied the in situ immobilization 
of strontium into the hydroxyapatites structure [113]. 

Cancer treatment. One of the most remarkable and newly uses of hydroxyapatites has been in the 
treatment of human lung carcinoma. In this study, hydroxyapatites doped with thallium and 
selenium were used. It is remarkable that the use of thallium is forbidden due to its toxicity. 
However, it has been demonstrated that its use together with a hydroxyapatite matrix reduces its 
toxicity and maintains its anticancer activity [114]. 

The use of nanocrystalline materials as carriers for drugs improves the addressed of the material 
inside the body. That permits to kill the cancer cells more efficiently. Hydroxyapatite surfaces can 
be also modified to permit the support of drugs without affinity to their surfaces. One example of 
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that is the modification of hydroxyapatites surfaces with polyethylene glycol and folic acid to 
support paclitaxel (an anticancer compound). The modified-surface hydroxyapatites show a higher 
anticancer activity than paclitaxel acting only by itself [115]. 

Drugs can be also directly adsorbed onto the hydroxyapatites surfaces. In one study the anticancer 
drugs cis-diamminedichloroplatinum(II), di(ethylenediamineplatinum)medronate, and 
bisphosphonate alendronate were adsorbed onto the surface of two poorly crystalline 
hydroxyapatites possessing needle-like or plate-like morphologies. In this study, the nano-
hydroxyapatites demonstrated to be a promising material for the adsorption and release of the 
different drugs. The study also demonstrates the possibility to tailor the hydroxyapatites properties 
to obtain nano-materials with specific therapeutic applications [116]. Nano-hydroxyapatites have 
also shown their healing abilities. They have shown apoptotic action and inhibiting effects for a 
hepatoma cell line, leukaemia P388 cells, and rat macrophages [94]. 

The homologous partner of the hydroxyapatites but present in dentin and enamel, are the 
fluorapatites. These materials have been vastly employed in the dentistry field. The most extended 
applications are related to caries treatment, using nano-fluorapatites as filler to repair damaged 
enamel. But also, they can be used as apatite-coating toothpaste or in mouth rinse to promote 
partial remineralization of damaged enamel and with whitening effects [94]. 

In summary, hydroxyapatites or their related compounds, possess a great versatility thanks to their 
biocompatibility and their easily tuneable physico-chemical properties. Also, their great versatility 
relies on their different morphologies, degree of crystallinity, substituent, different species 
adsorbed, or different functionalization of the surfaces. 

1.5.3. ENVIRONMENTAL REMEDIATION 

Nano-hydroxyapatites have been successfully employed for environmental remediation, being 
considered environmentally-friendly materials. Because nano-hydroxyapatites are non-toxic and 
biocompatible. But more important regarding this field is that they can be obtained from natural 
sources, even from waste. Hydroxyapatites can be extracted from animal wastes like fish or chicken 
bones, fish scales, eggshells, and mussel shells. All these natural materials are considered important 
bioresources for the production of hydroxyapatites. Nevertheless, there is a problem associated 
with hydroxyapatites obtained from natural sources. In comparison with synthetic hydroxyapatites, 
natural sources of hydroxyapatites possess lower purity, less specific surface area, and a high 
content of substituents associated with a deficiency of calcium. Therefore, natural sources of 
hydroxyapatites show worse adsorption capabilities. As consequence, their efficiency in 
environmental remediation applications is lower than for synthetic hydroxyapatites. However, this 
problem can be solved by submitting the natural sources of hydroxyapatites to a pre-treatment of 
purification, addressed to the obtaining of a pure hydroxyapatite phase. This purification procedure 
will improve natural sources hydroxyapatites efficiency up to the level of synthetic ones. The 
importance of natural sources of hydroxyapatites and the reason to perform this purification 
process, rely on their low cost and especially in the reason that using these natural sources of 
hydroxyapatites involves an active participation in the global waste management process [73]. 

Nano-hydroxyapatites are showing direct applications in this field as adsorbents for wastewater and 
solid treatment. Their profitable use in environmental remediation is thanks to their inherent 
characteristics: non-toxic nature, inexpensive and readily available, high adsorption capacity and 
low water solubility, and high stability under reducing and oxidizing conditions. In particular, they 
have shown great characteristics in the removal of metals by immobilizing them into their structure 
(Cr, Pb, Cd, Ni, Zn, Al, Cu, Fe, Co, Mn, Fe, among others) [73].  
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Hydroxyapatite materials have been also used for the treatment of nuclear wastes, as permeable 
reactive barriers (PRBs). Hydroxyapatites are able to immobilise nuclear wastes whether by an 
adsorption process or by a chemical reaction. Important is that the retention process must be 
irreversible. In that sense, hydroxyapatites have proven excellent results in the adsorption of some 
radionuclides as U, Cs, Sr, I, Np. Am, Pu, or Co. Indeed, hydroxyapatites have shown a better 
effectivity in the removal of U compared with granulated activated carbon [117]. 

Moreover, also regarding the hydroxyapatites properties being excellent adsorbent materials, they 
have demonstrated good results in the removal of inorganics or organics compounds. Inorganic 
elements regarding their toxƛŎƛǘȅ ŀǊŜ ƴƻǊƳŀƭƭȅ ƴŀƳŜŘ άǘǊŀŎŜ ŜƭŜƳŜƴǘǎέΣ ŘǳŜ ǘƻ ǘƘŜƛǊ ōŜƴŜŦƛŎƛŀƭ 
properties at really low concentrations in the human body but becoming hazardous at middle or 
higher levels. This is the case of fluoride which can be entrapped into the hydroxyapatites structure. 
Hydroxyapatites have been proven to be the most effective material in F- adsorption in a 
comparative study using hydroxyapatites, Fluorspar, quartz activated using ferric ions, calcite, and 
quartz. Furthermore, hydroxyapatites have the ability to adsorb selenium (in their common anion 
selenite (SeO32-)). Regarding the organic compounds, HAs have demonstrated their efficiency in the 
removal of toxic dyes from contaminated water, whether using synthetic or natural sources of 
hydroxyapatites. Hydroxyapatites have also shown their effectiveness in the adsorption of fulvic 
acid (FA) from consumable water, demonstrating better results than conventionally reported 
adsorbents. Finally, they have been proved as excellent adsorbents for other organic pollutants such 
as nitrobenzene or phenol [73,118ς120]. 

1.5.4. APPLICATIONS IN CATALYSIS 

The importance of heterogeneous catalysis is well-established and recognized in many different 
fields. The use of heterogeneous catalysts is rapidly increasing due to the environmentally friendly 
characteristics of many of the catalysts. In any case, the principal characteristics that should possess 
a material to be used as a heterogeneous catalyst are elevated activity, great selectivity, and robust 
stability. In this sense, hydroxyapatites have demonstrated to be an excellent choice to be employed 
as heterogeneous catalysts. Indeed, during the last years, hydroxyapatites are getting an increased 
interest as one of the new families of heterogeneous catalysts. One of the most practical 
characteristics of their use as heterogeneous catalysts is the facility to address their properties 
through their preparation procedures. That it is possible due to their intrinsic characteristics which 
permit hydroxyapatites to form solid solutions with other materials, exchange ions with the 
surrounding media, and/or adsorb different materials on their surfaces. As a consequence, 
hydroxyapatites catalytic versatility is as big as the different possible combinations that they can 
establish with other materials, plus their use by themselves. Therefore, the application list of 
hydroxyapatites as catalysts is huge. The intention of this dissertation is not to enumerate all of 
them since they can be easily found in the literature. Thus, only a general view will be provided, 
together with the exposition of some interesting concepts directly related to the use of 
hydroxyapatites as catalysts [38]. 

t is well established that one of the crucial factors of solid catalysts is their acid-base properties. The 
factors ruling the activity and selectivity of many catalytic reactions, whether in acid-base 
transformations or redox reactions, are the number and strength of the acid-base sites of the 
catalysts. Considering this, nano-hydroxyapatites are excellent candidates to perform these types 
of reactions, since they possess in their surface both, acid and basic centres closely located. The 
number of acids or basic centres in the hydroxyapatites structure is firmly related to the Ca/P atomic 
ratio in the nanomaterial. For that reason, it is possible to design hydroxyapatite catalysts with the 
desired amount of acidic or basic groups through the synthesis methodologies. High values of Ca/P 
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ratio, results in materials with a lower amount of acid sites, and thus higher is the density of basic 
sites. Stoichiometric hydroxyapatites (Ca/P = 1.67) possess a predominantly basic behaviour. 
Therefore, when the Ca/P ratio is ranged between 1.50-1.67, hydroxyapatites can perform both 
acidic and basic functions. This behaviour is related to the acidic or basic nature of the species i.e., 
Bronsted or Lewis acidity/basicity. Hydroxyapatites possess both, Bronsted ((HPO4)2-) and Lewis 
(Ca2+ and OH- vacancies) acid sites at the surface. That is the reason why species with less amount 
of Ca2+ cations possess lower acidity, because the presence of (HPO4)2- groups or OH- vacancies are 
more abundant at the surface, as is evidenced in Figure 1.7. Moreover, hydroxyapatites can 
participate in oxidation or reduction reactions. Also in redox reactions, the present species at the 
hydroxyapatites surface can actively participate assisting the reaction. In the case of oxidation 
reaction, hydroxyapatite acidic centres play a key role. The presence at the surface of HPO4

2- groups 
and surface cationic vacancies are responsible of the activation for adsorbed oxygen. Cationic 
vacancies can facilitate an electrophilic attack on the adsorbed oxygen thank to their ability to 
entrap electrons. Instead of that, for reduction reaction hydroxyapatites basic groups are 
determinants. In many reduction reactions, hydroxyapatites are used as support for metals or 
nanoparticles. Hydroxyapatites improve the dispersion of the active phase adsorbed on them, which 
results in an enhancement of the catalytic activity [73,121,122]. 

 

 

Figure 1.7: Schematic representation showing the presence of Lewis and Bronsted acid centres at 
the surface of hydroxyapatite nanoparticles (+ɻ represents the OH- vacancies). Figure adapted 

from Ref.  [121].  

 

The nano-hydroxyapatites can be employed in catalysis whether by themselves or by forming solid 
solutions. In this sense, hydroxyapatites have been used as acid/base heterogeneous catalysts in 
biodiesel production. Hydroxyapatites derived from waste natural sources exhibit a great catalytic 
activity with good biodiesel production and recyclability. They can be also used for the oxidation of 
volatile organic compounds (VOCs). VOCs are a type of air pollutant that may be removed by their 
total oxidation assisted by catalysts. For example, in the oxidation of formaldehyde, hydroxyapatites 
have shown a conversion rate of 45%, only slightly lower than the traditional metal catalysts Pd (3 
ǿǘ҈ύ κ ʴ-Al2O3 which is ca. 57 %. But hydroxyapatite catalyst is more stable with time, suffering the 
ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜƛǊ ŎŀǘŀƭȅǘƛŎ ŀŎǘƛǾƛǘȅ ǎƭƻǿŜǊ ǘƘŀƴ tŘ όо ǿǘ҈ύ κ ʴ-Al2O3. Hydroxyapatites have been 
employed in the oxidation of other VOCs like toluene, ethyl acetate, and iso-propanol; producing in 
all the cases excellent results in their oxidation at 400-500 °C. Moreover, hydroxyapatites calcium 
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deficient proved good results in the decomposition of chlorinated organic compounds at 400-500 
°C, like trichloroethylene or chlorobenzene, where these calcium deficient hydroxyapatites are also 
able to entrap Cl species from the reaction medium [73,123]. 

Another use of the hydroxyapatites is in the field of photocatalysis. Hydroxyapatites have shown 
photocatalytic activity whether by themselves or doped with photocatalytic materials. In this 
regard, non-doped single phase hydroxyapatites have proven their photocatalytic efficiency for dyes 
elimination under UV irradiation. Hydroxyapatites can also photocatalyse the decomposition of 
ƻǊƎŀƴƛŎ ŎƻƳǇƻǳƴŘǎ ŀǎ ŘƛƳŜǘƘȅƭ ǎǳƭǇƘƛŘŜΣ ƻǊ ƘƻǊƳƻƴŜǎ όмтʰ-methyltestosterone) [124]. 
Hydroxyapatites combined with other materials have been developed to achieve more specific 
targets in this field. For example, composites materials of TiO2/HAs, Ag3PO4 amorphous Fe(III)-
substituted hydroxyapatite demonstrated good results in the photocatalysis of hazard organic 
molecules like dyes [125]. With the combination of these materials, the obtained results were better 
than the use of both materials separately. Other hydroxyapatites-based composite materials have 
been used for the photodegradation of pharmaceutical products, like TiO2/HAs into the degradation 
of pharmaceutical products or Zinc oxide-hydroxyapatites for the photodegradation of antibiotics 
[73,126,127]. 

Photocatalytic activity of hydroxyapatites has been tested in the removal of nitric oxides (NOx). The 
pollutant effects of the nitric oxides it is thoroughly known, especially the effects of nitric monoxide 
(NO) and nitrogen dioxide (NO2). For that reason, it is mandatory to find a way to remove them from 
the atmosphere. Normally, titanium oxide (TiO2) has been employed as a photocatalyst to achieve 
this target. But TiO2 presents considerable inconveniences which are low adsorption ability for 
pollutants and high recombination of photo-induced electron-hole pairs. But the combination of 
TiO2 and HAs, creating a TiO2/HAs composite material has demonstrated a higher photocatalytic 
activity than the constituent components acting separately. Thus, being this composite material a 
great candidate for the removal of both NO and NO2 [73]. 

Another use for the combination of HAs with TiO2 is in the disinfection of water contaminated with 
bacteria by photocatalysis. This case is equivalent to the previous one, the combination of both 
materials enhanced the photocatalytic activity. Also, the excellent adsorption properties of the 
hydroxyapatites play a key role. Since HAs can adsorb the bacteria on their surfaces [73]. 

Furthermore, hydroxyapatite can be used in catalysis acting as support or containing foreign species 
in their structure. Hydroxyapatites have been largely employed as support of other active phases 
taking advantage of their textural and structural characteristics. The most important 
hydroxyapatites characteristics for these applications are their modulable acid-base properties 
(which sometimes can also participate in the reactions process together with the supported 
material), or their relatively high specific surface area. It is also important that the use of 
hydroxyapatites as support, normally result in a high dispersion of the supported materials. All these 
characteristics are associated with an improvement of the catalytic activity [69,73]. 

For example, hydroxyapatites can be used in oxidation reactions combined with different active 
phases. Pd nanoparticles supported on hydroxyapatites have been studied in the methane oxidation 
reaction, showing an equivalent catalytic activity to the conventional Pd/Al2O3 catalyst [128]. Cobalt 
atoms supported on hydroxyapatites have been used to perform the oxidation of 1,2-
dichloroethane and methanol, showing a higher catalytic activity than Co3O4 [129]. Finally, only to 
give another example, hydroxyapatites have been also used as support for gold nanoparticles to 
perform the oxidation of formaldehyde, or for the elimination of carbon monoxide [130]. On the 
other hand, hydroxyapatites can be employed in reduction reactions. The most important use of 
hydroxyapatites with respect to these studies is in the reduction of NOx. Hydroxyapatites ensure 
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good dispersion of the active phases, becoming therefore an improvement of the catalytic activity. 
Ag2O nanoparticles have been well-dispersed on hydroxyapatites, and they have demonstrated an 
improvement in DeNOx activity in comparison with other catalysts (Al2O3, TiO2, SiO2, ZrO2, TiO2-
ZrO2, and Ga2O3) [131]. Rhodium loaded on hydroxyapatites exhibited superior catalytic activity in 
N2Os decomposition than the other support as Al2O3, TiO2, or SiO2 [132]. 

Moreover, hydroxyapatites can be employed in hydrogen production. Hydrogen is a green and 
sustainable energy carrier, reason why its storage and production are of prime importance. One of 
the ways to store hydrogen is in form of hydrides which can easily generate H2 by a hydrolysis 
reaction. It is important here the use of hydroxyapatites as catalysts support, thanks to their high 
ion-exchange ability and large surface area. In this regard, Rh or Pd supported on hydroxyapatites 
have demonstrated the excellent use of hydroxyapatites as carriers, thanks to their higher 
reusability, or their excellent results in the hydrolysis of ammonia-borane. The hydrogen can be also 
produced through methane conversion. Here, hydroxyapatites have demonstrated their higher 
catalytic activity using a nickel-calcium phosphate/hydroxyapatites against other nickel catalysts 
(NiO/SiO2, NiO/Al2O3-TiO2-CaO) [73,133]. 

Last but not least, it is the use of hydroxyapatites taking advantage of their ability to incorporate 
foreign species into their structure. This is the case of hydroxyapatites substituting their (PO4)3- 
groups by (VO4)3- anions to perform carbon-carbon bond-forming reactions [75]. Cobalt-exchanged 
hydroxyapatites have been employed to catalyze oxidative dehydrogenations of 2-butanol and 
ethane [134]. Hydroxyapatites containing Cu2+ and Co2+ cations have been studied in the 
dehydration of glycerol showing a good rate of reaction conversion and selectivity [135]. Finally, 
regarding pure catalysis, exchanged hydroxyapatites with transition metals (Zn, Cu, Rh, Pd) have 
been successfully used in C-C and C-N bond-forming reactions [136]. Finally, hydroxyapatites 
prepared by ion exchange have been successfully employed in the decomposition of NOx oxides. 
Concerning this application, hydroxyapatites with a high dispersion of CuO particles at their 
surfaces, but also containing Cu2+ cations in their structure have been employed for the NO 
conversion [137]. Exchanged hydroxyapatites with Cu2+ and Fe2+ have been also studied in the NH3-
SCR reaction for the removal of NOx, where both materials showed a good catalytic response but 
were better in the case of iron-functionalized hydroxyapatites [138,139]. 
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2. MATERIALS AND METHODS 

2.1. MATERIAL PREPARATION DETAILS 

In the course of this work, different hydroxyapatites nanoparticles were prepared. The preparation 
procedures employed were aimed to obtain hydroxyapatites possessing some general 
characteristics: a nanometric size of the particles, a high specific surface area, and low crystallinity. 
With the intention to obtain hydroxyapatites nanoparticles mimicking those that can be found in 
the human body. However, the obtained hydroxyapatites were not only tested with biomedical 
applications but also as potential catalysts or electrochemical sensors. 

Four different batches of hydroxyapatites nanoparticles were prepared. The first was a batch of 
non-functionalized hydroxyapatites nanoparticles prepared by co-precipitation. The second was a 
batch of hydroxyapatites nanoparticles containing copper prepared by ionic exchange, thus the 
copper incorporation was expected only at the surfaces of the material. In this case, one of the non-
functionalized hydroxyapatites was used as pristine material to perform the exchange. The third 
was a batch of hydroxyapatites nanoparticles containing copper but prepared by co-precipitation, 
so the copper substitution was expected in both bulk and surfaces. Finally, in the fourth batch, the 
non-functionalized hydroxyapatites were used as support for the deposition of platinum 
nanoparticles. 

As can be appreciated, the principal methodology used for the preparation of the materials was co-
precipitation. Therefore, the common characteristics of this procedure for the preparation of the 
different materials are explained next. 

In the co-precipitation methodologies, two phases are needed to carry out the preparation. First, a 
solution or dispersion containing the Ca2+ cations named as calcium phase. Second, another solution 
containing the (PO4)3- anions known as phosphorous phase. Then, both phases are mixed resulting 
in the precipitation of the materials. The experimental set-up can be tuned to obtain materials with 
different characteristics by exerting a fine control of the following parameters: calcium and 
phosphorous phase compositions, mixing flux of both phases, pH of the phases or during the 
reaction, reaction temperature, and/or maturation time, where the temperature can be also 
controlled [1,2]. 

The processing procedure of the obtained powder was the same in all the cases. It was carried out 
after the maturation time as follows: powders were recovered by centrifugation of the mother 
liquor (4500 RPM, 5 min), washed with double distilled water three times, and finally, dried using a 
freeze-dryer. Afterwards, the obtained dry powder was ground and fractioned employing 75 µm 
sieves. 

2.1.1. PREPARATION OF NON-FUNCTIONALIZED HYDROXYAPATITES 
NANOPARTICLES 

Three different types of non-functionalized hydroxyapatites previously described elsewhere [3,4] 
were prepared and used as control of the doped hydroxyapatites materials. The first two were 
hydroxyapatites with different morphology and (010) surface terminations. They were labelled as 
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HA_Ca_Rich and HA_P_Rich, in function of the composition of their (010) face (It will be later 
explained in detail). The third one was hydroxyapatite containing citrates, and it was labelled as 
HA_Cit. 

The preparation procedure for the materials labelled as HA_Ca_Rich and HA_P_Rich was designed 
to obtain nano-hydroxyapatites showing a predominant exposure of their {010} facets. As was 
explained in chapter one (section 1.2.1), these faces can terminate enriched in calcium (molecular 
composition Ca4(PO4)2(OH)2) or in phosphorous (molecular composition Ca3(PO4)2). Moreover, the 
surface termination in this preparation protocol resulted in a different morphology of the 
hydroxyapatite nanoparticles, being the morphologies needle or plate-like for (010) calcium or 
phosphorus enriched, respectively. It was reported before by our group [3], that these materials 
possess their (010) faces enriched in both phosphorus and calcium. But the ratio of the presence of 
these surfaces is different between them. In summary, we have two materials with different 
morphologies and with a different exposed surface ratio with respect to the composition of their 
(010) surfaces. The first material was denominated as hydroxyapatites calcium enriched 
(HA_Ca_Rich), it is showing a Ca-rich/P-rich ratio of 1/1.4. The second material was nominated as 
hydroxyapatites phosphorous enriched (HA_P_Rich) since its Ca-rich/P-rich ratio is 1/5. The 
morphology and surface terminations are represented in Figure 2.1. 

 

 

Figure 2.1: Schematic representation of hydroxyapatite nanoparticles morphology and their 
surface termination through their (010) surface in function of the Ca-rich/P-rich ratio. Ref. [4]. 

 

Hereafter, the detailed preparation protocol for each non-functionalized hydroxyapatite materials 
is discussed. A schematic representation of the preparation is shown in Figure 2.2. 

Hydroxyapatites (010) calcium enriched (HA_Ca_Rich): Calcium hydroxide (Ca(OH)2Σ җ фрΦл ҈ ǇǳǊŜύ 
and phosphoric acid (H3PO4, 80% pure) were purchased from Sigma-Aldrich and used without 
further purification. All the solutions were prepared with double-distilled water. HA_Ca_Rich 
preparation was performed following a protocol previously described by our group [3]. The 
phosphorus phase (0.225 L) was composed of a solution of H3PO4 (1.26 M), and the calcium phase 
(0.375 L) was made of a suspension of Ca(OH)2 (1.35 M). The phosphorus phase was added dropwise 
over the calcium phase under vigorous stirring with a flux rate of 1 drop/second. The reaction 
suspension was maturated under stirring for 24 hours The temperature was kept at 310 K 
throughout the preparation process. The initial pH of the Ca(OH)2 suspension was 12.8, which 
decreased to 12.6 after the H3PO4 addition. After 24 hours of maturation, the recorded pH was 12.1. 
Subsequently, the powders were submitted to the processing procedure. 
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Hydroxyapatites (010) Phosphorous Rich (HA_P_Rich): Calcium acetate hemihydrate (Ca(Ac)2 · 
0.5H2O, high purity grade), sodium phosphate dibasic (Na2HPO4, 99+%, anhydrous ), and ammonium 
hydroxide (NH4OH, volumetric standard) were purchased from Sigma-Aldrich and used without 
further purification. All the solutions were prepared with double-distilled water. This preparation 
protocol was adapted from a methodology previously developed by our group [3]. A solution of 
Na2HPO4 (0.21 M, 0.3 L) was added drop by drop over a Ca(Ac)2 solution (0.35 M, 0.3 L) previously 
adjusted to pH 10 with NH4OH. The pH was kept at 10 adding NH4OH when necessary during the 
procedure. After the addition of Na2HPO4, the suspension was left under stirring for 24 hours at 
room temperature. Finally, the powders were submitted to the processing procedure. 

Hydroxyapatites with citrates (HA_Cit): Calcium chloride dihydrate (CaCl2Σ ŀƴƘȅŘǊƻǳǎ җ фр҈), 
sodium citrate tribasic dihydrate (Na3(Cit) ·2 H2O), 99% pure), sodium phosphate dibasic (Na2HPO4, 
99+% anhydrous), sodium carbonate (Na2CO3Σ җффΦр҈ ŀƴƘȅŘǊƻǳǎ), and hydrochloric acid (HCl 37% 
analytical reagent) were purchased from Sigma-Aldrich and used without further purification. All 
the solutions were prepared with double-distilled water. Phosphorous phase (0.3 L) was constituted 
by a solution of Na2HPO4 (0.12 M) and Na2CO3 (0.1 M). The initial pH of the phosphorous phase was 
adjusted between 9-9.5 with HCl. Subsequently, the phosphorous phase was put under vigorous 
stirring at 353 K. Calcium phase (0.3 L) was composed of a solution of CaCl2 (0.1 M) and Na3(Cit) (0.4 
M). It was rapidly added over the phosphorous phase solution. The resulting dispersion was kept 
under stirring at 353 K for 24 hours. Then, the powders were submitted to the processing procedure. 

 

 

Figure 2.2: Schematic representation of non-functionalized hydroxyapatites preparation, and 
resume of the principal preparation parameters. 
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2.1.2. COPPER HYDROXYAPATITE NANOPARTICLES BY IONIC EXCHANGE 

The batch of exchanged copper-containing samples was prepared by ionic exchange reaction. 
HA_Ca_Rich was selected as the mother material to perform a superficial exchange between Ca2+ 
and Cu2+ cations. Since HA_Ca_Rich is possessing a bigger amount of (010) faces terminating as 
calcium-enriched. Therefore, there is a greater percentage of Ca2+ cations susceptible to be 
exchanged. Exchange methodology was previously described [5] and it is as follows. HA_Ca_Rich 
(1.5 g) powders were suspended into 50 mL of copper (II) nitrate solution under stirring at room 
temperature for 15 minutes. Afterwards, the washing and freeze-drying procedure were carried 
out. The exchange was performed in three different initial concentrations of copper nitrate solution: 
0.01 M, 0.05 M, and 0.1 M. It resulted in three different copper-exchanged samples, named 
HA_Cu_0.01, HA_Cu_0.05 and HA_Cu_0.1, in the order. The initial pH of the copper nitrate solution 
was 4.8, 4.3, and 4.0, while the final pH after the exchange procedure was 6.8, 4.6, and 4.3 for 
HA_Cu_0.01, HA_Cu_0.05, and HA_Cu_0.1, in the order. Figure 2.3 shows a schematic 
representation of this procedure. 

 

 

Figure 2.3: Ionic exchange procedure for the incorporation of Cu2+ at the hydroxyapatite surface, 
and different samples obtained as a function of the initial concentration of Cu(NO3)2 

 

2.1.3. COPPER HYDROXYAPATITES NANOPARTICLES BY CO-PRECIPITATION 

Hydroxyapatites incorporating copper into their crystalline lattice (HA_Cu_Cop): Calcium chloride 
dihydrate (CaCl2Σ ŀƴƘȅŘǊƻǳǎ җ фр҈ύΣ ŎƻǇǇŜǊ ŎƘƭƻǊƛŘŜ ό/ǳ/ƭ2, 99.99%), sodium citrate tribasic 
dihydrate (Na3(Cit) ·2 H2O), 99% pure), sodium phosphate dibasic (Na2HPO4, 99+% anhydrous), 
sodium carbonate (Na2CO3Σ җффΦр҈ ŀƴƘȅŘǊƻǳǎύΣ ŀƴŘ ƘȅŘǊƻŎƘƭƻǊƛŎ ŀŎƛŘ όI/ƭ от҈ ŀƴŀƭȅǘƛŎŀƭ ǊŜŀƎŜƴǘύ 
were purchased from Sigma-Aldrich and used without further purification. All solutions were 
prepared with double-distilled water. Calcium phase solution (0.150 L) was made of CaCl2 (0.05 M) 
and CuCl2 (0.05 M). The calcium phase was prepared and put under stirring at 353 K. Phosphorous 
phase solution (0.150 L) was prepared to contain Na2HPO4 (0.12 M) and Na2CO3 (0.2 M), and its pH 
was adjusted to 8.5 with HCl. The phosphorous phase was rapidly added over the calcium phase. 
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The mixture was maturated under stirring for 24 hours at 353 K. Then, the powders were submitted 
to the processing procedure. This preparation procedure was designed following the guidelines of 
a previous work developed by Martinez-Casado et al. [4]. 

Hydroxyapatites containing citrates and incorporating copper into their crystalline lattice 
(HA_Cit_Cu_Cop): This preparation procedure was analogous to the protocol of HA_Cu_Cop above 
describe. The only difference between both protocols was the calcium phase composition, which in 
this case included citrates. Thus, resulting in a solution (0.150 L) containing CaCl2 (0.05 M), CuCl2 
(0.05 M), and Na3(Cit) (0.4 M). Sodium citrate tribasic dihydrate (Na3(Cit) ·2 H2O), 99% pure) was 
purchased from Sigma-Aldrich and used without further purification. All the subsequent steps were 
identical to those previously described. 

2.1.4. PLATINUM DEPOSITION ON HYDROXYAPATITE NANOPARTICLES 

For the third batch of materials, the three non-functionalized hydroxyapatites (HA_Ca_Rich, 
HA_P_Rich, and HA_Cit) were used as support for platinum nanoparticles. The deposition of 
platinum nanoparticles onto the hydroxyapatites was performed following the Metal Vapours 
Synthesis technique (MVS). MVS consists in the vaporization of metals powder under vacuum in 
presence of weakly stabilizing organic solvents. The application of this methodology permits the 
generation of small metal nanoparticles (normally <5 nm), with fine size distribution and, highly 
dispersed. Worth noting that the generation of these types of nanoparticles is not dependent of the 
support [6]. 

For the deposition of the Pt nanoparticles onto the hydroxyapatites, Pt vapours were generated at 
1.45 x 10-6 psi by resistive heating of a tungsten wire surface coated with electrodeposited platinum 
(ca. 102.0 mg) were co-condensed with mesitylene in a glass reactor at 77 K. The reactor chamber 
was heated to the melting point of the solid matrix, and the resulting brown solution (55.0 mL) was 
kept under argon atmosphere in a Schlenk tube at 195 K.  

Deposition of the platinum nanoparticles onto the hydroxyapatites was performed by our 
collaborators from the Institute of Science and Molecular Technologies (CNR-ISTM) of Milan. 

2.2. CHARACTERIZATION TECHNIQUES 

2.2.1. ELEMENTAL ANALYSIS 

Elemental composition of the samples was measured to elucidate the amount in weight percent 
(wt.%) of the species of interest. The measured species were calcium cations (Ca2+), phosphorus (P), 
copper cations (Cu2+), and platinum (Pt). This information is very useful since it permits the 
calculation of the Ca/P ratio, one of the most important parameters in relation to hydroxyapatites, 
as was explained in chapter 1 section 1.1.1. Moreover, it permits the calculation of the (Ca + Cu)/P 
ratio in the containing copper samples which allows to evaluate the degree of substitution and its 
nature. 

Elemental analysis of the samples was performed by Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES) using an Agilent 5100 spectrometer (Agilent Technologies, Santa Clara, CA, 
USA). Sample preparation consisted in dissolving 10 mg of powder samples in 50 mL of a 1 %wt. 
HNO3 aqueous solution. Quantification of the elemental composition (In our sample Ca, P and Cu - 
in the specific cases) was performed by calibration curves prepared from commercial certified 
standards solutions (Sigma Aldrich, St. Luis, MO, USA). ICP-OES measurements were performed by 
our collaborators from the Institute of Science and Technology for Ceramics (CNR), Laboratory of 
Bioceramics and Bio-hybrid Composites. 
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2.2.2. SPECIFIC SURFACE AREA MEASUREMENTS (SSA) 

Specific Surface Area was measured to firstly evaluate the particle size since particles with SSA 
values around or higher than 100 cm2/g normally show a nanometric size. Secondly, it is also an 
important parameter to evaluate the potential efficiency of heterogeneous catalysts, because SSA 
give us information about the available reactive sites at the surfaces. Higher SSA values mean 
catalysts with more available reactive sites. Thus, at higher SSA values, catalysts show more catalytic 
activity. The SSA value together with the elemental composition of materials permits the calculation 

of the surface cationic density of the materials (Equation ὥὸȢ  ὅὥὸὲάϳ ὅὥὸ ϷύὸȢ Ͻ
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Equation 2.1 represents the surface cationic density of the materials calculated as the number of 
cationic atoms per square nm (at. Cat/nm2). Where [Cat] is concentration in weight percent of the 
cation, SSA is the specific surface area, NA ƛǎ !ǾƻƎŀŘǊƻΩǎ ƴǳƳōŜǊΣ ŀƴŘ aCat is the atomic weight of 
the cation. 

Specific Surface Area of the materials was measured with a Micrometrics ASAP 2020 using nitrogen 
as adsorbate inert gas at 77 K. SSA was calculated according to the Brunauer-Emmett-Teller (BET) 

model (Equation 
ὖ
ᶻ
ὖ
 ρ‡άέὲὅ   ὧҍ1‡άέὲὅ ϊ z     2. 2) [7]. Samples were previously 

treated by outgassing at room temperature for 12 hours, reaching a residual pressure of 1 x 10-3 
mbar. 

ᶻ    Ͻ z      2. 2 

²ƘŜǊŜ ˄ ƛǎ ǘƘŜ Ǝŀǎ ǾƻƭǳƳŜ ŀŘǎƻǊōŜŘ ŀǘ ŀ specific ǇǊŜǎǎǳǊŜΣ ˄mon ƛǎ ǘƘŜ ˄ ǾŀƭǳŜ ǿƘŜƴ ǘƘŜ ƳƻƴƻƭŀȅŜǊ 
is completed, C is a constant correlated with the temperature, and P* is the vapour pressure of the 
adsorbate at the temperature of the experiment. 

2.2.3. SOLID-STATE NUCLEAR MAGNETIC RESONANCE (SS-NMR) 

Solid-state NMR (ss-NMR) is a spectroscopic technique, which is sensitive to the species present in 
both surface and bulk, unlike infrared spectroscopy of adsorbed probe molecules which is only 
sensitive to the species present at the surface. Therefore, in substituted samples, ss-NMR allows to 
elucidate how the incorporation of the species into the structure occurs: if this happens only at 
surface level, or, conversely, the exchange occurs also in the bulk. Moreover, with ss-NMR is possible 
to study the chemical environment of the principal species presents in our HAs (Ca2+, Cu2+, and PO43-

). 

Solid-state NMR spectra were collected on a Bruker Avance III 500 spectrometer and a wide bore 
11.75 Tesla magnet with operational frequencies for 1H and 31P of 500.13 and 202.45 MHz, 
respectively. A 4 mm triple resonance probe, in double resonance mode, with MAS was used in all 
the measurements and samples were packed in a zirconia rotor and spun at a MAS rate of 15 kHz, 
ǇǊƻŘǳŎƛƴƎ ŀ ǎŀƳǇƭŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ олп YΦ ¢ƘŜ 31P MAS spectra were collected with a 90-degree 
ǇǳƭǎŜ ŀƴŘ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ǊŀŘƛƻ ŦǊŜǉǳŜƴŎȅ ŦƛŜƭŘ ǿŀǎ тм ƪIȊ ǿƛǘƘ 1H decoupling during 
acquisition. For the 31P {1H} cross polarization (CP) MAS experiments, the proton radio frequencies 
όwCύ ƻŦ млл ŀƴŘ рл ƪIȊ ǿŜǊŜ ŜƳǇƭƻȅŜŘ ŦƻǊ ƛƴƛǘƛŀl excitation and decoupling, respectively. During the 
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CP period, 1H RF field was ramped using 100 increments, whereas 31P RF field was maintained at a 
constant level. During acquisition, protons were decoupled from 31P using a Spinal64 decoupling 
scheme. A moderate ramped RF field of 55 kHz was used for spin locking, while 31P RF field was 
ƳŀǘŎƘŜŘ ǘƻ ŀŎƘƛŜǾŜ ƻǇǘƛƳŀƭ ǎƛƎƴŀƭΦ ! /t ŎƻƴǘŀŎǘ ǘƛƳŜ ƻŦ с Ƴǎ ǿŀǎ ǳǎŜŘΦ 1H MAS NMR spectra were 
acquired with an excitation pulse of 100 kHz. In addition, a rotor-synchronized spin-echo sequence 
όˉκнς̱ς̄ς̱ςacquisition) was also applied to collect 1H NMR spectra with a delay time of 2000 ms. 
The relaxation delays, d1, between acŎǳƳǳƭŀǘƛƻƴǎ ǿŜǊŜ млл ǎ ŦƻǊ 31t ŀƴŘ р ǎ ŦƻǊ 1H. All chemical 
ǎƘƛŦǘǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ǳǎƛƴƎ ʵ ǎŎŀƭŜ ŀƴŘ ŀǊŜ ŜȄǘŜǊƴŀƭƭȅ ǊŜŦŜǊŜƴŎŜŘ ǘƻ ŀƳƳƻƴƛǳƳ ŘƛƘȅŘǊƻƎŜƴ ǇƘƻǎǇƘŀǘŜ 
ŀǘ лΦу ǇǇƳ ŦƻǊ 31P and tetramethylsilane at 0 ppm for 1H. ss-NMR measurements were acquired by 
our collaborators from the University of Alessandria. 

2.2.4. HIGH-RESOLUTION TRANSMISSION ELECTRON MICROSCOPY (HR-TEM) 

HR-TEM images were employed to analyse the size, morphology, and aggregation degree of the 
samples. In addition, it is possible to observe the crystallinity of the nanoparticles and the non-
apatitic layer at the surface. Finally, HR-TEM permitted the analysis of the platinum nanoparticles 
deposited on the hydroxyapatite nanoparticles, allowing a study of their size and distribution. 

HR-TEM pictures of the materials were recorded with a JEOL 3010-UHR electron microscope, 
operated at an acceleration potential of 300 kV. Measurements were performed under feeble 
illumination conditions to prevent any kind of modifications of the materials during the analysis, 
since hydroxyapatites samples might suffer alterations under the electron beam, potentially 
resulting in subsequent crystallizations and/or in the loss of bulk water [8ς10]. Fourier transforms 
of direct pictures were obtained using the Gatan Digital Micrograph program software. 

To perform the experiments, samples were prepared by dispersing the powder on lacey carbon Cu 
grids, only by direct contact between the powder with the grids, and subsequently a soft shaking. 

2.2.5. X-RAY POWDER DIFFRACTION (XRPD) 

X-ray diffraction experiments were performed to collect information about the crystallinity degree 
and phase composition of the hydroxyapatite samples. 

X-ray ŘƛŦŦǊŀŎǘƛƻƴ ǇŀǘǘŜǊƴǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ǿƛǘƘ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ tǊƻ ǇƻǿŘŜǊ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ 
ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀƴ ·Ω/ŜƭŜǊŀǘƻǊ ŘŜǘŜŎǘƻǊ ǳǎƛƴƎ /ǳ Yʰ ǊŀŘƛŀǘƛƻƴ ƎŜƴŜǊŀǘŜŘ ŀǘ пл ƪ± ŀƴŘ пр Ƴ!Φ ¢ƘŜ 
instrument was set up with ¼ and ¼ slits. Sample powder was placed in a quŀǊǘȊ ƘƻƭŘŜǊΦ ¢ƘŜ нʻ 
ǊŀƴƎŜ ǳǎŜŘ ǿŀǎ ŦǊƻƳ млϲ ǘƻ флϲ ǿƛǘƘ ŀ ǎǘŜǇ ǎƛȊŜ όϲнʻύ ƻŦ лΦлн ŀƴŘ ŀ ŎƻǳƴǘƛƴƎ ǘƛƳŜ ƻŦ фл ǎŜŎƻƴŘǎ ǇŜǊ 
point. 

The average sizes of crystalline domains (d) along the hydroxyapatites axis directions D(002) and D(310) 

were calculated by the Scherrer equation (Equation d = 
  

    ) [11]: 

Ä  
  

      2. 3 

Where d is the average size of crystal domains, K is a shape factor of value 0.9 for this particular 
ŎŀǎŜΣ ˂ ƛǎ ǘƘŜ ·-ray ǿŀǾŜƭŜƴƎǘƘΣ ʻ ƛǎ ǘƘŜ ƳŜŀǎǳǊŜŘ .ǊŀƎƎ ŀƴƎƭŜΣ .exp and Bins are the experimental 
and instrumental broadening, respectively. The instrumental contribution to peak broadening was 
evaluated by collecting the PXRD pattern of a LaB6 standard sample. 
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2.2.6. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

Fourier transform infrared spectroscopy (FTIR) versatility is thoroughly known. It is used for the 
characterization of materials and to determine their principals functionals groups. But also, FTIR can 
be employed to perform a fine characterization of the surfaces of the materials by infrared 
spectroscopy of probe molecules. FTIR of probe molecules is able to detect different species present 
at the surface of the samples and distinguish their chemical environment. 

Sample preparation and experimental set-up to perform infrared measurements: Before infrared 
analysis, samples were meticulously grinded and pressed in self-supporting pellets with a hydraulic 
press. The required pressure to obtain a self-supporting pellet vary with the type of sample. In our 
specific case, the used pressures are approx. 0.3-0.8 tons · cm-2. The pellet must then be fixed into 
a gold frame. The gold frame is a sample holder. It is a thin square sheet of gold with a hole in the 
middle, to allow the pass of the IR beam, and possesses four mobile wings which allow fixing the 
pellet into the gold frame (Figure 2.1). The gold frame is first properly treated (by heating over 800 
°C), to make it more malleable, thus, giving it more flexibility permitting an easy opening and closure 
of the wings to place the pellet inside. The function of the gold frame is support and keep safe the 
pellet (normally really fragile) during the pre-treatment and the IR analysis of the sample. 

Normally, two types of infrared cells are used to perform the measurements with self-supporting 
pellets. One is used to perform measurements at room temperature (RT_cell), and the other is used 
to perform measurements at low temperature (LT_cell). Both cells are represented in Figure 2.4. 
With respect to RT_cell, the first part is made of glass, and the long part is made of quartz, which 
permits the treatment of the samples in situ at elevated temperatures (until 800 °C).  The cell is 
closed placing a tap at the top of it. Tap serves to isolate the cell from the external atmosphere and 
to attach the cell to a vacuum line through a connector. At the bottom of the cell, there are two 
windows, placed on each side of the cell. Windows are made up of any material transparent to 
infrared radiation, normally KBr or CaF2. Pre-treatments under heating conditions (if necessary) are 
performed by placing the pellet in the middle of the quartz part and inserting this part inside of a 
special ceramic oven. Once the treatment is completed, the pellet is shifted down and placed 
between the windows to perform the infrared analysis. In the infrared analysis at room 
temperature, the pellet is at ca. 50 °C (IR beam temperature). 
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Figure 2.4: Schematic representation of both room temperature (A) and low temperature (B) cells, 
and gold frames used to hold the self-supporting pellets. 

 

On the other hand, we have LT_cell, which is really similar to RT_cell but has some special 
characteristics. The tap of this cell has a funnel connected to a pipe which goes down through the 
centre of the cell. Attached at the bottom of the pipe there is a metal support (normally made up 
of copper) where the pellet is placed. Liquid nitrogen can be permanently added to the pipe to cool 
down it, and thus the metal support and the pellet placed at it are also cooled by thermal contact. 
The temperature achieves in the sample is higher than 77 K (liquid nitrogen temperature), since the 
pellet is not directly in contact with liquid nitrogen, and the IR beam acts as a heating agent. It has 
been reported that the reached temperature during these types of experiments is around 130-150 
K. 

The vacuum line: The vacuum line is constituted by a system of Pyrex tubes and valves connected 
between them (Represented in Figure 2.5). At one end, the vacuum line is connected to a pump 
system to perform the vacuum. The pump system is an assembly of a primary rotative and a 
turbomolecular pump disposed in series between them, able to reach a residual pressure less than 
1 x 10-4 mbar. At the other end, the vacuum line possesses a connector and a valve which permits 
the assembly of the infrared cell to the vacuum line. The function of the vacuum line is to perform 
measurements or treatments of the samples under controlled atmosphere. For that reason, the 
vacuum line is also possessing some insets where balloons containing gas can be directly attached 
to the line. Therefore, it is possible to perform in situ adsorption/desorption pre-treatments of the 
sample under vacuum or in a gas atmosphere, either at room temperature or by thermal treatment. 
These procedures are really useful for the surface study of the different samples. Moreover, these 
characteristics allow monitor in continuous and in situ adsorption/desorption studies of gas 
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molecules directly at the surface of the materials, which is known as infrared spectroscopy of probe 
molecules. 

 

 

Figure 2.5: Schematic representation of the vacuum line. 

 

The instrument and the acquisition parameters: Infrared spectra presented in this dissertation 
were acquired using a Bruker Equinox 55 spectrometer equipped with both DTGS and MCT 
detectors. Spectra were collected at a resolution of 4 cm-1 and a zero filling factor = 8. The number 
of scans was adjusted to 128 to obtain a good signal-to-noise ratio. Data were normalized by optical 
density (weight of pellet in mg / area of pellet in cm2), in order to make differences in intensity 
independent of differences in the thickness of the pellets [12]. 

Infrared spectroscopy of probe molecules: Infrared spectroscopy of adsorbed probe molecules is 
an important methodology which allows analysing in depth the materials surface composition. For 
the performance of this technique, the sample is previously pressed into a self-supporting pellet, 
then placed in a gold frame, and in turn into a spectroscopic cell as those described above. Then, 
the cell is attached to a vacuum line. The probe molecules are in gas phase and are sent to the 
sample through the vacuum line. Probe molecules are infrared active molecules which are physi-
/chemi-sorbed by the species present at the surface of the material. The species of the material 
might be not infrared-active, but due to the chemisorption of probe molecules, a bond is established 
between the specie and the probe molecule. Consequently, the species become revealed through 
the appearance of an infrared band in the spectrum. The intrinsic characteristics of this band are 
directly related to the nature of the probe molecule, and the specie at which is adsorbed. At the 
same gas pressure of probe molecule, the band position (normally expressed in wavenumber (cm-

1)) and its intensity are directly related to the nature of the adsorbed probe molecule, to the specific 
specie nature and to its chemical environment. Therefore, it allows to elucidate the nature of 
different species, their oxidation state, their chemical environment (as can be their coordination 
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state), and/or some specifics characteristics related to the surface of the materials (as can be, acidity 
or basicity of the material surfaces) [12ς14]. 

In our case, the species of interest are platinum nanoparticles calcium, and copper cations. For that 
reason, one of the selected probe molecules was carbon monoxide (CO). Since CO is a probe 
molecule sensitive to all these species. The use of CO as probe molecule is thoroughly extended due 
to its great versatility. Moreover, for the particular case of copper-containing samples, nitric oxide 
(NO) was also used as probe molecule. Because NO is also sensitive to copper species, and it shows 
a higher affinity for Cu2+ cations than CO. Indeed, CO is more sensitive to Cu+ cations. 

The probe molecules experiments were performed by monitoring the adsorption of the probe 
molecule on our samples at different coverages of CO, followed by the desorption study by 
outgassing the probe molecule. Desorption study was performed with the intention to obtain more 
information of the present species through the evaluation of the adducts stability. 

2.2.7. CYCLIC VOLTAMMETRY (CV) MEASUREMENTS 

The potential catalytic activity of copper-containing hydroxyapatites samples was evaluated by 
measuring the electrochemical reduction of H2O2 by cyclic voltammetry. The whole batch of 
electrochemical experiments was carried out in one compartment voltammetric cell (10-20 mL) at 
room temperature (Figure 2.6). The conventional three-electrode configuration was employed 
throughout the work. As reference electrode, an Ag/AgCl 3 M KCl electrode was used. As an auxiliary 
electrode, a platinum wired electrode was employed. Finally, as working electrode, modified carbon 
paste electrodes containing our samples were prepared (carbon paste electrodes are described 
below). 
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Figure 2.6: Schematic representation of a voltammetric cell containing the three electrodes. Ref 
[15]. 

 

Cyclic voltammetry measurements were carried out with an Autolab electrochemical analyzer 
operated via NOVA 2.14 software (Metrohm Autolab, Utrecht, The Netherlands). Experiments were 
performed by adding 10 mL of PBS buffer (0.02 M) into the voltammetric cell. Then the three 
electrodes were immersed in the PBS solution. The current intensity (in µA) was measured in 
function of the applied potential, which was ranged from -1.4 to 1.0 V. Subsequently, 200 µL of a 
solution of H2O2 (0.1 M) was added to the voltammetric cell, and the current intensity in function of 
the potential applied was recorded. Thus, the catalytic activity was evaluated as the differences in 
current intensity at -0.4 volts. 

The carbon paste electrodes: Carbon paste electrodes (CPE) is a type of working electrode used to 
perform electrochemical measurements (Figure 2.7). CPE can be easily modified by incorporating a 
desired material powder during the electrode preparation. For the preparation of a CPE two 
principal materials are required: first graphite powder to ensure the electrical conductivity, and 
second a highly viscous phase to homogenize all the powder and permit the handling of the mixture 
(as can be mineral oil or paraffin). Moreover, other materials can be incorporated previously into 
the viscous phase. For the preparation of CPE first, the graphite powder, together with the powder 
of the desired material, must be precisely weight. Then both powders are grinded together to make 
a homogeneous mixture. After that, the precise amount of viscous phase (also measured by 
weighting) is added to the powder mixture. Finally, the resulting mixture must be accurately hand-
mixed by grinding all the components together until the obtaining the complete homogeneity of the 
viscous phase. The obtained paste is then placed into a piston-driven carbon paste holder, which 
consists of an elongated plastic support with a piston at the bottom and a hole (with a diameter of 
2 mm) at the top. The electrode paste is packed into the carbon paste holder by filling it through its 
hole, with the help of a thin metal rod permitting to carefully compact all the paste inside the 
electrode. The piston permits renewing the surface of the CPE mechanically by extruding carbon 
paste out (normally ca. 0.5 mm) of the electrode holder and smoothing it with a wet filter paper. 
Once the CPEs are prepared, it is advisable to leave the CPE resting for 24 hours to homogenize and 
settle them [16,17]. 
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Figure 2.7: Schematic representation of the carbon paste electrodes and the piston-driven 
electrode holder. Ref [18]. 

 

In our case, two types of CPE were prepared to perform the electrochemical measurements. First, 
a bare electrode constituted only by highly viscous mineral oil (0.175 g) and graphite powder (0.325 
g). This bare electrode was employed as control during the performance of all the experiments. 
Second, modified CPEs containing our samples were prepared. They were prepared with highly 
viscous mineral oil (0.175 g), graphite powder (0.250 g), and hydroxyapatites powder (0.075 g). 

Electrochemical experiments were carried out at the Chemistry and Biochemistry Department of 
Mendel University in Brno, during my abroad period. 

2.2.8. ANTICANCER ACTIVITY ASSAYS 

Cells lines and culture: The following cell lines were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA): murine colon adenocarcinoma (CT26; Cat# CRL-2638, RRID: 
CVCL_7256); triple-negative human mammary carcinoma (MDA-MB-468; Cat# HTB-132, RRID: 
CVCL_0419); and human metastatic prostatic adenocarcinoma (PC-3; Cat# CRL-1435, RRID: 
CVCL_0035) cell lines. These cell lines were maintained in RPMI-1640 medium supplemented with 
10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL 
streptomycin, 1 mM sodium pyruvate, 4.5 g/L of glucose, and 10 mM of HEPES solution.  

The human hepatocellular carcinoma (Huh-7; Cat# PTA-4583, RRID: CVCL_0336) cell lines were 
purchased from the ATCC (Manassas, VA, USA). These ceƭƭǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘ ƛƴ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 
Eagle Medium (DMEM) supplemented with 10% FBS, 4 mM glutamine, 100 U/mL penicillin, 100 
µg/mL streptomycin, 1.5 g/L sodium bicarbonate, 4.5 g/L of glucose and 10 mM of HEPES solution. 
  
Cells showing exponential growth with viability greater than 95% were used for all experiments. Cell 
lines were used in up to four passages. Cultures were maintained under standard conditions (37 °C, 

5% CO2 atmosphere) and grown until  80-90% confluence. All cell lines were tested for 
mycoplasma infection (MycoAlert Mycoplasma Detection Kit, Lonza, Switzerland) according to the 
ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 

In vitro cytotoxicity assays: The cytotoxicity of drugs in mouse and human cancer cell lines was 
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, 
cells were seeded in a 96-well flat bottom tissue culture plate (Thermo Fisher Scientific, USA) (0.5 
or 1.0 x 104/well density), followed by the addition of various concentrations of the samples to reach 
a final volume of 200 µL per well. Triplicate wells were used for each test condition. The plates were 
incubated in a 5% CO2 atmosphere at 310 K for 24 h, 48 h, or 72 h. Cells were then centrifuged (200 
g, 5 min, 277 K) and resuspended in 120 µL of MTT (5 mg/mL) in culture medium for an additional 3 
h (5% CO2 atmosphere at 310 K) to allow for complete cleavage of the tetrazolium salt by metabolic 
active cells. Finally, 200 µL of dimethyl sulfoxide (DMSO) was added to each well for 15 min. The 
absorbance in each well was determined at 570 nm using a microplate reader (Infinite 200 PRO, 
TECAN, Switzerland). Each drug concentration was tested in triplicate, and at least two independent 
experiments were performed. 

Analysis of total ROS: For analysis of total ROS, cells (~1×105 per well) were seeded into flat bottom 
tissue culture plates and incubated overnight in standard culture conditions (5% CO2 atmosphere at 
310 K) to allow attachment. Subsequently, cells were exposed to an annotated concentration of 
samples and incubated for another 24 h. Then, the cells were washed twice with phosphate-
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buffered saline (PBS, pH 7.4) and incubated with 10 µM 2',7'-dichlorodihydrofluorescein diacetate 
(H2DCFDA; Invitrogen, USA) for 30 min (the incubation steps were conducted in a 5% CO2-
humidified atmosphere at 310 K). After the incubation period cells were harvested by centrifugation 
(300×g, 5 min, 277 K) and fluorescence intensity was analyzed using the BD Accuri C6 Plus (BD 
Biosciences, USA). Dead cells were gated out by 7-aminoactinomycin D (7-AAD; Exbio, Czech 
Republic) staining. For each experiment, at least 25,000 events/sample were recorded. Data were 
analyzed using FlowJo software (FlowJo; RRID: SCR_008520). The assay was done in duplicate, and 
two independent experiments were performed. 
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3. HYDROXYAPATITES 
FUNCTIONALIZED WITH COPPER 

BY IONIC EXCHANGE 

3.1. INTRODUCTION 

The hydroxyapatites capacity to incorporate anions or cations present in the surrounding media 
inside of their surfaces or even structure has been thoroughly studied. This ability is attributed to 
the surface hydrated layer surrounding the hydroxyapatites nanoparticles and possessing a non-
apatitic structure. The non-apatitic surface layer is constituted by superficial water molecules and 
labile ions, principally Ca2+, HPO4

2-, CO3
2-. Therefore, one of the most common protocols to 

functionalize hydroxyapatites is through ionic exchange, which consists in making a suspension of 
the hydroxyapatites powder in an aqueous solution containing the ionic species of interest. It 
permits the labile ionic species of the non-apatitic surface structure to be exchanged with the ionic 
species present in solution. Thus, incorporating the anions or cations of interest inside of the 
hydroxyapatites surface or structure. Unfortunately, it is not possible to predict a priori the 
extension or way of the substitution, since the incorporation of an ionic specie into the 
hydroxyapatites surface, strongly depends on the ionic specie nature and the specific characteristics 
of the hydroxyapatites. However, the exchange degree is enhanced for hydroxyapatites possessing 
nanometric size, low crystallinity, and a high specific surface area. The study and control of this 
ability permit a fine design of the hydroxyapatites properties intended to be used for different 
applications that can be as diverse as from biomedical applications to their use as heterogeneous 
catalysts [1ς5]. 

Several cationic species have been incorporated into the hydroxyapatites surfaces to develop 
different applications. A detailed explanation about the different hydroxyapatites substitution, 
some examples and their different applications are collected in Chapter 1. However, for a better 
comprehension of the work presented in this chapter, it is important to consider the 
hydroxyapatites functionalised with copper. The copper incorporation into the hydroxyapatites 
structure and/or surfaces can be achieved through bulk substitution or ionic exchange. But the bulk 
substitution will be further discussed in Chapter 4.   

The incorporation of copper cations by ionic exchange into the hydroxyapatite surface has been 
successfully achieved in several cases. It has been reported that in this type of substitution, the 
copper uptake for hydroxyapatites soaked in a solution is strongly dependent on the copper 
concentration in solution. Moreover, the increase in the soaking time does not affect the 
incorporation of Cu2+ ions into the hydroxyapatites surface for relatively short times (less than 20 
minutes). However, longer exposition times could promote on one hand the coexistence of Cu2+ 
with CuO nanoclusters (ca. 20 minutes), and on the other hand the precipitation of new phases, 
such as libethenite (Cu2(OH)(PO4)) (ca. 50 minutes), which indicates that a dissolution/precipitation 
mechanism occurs. These experiments were performed for highly crystalline hydroxyapatites [6,7]. 
Moreover, it has been reported that as a consequence of soaking hydroxyapatites in aqueous 
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containing copper solutions, the copper incorporation on the hydroxyapatites surface can occur 
through a complexation mechanism. Cu2+ ions are immobilized on the hydroxyapatites surface by 
direct interaction with carbonates and hydroxyl groups [8]. 

Copper-exchanged hydroxyapatites have been vastly employed with catalytic applications for 
selective hydrogenations [9], formaldehyde oxidations [10], azide-alkyne cycloadditions [11] or 
antimicrobial applications [12]. Another important application related to the ability of copper-
exchanged hydroxyapatites is their use in polluted waters. In these applications the hydroxyapatites 
are used without modifications and taking advantage of their adsorption capacities, they have been 
used to remove the copper cations from polluted waters [8]. Finally, copper exchange 
hydroxyapatites have been also tested in the NH3-SCR of NOx. Here, hydroxyapatites containing 
copper in different manners were tested. The bests results were obtained for the Cu2+-exchanged 
hydroxyapatites [6,7]. 

In this chapter hydroxyapatites containing copper by ionic exchange are presented. As pristine 
material hydroxyapatites poorly crystallized, exhibiting a high specific surface area, a nanometric 
size, and showing a bigger proportion of their exposing {010}-facets calcium enrichment 
(HA_Ca_Rich) were used (section 2.1.1). Taking advantage of the hydroxyapatites ability to 
exchange cations and its high surface concentration of Ca2+ ions, HA_Ca_Rich was suspended at 
room temperature for a short time (15 min) in copper nitrates solutions (Cu(NO3)2) at different 
concentrations. Three different initial concentrations of Cu(NO3)2 solutions were used: 0.01 M, 0.05 
M, and 0.1 M. Thus, three different copper-containing samples were obtained, labelled in reference 
to the initial concentration of copper nitrate in solution:  HA_Cu_0.01, HA_Cu_0.05 and HA_Cu_0.1. 

3.2. ELEMENTAL AND MORPHOLOGICAL ANALYSIS 

3.2.1. ELEMENTAL ANALYSIS 

Specific Surface Area of all the samples was measured by N2 adsorption applying the BET method. 
There were not significant differences between the pristine material and the copper-containing 
samples. In all samples, SSA value is in order of magnitude expected for nanometric materials (125 
m2/g). 

The elemental composition of the samples is presented in Table 3.1. As can be appreciated, the 
incorporation of copper cations into the samples was successfully achieved. It can be noticed that 
the amount of incorporated copper increases with the increase of Cu2+ concentration in the initial 
solution until reaches a maximum at 0.05 M. The differences in the amount of incorporated copper 
between HA_Cu_0.05 and HA_Cu_0.1 is minimal, being 7.2 and 7.7 (wt. %), respectively. It has been 
previously reported [13,14], that this could be the consequence of reaching the saturation of the 
surface cations exchange capacity, which in our conditions is achieved already at the concentration 
of 0.05 M Cu2+ ions in solution. No differences were detected in the content of phosphorous since 
it is not involved in the cation exchange mechanism. However, as could have been predicted, there 
is a noticeably decrease in the Ca/P atomic ratios in the copper-containing materials with respect to 
the HA_Ca_Rich sample, owing to the substitution of the surface-exposed Ca2+ cations with Cu2+. 
Instead of that, the (Ca+Cu)/P atomic ratio is almost constant, and its value is close to the expected 
value for stoichiometric hydroxyapatites (1.67), indicating the consistency of a Ca2+ surface 
exchange by Cu2+ ions. 

It was previously reported that the surface density of Ca cations in pure hydroxyapatites was 4.5 
Ca2+/nm2 [10,32]. On the basis of the obtained data by ICP, the number of Cu2+ ions exposed per 
unit area was estimated. It can be appreciated that HA_Cu_0.05 and HA_Cu_0.1 slightly exceed the 



58 
 

expected value of surface density corresponding to pure hydroxyapatites. It implies that the 
maximum possible exchange of surface-exposed Ca atoms to Cu has been reached. Furthermore,  
the exposed discrepancy in the surface density of exposed cations between pure hydroxyapatites 
and the estimated amount of Cu ions at the surface of the exchanged materials could be possibly 
explained by two facts. First, it might happen a limited exchange with the Ca2+ ions also into the sub-
surface or bulk inner layers. Second, little amounts of Cu2+ ions can be adsorbed on the surface of 
the hydroxyapatites by a complexation mechanism. In the specific case of HA_Cu_0.01 sample (1.6 
Ci2+/nm2+), It is worth noticing that the amount of Cu is considerably lower than the amount of Ca 
in pure hydroxyapatites suggesting the co-existence of both Ca and Cu ions on its surface. 

 

Table 3.1: Samples codes, weight percent composition measured by ICP, atomic ratios and 
estimated number of Cu2+ cations per nm2. 

Sample [Ca2+] (%wt.) [Cu2+] (%wt.) [P] (%wt.) Ca/P (Ca+Cu)/P Cu2+/nm2 

HA_Ca_Rich 33.0 ± 0.7 - 15.3 ± 0.3 1.67 ± 0.04 - - 

HA_Cu_0.01 33.2 ± 0.1 2.09 ± 0.03 16.0 ± 0.1 1.60 ± 0.01 1.67 ± 0.01 1.6 

HA_Cu_0.05 29.0 ± 0.2 7.67 ± 0.02 15.5 ± 0.1 1.45 ± 0.01 1.69 ± 0.01 5.8 

HA_Cu_0.1 28.4 ± 0.2 7.17 ± 0.09 15.0 ± 0.2 1.46 ± 0.02 1.70 ± 0.02 5.4 

 
 
To further investigate the copper incorporation into the hydroxyapatites samples, an ICP analysis of 
the supernatant solutions after the exchange procedure was performed. HA_Ca_Rich sample was 
submitted to an equivalent procedure in an aqueous solution acidified at the same pH as the 
corresponding copper nitrates solutions. The experiment was performed at two different times.  
The obtained results are presented in Table 3.2. As can be appreciated, there are no significative 
differences between the obtained results after suspending the nano-hydroxyapatites for 15 or 60 
minutes. Therefore, the substitution procedure occurs fast, which is characteristic of ionic exchange 
mechanisms. Moreover, the release of Ca2+ in the aqueous solution is almost negligible. Whereas 
when the HA_Ca_Rich is suspended in the copper nitrate solutions higher amounts of Ca2+ are 
released, being the amount of released Ca2+ higher when the copper nitration concentration is 
higher. This fact suggests that the Cu2+ ions are being incorporated into the material by substituting 
Ca2+ ions. The amount of phosphorous released is equivalent and negligible in all the cases except 
for the sample suspended in a copper nitrate solution at 0.1 M. In any case, even if the amount of 
released phosphorus is higher at 0.1 M, this amount is less than 1%. Therefore, no significant 
modifications are expected. Regarding the copper uptake for the different samples, we can highlight 
that for copper nitrate solution at 0.01 M,  Cu2+ uptake is almost 100 %. Instead, for HA_0.1M the 
uptake of copper is ca. 40%. This suggests a saturation of the hydroxyapatites exchange capability. 

The results obtained in both ICP experiments suggest that the predominant incorporation of copper 
into these samples is governed by an ionic-exchange mechanism rather than an adsorption 
mechanism. The poor crystallinity of the hydroxyapatite samples bestows them a high reactivity. 
Hence, it permits Ca2+ ions to detach from hydroxyapatites surface and be exchanged by Cu2+ ions. 
This statement is consistent with the results obtained from the ratio [Cu2+]/[Ca2+] in mol (Table 3.2). 
The ratio highlights an almost 1:1 exchange between Cu2+ and Ca2+ ions, associated with the 
negligible amount of released phosphorous, that confirms no effects due to dissolution. In any case, 
it must be noted that there is a slight increase in the (Ca+Cu)/P atomic ratio from 1.67 to 1.7 and in 
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the estimated copper surface density. Consequently, it cannot be discarded the presence in lesser 
extension of copper adsorption by complexation on the surface, particularly for HA_Cu_0.05 and 
HA_Cu_0.1. As has been reported before for another type of more crystalline hydroxyapatites in 
which the copper incorporation is governed by complexation on the surface by interaction with the 
present anions [15]. 

 

Table 3.2: Effect of the acidic pH (4.8 and 4.0) on the release of Ca and P from HA in buffered 
suspensions at increasing contact time. Effect of copper nitrate solution concentration (0.1 and 0.01 
M) and contact time in the uptake of Cu2+ by HA (with respect to the initial amount in solution) and 
release of Ca2+ from HA. 

Sample pH 
Contact time 

(min) 
Ca2+ released 
(%) 

P released 
(%) 

Cu2+ uptake 
(%) 

[Cu2+]/[Ca2+] 
(mol) 

HA_Ca_Rich 4.8 15 0.74 ± 0.02 0.31 ± 0.01 - - 

HA_Ca_Rich 4.8 60 0.43 ± 0.01 0.13 ± 0.01 - - 

HA_Ca_Rich 4.0 15 0.17 ± 0.01 0.03 ± 0.01 - - 

HA_Ca_Rich 4.0 60 0.62 ± 0.01 0.17 ± 0.01 - - 

HA_Cu_0.01 4.0 15 3.48 ± 0.07 0.01 ± 0.01 99.9 ± 0.1 1.1 ± 0.1 

HA_Cu_0.01 4.0 60 4.11 ± 0.09 0.02 ± 0.01 99.9 ± 0.1 1.0 ± 0.1 

HA_Cu_0.1 4.8 15 10.9 ± 0.2 0.80 ± 0.03 40.4 ± 0.7 1.5 ± 0.1 

HA_Cu_0.1 4.8 60 11.8 ± 0.2 0.90 ± 0.03 40.6 ± 0.7 1.4 ± 0.1 

  

3.2.2. MORPHOLOGICAL ANALYSIS 

Morphological and dimensional information about the samples was obtained by HR-TEM images. 
Figure 3.1 show low-magnification images of a representative portion of the size and morphology 
of the nano-hydroxyapatites samples. As can be observed all the images are comparable between 
them. In all the cases, hydroxyapatites nanoparticles show a high degree of agglomeration, which 
makes unfeasible the measurement of the nanoparticles dimensions accurately. In any case, the 
nanoparticle size seems to be equivalent for the pristine material and the copper-containing 
samples. The nanoparticles exhibit a needle-like morphology, presumably due to their growth along 
their crystallographic c-axis, as has been previously reported for this type of nano-hydroxyapatites 
[16]. As can be appreciated, it seems to be two types of nanoparticles, one thinner and showing a 
higher contrast, and the other one with approximately the same length but flatter and exposing less 
contrast. Taking into account that only the mass-thickness contrast is effective for low-magnification 
[17], this effect can be attributed to a different orientation of the nanoparticles, rather than to the 
coexistence of two different types of nanoparticles. Finally, as is evidenced by the TEM images, the 
copper incorporation into the samples or the ionic exchange procedure do not produce any 
alteration in the morphology or the size of the hydroxyapatites. 
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Figure 3.1: HR-TEM images representative of the size and morphology of (A)  HA_Ca_Rich, (B) 
HA_Cu_0.01, (C) HA_Cu_0.05, and (D) HA_Cu_0.1. 

 

3.3. STRUCTURAL ANALYSIS 

3.3.1. POWDER X-RAY DIFFRACTION (PXRD) 

Structural characterization of the samples was performed by PXRD experiments. The obtained 
diffraction patterns for the different samples are shown in Figure 3.2. Broad diffraction peaks 
indexed as hydroxyapatite single phase (PDF no. 00-009-0432) are present for all the samples. As 
can be observed, there are no marked differences between the copper loaded samples and the 
HA_Ca_Rich sample (used as pristine material). 
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Figure 3.2: XRD patterns of the pure and copper-containing hydroxyapatites with the indexing of 

the main diffraction peaks. The diffraction peak associated with the brushite phase is marked with 
an asterisk. 

 
A more quantitative analysis of the structural characteristic of the samples is presented in Table 3.3. 
The unit cell parameters of hydroxyapatites samples exhibit no significant differences between the 
samples. This confirms that the copper exchange has principally occurred at the surface and, in part, 
in the first inner layers of the bulk. In any case, the calcium substitution does not produce 
modifications to the crystal structure. The crystalline domains along the c-axis (D(002)) and a-b plane 
(D(310)) were estimated by the Scherrer equation. It can be observed that the crystalline domain 
dimensions are comparable in all the samples. Moreover, the samples possess a high D(002)/D(310) 
ratio, which is in agreement with the elongated morphology preferentially showing {010} facets for 
these types of hydroxyapatites, as has been already reported in previous studies [16]. Furthermore, 
it can be appreciated that the D(002) size is slightly shorter in the copper-containing hydroxyapatites. 
This phenomenon cannot be associated with the atomic radius differences between Ca2+ (100 pm) 
and Cu2+ (73pm) ions, since the substitution occurs mainly at the surface (as was explained before, 
see Table 3.2), and no modifications of unit cell parameters are detected. Therefore, it could be due 
to a slight decrease in crystallinity, which occurs during the exchange procedure. This is probably a 
consequence of the acidic pH (4.8-4.0) of the solution during the exchange procedure. Moreover, in 
the HA_Cu_0.05 and HA_Cu_0.1 hydroxyapatites PXRD patterns, an additional small peak is 
detected at 12°. This peak is assigned to the precipitation of a small fraction (< 1% wt) of brushite 
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(CaHPO4·2H2O, PDF no. 09-0077), which is a calcium phosphate phase more stable in acidic 
conditions. 

 

Table 3.3: Unit cell parameters and crystalline domains along the [002] and [310] directions 
obtained from the XRD patterns of the samples. 

Sample a (Å) c (Å) 
D(002) 
(nm) 

D(310) 
(nm) 

D(002)/
D(310) 

HA_Ca_Rich 9.427 ± 0.002 6.895 ± 0.001 39 ± 1 12 ± 1 3.2 

HA_Cu_0.01 9.423 ± 0.002 6.890 ± 0.001 35 ± 1 11 ± 1 3.3 

HA_Cu_0.05 9.426 ± 0.002 6.891 ± 0.001 36 ± 1 11 ± 1 3.2 

HA_Cu_0.1 9.425 ± 0.002 6.891 ± 0.001 36 ± 1 9 ± 1 4.0 

 

3.3.2. SOLID STATE NUCLEAR MAGNETIC RESONANCE (SS-NMR) 

Deeper insights concerning the structural characteristics of the hydroxyapatites samples were 
obtained by solid-state NMR (ss-NMR). The recorded spectra of 1H MAS NMR and 1H ECHO NMR for 
the different samples are shown in Figure 3.3. The ECHO NMR experiment was performed with the 
appropriate delay time and optimizing the compromise between signal decay due to relaxation and 
resolution gain due to longer delay times [18]. The obtained spectral parameters from these spectra 
are summarized in Table 3.4. As can be appreciated in Figure 3.3A, the spectrum of HA_Ca_Rich is 
composed of two intense resonances at -0.1 and 5.2 ppm. These peaks have been assigned to 
structural hydroxyl groups and surface-adsorbed water in apatite samples, respectively [19]. 
Moreover, another two low intensity peaks can be detected at 1.2 and 0.8 ppm, which have been 
attributed to hydroxyls bonded to calcium cations present at the surfaces of the hydroxyapatites 
[20]. 

Concerning the copper-containing samples, it can be appreciated that the chemical shifts of the 
peaks assigned to the structural hydroxyls and surface-adsorbed water remain unaffected. 
However, the resonances are significantly broadened, especially those due to the water. The 
broadening is higher when the amount of copper increases in the samples. This broadening can be 
explained by the complexation of water molecules by Cu2+ ions at the surface. Moreover, in the 
copper-containing samples, a new very broad peak centred at ca. 3 ppm can be detected. This peak 
is tentatively assigned to hydroxyls bonded to Cu2+ ions. In Table 3.4 it can be appreciated that the 
linewidth (in Hz) increases with the copper amount in all the cases. This effect has been previously 
reported as a consequence of the presence of paramagnetic Cu ions on the hydroxyapatite surface 
[21]. Unfortunately, the obtained spectra for copper-containing hydroxyapatites are significantly 
unresolved revealing substantially greater line broadening, in comparison with the HA_Ca_Rich 
spectrum. For that reason, the assignation of copper-containing hydroxyapatites is possible only in 
part. However, in Figure 3.3 panel B, are presented the 1H ECHO NMR spectra for the different 
samples. In these spectra, it is possible to observe the different hydroxyapatites resonances without 
the contribution of water. Thus, permitting the analysis of the present species in the bulk structure. 
Furthermore, it facilitates a detailed analysis of the full width at half-maximum (FWHM). The 
calculation of FWHM on the structural hydroxyls reveals the manifestation of the line broadening 
due to the increment of the copper amount in the hydroxyapatite samples. 
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Figure 3.3: 1H MAS NMR (A) and 1H ECHO NMR (B) spectra of HA samples recorded with a MAS 
rate of 15 kHz. 

 

Table 3.4: 1H and 31t baw ŎƘŜƳƛŎŀƭ ǎƘƛŦǘǎ ʵ όҕлΦлр ǇǇƳύ ŀƴŘ ƭƛƴŜǿƛŘǘƘǎ ɲ όҕмл IȊύ ƻŦ ǎŜƭŜŎǘŜŘ 
ǎǇŜŎƛŜǎ ƻōǎŜǊǾŜŘ ƛƴ I! ǎŀƳǇƭŜǎΦ ʵH = -лΦм ǇǇƳ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ŀǇŀǘƛǘŜ ǎǘǊǳŎǘǳǊŀƭ ƘȅŘǊƻȄȅƭǎ ŀƴŘ ʵP = 
2.7 ppm to bulk phosphate groups. 

Sample Hɻ (ppm) ɲ όIȊύ Pɻ (ppm) ɲ όIȊύ 

HA_Ca_Rich -0.1 227 2.7 308 

HA_Cu_0.01 -0.1 356 2.7 356 

HA_Cu_0.05 -0.1 470 2.7 389 

HA_Cu_0.1 -0.1 489 2.7 390 

 

Another two ss-NMR experiments to study the type of phosphorous present in the samples were 
performed. In Figure 3.4 panel A, are presented the 31P MAS NMR spectra for the different samples, 
recorded under proton decoupling. For HA_Ca_Rich sample, two resonances can be appreciated, 
one at 2.7 ppm due to the phosphates groups present in the bulk crystallographically equivalent, 
and the second one at 5.9 ppm which can be assigned to the phosphates groups present at the 
surface [22,23]. Moreover, the 31P CPMAS NMR spectrum for HA_Ca_Rich shows an additional 
resonance present at 1.3 ppm. This peak is attributed to HPO4

2- groups present at the surfaces  [23]. 
The appearance of this peak in a CPMAS spectrum evidences the strong 1H-31P heteronuclear dipolar 
interaction. The strength of these types of interactions decreases with increasing the internuclear 
distance [24]. Regarding the copper-containing hydroxyapatites, it can be appreciated that the 31P 
CPMAS NMR spectra do not show differences in the chemical shifts. However, these samples exhibit 
a progressive increase in the linewidth of the peaks when the amount of incorporated copper 
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increases (Table 3.4). This effect is attributed to dipole-dipoles interaction between Cu electron spin 
and nuclear spins (1H or 31P), leading to a faster nuclear spin relaxation behaviour. As a consequence 
of this effect, the obtained spectra for copper-containing samples are poorly resolved, hence, they 
present a substantially greater line broadening. In any case, the presence of these three resonances 
in the copper-containing samples can be appreciated in the different spectra, and it was confirmed 
by spectral deconvolution. 

 

 
Figure 3.4: 31P solid-state NMR spectra of the HA samples recorded using MAS (A) and CPMAS (B) 

under proton decoupling conditions. 

 
In summary, the ss-NMR data further confirm the exchange of calcium by copper cations. The 
spectral broadening detected in the copper-containing hydroxyapatites is in agreement with a 
certain degree of exchange in the first inner layers of the materials. Finally, it is worth noting that 
the obtained results of elemental analysis and structural characterization evidenced that the 
HA_Cu_0.05 and HA_Cu_0.1 samples are comparable. Therefore, it can be concluded that the 
maximum substitution degree of Ca2+ by Cu2+ ions is already reached at a concentration of 0.05 M 
in Cu(NO3)2 solution, and the increase of this concentration does not produce any detectable change 
in the samples. For these reasons, HA_Cu_0.1 sample will not be further discussed in the following 
sections, with the intention to clarify the speech during the subsequent data discussions. 

3.4. SURFACE CHARACTERIZATION 

3.4.1. PRE-TREATMENT CONDITIONS FOR IR SPECTROSCOPY 

Surface characterization of the different hydroxyapatites samples was performed by Fourier 
Transform Infrared Spectroscopy of probe molecules. To perform a FTIR experiment of probe 
molecules, the materials must be first submitted to a proper pre-treatment or activation procedure. 
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Nanomaterials are normally covered by multilayers of water molecules adsorbed at their surfaces. 
Therefore, the pre-treatment is intended to remove the multilayers of water molecules adsorbed at 
the surface, allowing consequently, the exposition of the acid and basic centres present at the 
surface of the material without any interaction. The detection of a particular basic and/or acidic 
specie depends on the specific specie nature and the probe molecule used. To remove the water 
layers from the nanomaterials surfaces, the samples must be heated under outgassing conditions. 
Nonetheless, some materials can experience structural modifications on their surfaces and/or bulk 
structure when they are treated at relatively high temperatures. This is the case with 
hydroxyapatites nanoparticles. In consequence, the treatment conditions must be a compromise 
between the removal of the adsorbed water layers and the preservation of the material structure. 
For the case of nano-hydroxyapatites presented here, the conditions to perform an optimal pre-
treatment of the samples were previously studied by our group [16,25]. These conditions are 
presented schematically in  

Figure 3.5 and Table 3.5. Conditions were established as a compromise between the elimination of 
adsorbed water layer at the surface and the preservation of hydroxyapatites structure. 

Figure 3.5 represents the remaining percentage of relative surface water molecules removed from 
hydroxyapatites surfaces after performing a pre-treatment by heating at different temperatures 
under outgas for 2 hours. The relative amount of water molecules was calculated on the basis of the 
integrated intensities of the IR band attributed to the water bending ʵόH2O) mode. The 100% of 
water molecules was considered as the relative amount of remaining water molecules after 
outgassing the material at room temperature for 2 hours. When the temperature is increased, the 
relative amount of water molecules decreased. As can be observed, for HA_P_Rich sample the 
complete outgassing was reached at 433 K. Whereas for HA_Ca_Rich at this temperature remains 
the 10% of water molecules. The complete water removal for HA_Ca_Rich is attained at 573 K. 
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Figure 3.5: Desorption of the relative amount of water molecules from the hydroxyapatites 
surfaces as a consequence of outgassing for 2 hours at different temperatures. The relative 
amount of water molecules was calculated by the intensity integration of the (ɻH2O) mode. 

 

Since the full dehydration of HA_Ca_Rich and HA_P_Rich is reached at 573 and 433 K, respectively, 
the behaviour of the materials at these temperatures was further studied. The obtained results are 
resumed in Table 3.5. As it is evidenced in the table, HA_P_Rich sample suffers a great loss of its 
specific surface area when the material is treated at 573 K. The decrease in the specific surface area 
of HA_P_Rich was attributed to an agglomeration of the hydroxyapatite nanoparticles. Instead of 
that HA_Ca_Rich sample only experienced a slight decrease in its specific surface area when it is 
treated at 573 K. Moreover, the (010)_Ca_Rich/(010)_P_Rich ratio was calculated by the 
confrontation of the obtained results due to the IR band produced by the (˄CO) mode adsorbed on 
the Ca2+ at the surface, with a computational method performed to analyse the ratio of the most 
important surfaces present in hydroxyapatites samples [26]. As can be appreciated in Table 3.5, the 
(010)_Ca_Rich/(010)_P_Rich ratio for the samples HA_Ca_Rich and HA_P_Rich outgassed at 433 K 
was 1:1.4 and 1:5, respectively. But when samples are heated under outgas at 573 K, HA_Ca_Rich 
sample remains practically unaltered, whereas HA_P_Rich sample experience a great decrease in 
this proportion of phosphorus rich faces. These results are in agreement with the specific surface 
area values obtained for the samples treated at these temperatures. It can be concluded that 
HA_P_Rich sample treated at 573 K experienced an agglomeration of their nanoparticles through 
their (010) surfaces which finish stacked between them. 

For these reasons, the optimal settled conditions to perform the outgassed treatment in these 
materials were established as heating the sample at 423 K under outgassing for 2 hours. These 
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conditions claim the preservation of the material surface structure, as well as the removal of at least 
the 90% of the surface water molecules. 

 

Table 3.5: Variations in the SSA and the (010)_Ca_Rich:(010)_P_Rich ratio for the samples 
HA_Ca_Rich and HA_P_Rich, after performing an outgassing treatment for two hours at the 
temperature for the complete removal of the superficial water layers for HA_Ca_Rich (573 K) and 
HA_P_Rich (433 K) 

 

 

3.4.2. IR SPECTROSCOPY OF ADSORBED PROBE MOLECULES 

To elucidate the present species at the hydroxyapatites surface and their characteristics, infrared 
spectroscopy of probe molecules was used. Carbon monoxide was selected as probe molecule since 
it is a versatile probe molecule able to probe both Ca and Cu surface sites. As it has been previously 
explained, before performing CO adsorption experiments, the surface of the materials should be 
άŎƭŜŀƴŜŘέ ŦǊƻƳ ǊŜǎƛŘǳŀƭ ǿŀǘŜǊ ƳƻƭŜŎǳƭŜǎ ŀŘǎƻǊōed on the surface [27,28]. The pre-treatment 
conditions to achieve this objective were settled as outgassed the hydroxyapatites at 423 K for 2 
hours. This protocol permits the attaining of ŀ άŎƭŜŀƴέ ǎǳǊŦŀŎŜ without introducing significant 
structural modifications [16]. 

Carbon monoxide is a probe molecule possessing a low affinity to Ca2+ and Cu2+ ions, but with high 
affinity to Cu+ ions. Moreover, CO molecule has a reductive character and thus, it can reduce some 
species when it is used at room temperature. For these reasons, the CO adsorption over the 
hydroxyapatites samples was performed at 100 K, by continuously cooling down the infrared cell 
with liquid nitrogen. It also permits to favour the interaction between CO and the species of interest, 
avoiding any effect due to a reductive reaction. The adsorption spectra collected were subtracted 
by the spectrum of the same sample after the pre-treatment, but before send the CO molecule. One 
example of this procedure for HA_Cu_0.05 sample is presented in  
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Figure 3.6: Example of the spectra subtraction for the sample HA_Cu_0.05. a: spectrum collected 
before CO adsorption; b: spectrum after sending 50 mbar of CO and, c: spectrum resulting from 

the subtraction b-a. 

 

The sets of subtracted spectra collected at 100 K at decreasing CO coverages for HA_Ca_Rich, 
HA_Cu_0.01 and HA_Cu_0.05 samples are shown in Figure 3.7. HA_Ca_Rich spectra (Figure 3.7 A) 
exhibit an intense band centred at 2168 cm-1, which progressively shifts to 2178 cm-1 while 
ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ /h ŎƻǾŜǊŀƎŜΦ ¢Ƙƛǎ ǎƛƎƴŀƭ ƛǎ ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ ˄ό/hύ ƳƻŘŜ ƻŦ carbon monoxide 
molecules adsorbed on surface-exposed Ca2+ cations of hydroxyapatites [16,25]. At lower 
wavenumbers (around 2143 cm-1), it can be appreciated the CO gas phase profile for the highest CO 
coverage. This is a consequence of the high pressure in the IR cell, evidencing that the material is 
completely covered by CO molecules. 

With respect to the copper-containing samples HA_Cu_0.01 (Figure 3.7 B) and HA_Cu_0.05 (Figure 
3.7 C), ƴŜǿ ˄ό/hύ ōŀƴŘǎ are present as a consequence of the presence of Cu ions on the surface of 
the materials: one in the range 2105-2120 cm-1, and another one in the range 2150-2160 cm-1. The 
most intense band for both copper-containing samples is centred at lower wavenumbers (2108 cm-

1 in the case of HA_Cu_0.01, and at 2115 cm-1 in the case of HA_Cu_0.05). In both samples, a shift 
of these bands towards higher wavenumbers when the CO coverage decreases is observed, owing 
to the progressive loss of CO-CO lateral interactions [29]. Taking into account the bands position 
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and bond strength between the CO and the copper ions, elucidated by the irreversibility of the bond 
at room temperature, the lower wavenumber band (2108/2115 cm-1) was attributed to Cu+ cations 
[30,31]. The presence of Cu+ cations in the material is a consequence of the heating procedure in 
vacuum conditions, which possess a certain reductive character. Therefore, the pre-treatment 
promotes a partial reduction of Cu2+ surface ions [32]. 

The second band can be found at higher wavenumbers 2149 and 2155 cm-1 for HA_Cu_0.01 and 
HA_Cu_0.05, respectively. This band possess lower intensity and stability since it totally disappears 
during the outgassing procedure at beam temperature. Considering the previous literature 
assignments [30], this signal can be consequently attributed to CO interacting with Cu2+ cations not 
reduced during the activation process. It is also worth noting that, in the case of HA_Cu_0.01, the 
band 2149 cm-1 is overlapped with a signal at 2166 cm-1 due to CO adsorbed on residual Ca2+ cations 
on the HA surface. However, in the spectra of CO adsorbed on HA_Cu_0.05, the 2166 cm-1 
component is absent, further confirming the complete exchange of the surface-exposed Ca cations 
with Cu. 

CO molecules can also weakly interact with P-OH species present at the surface, producing a band 
centred at ca. 2170 cm-1. This band would go unnoticed due to the overlapping with the bands 
related to CO interacting with Cu and Ca ions. However, in the insets presented in Figure 3.7, it can 
be noticed a perturbation of the ˄(OH) mode of the P-OH groups, which is initially centred at ca. 
3680 cm-1 and is progressively restored with the CO outgassing. In any case, given the small intensity 
of the P-OH band and considering the ratio between the integrated intensity of the -˄(OH) band of 
unperturbed P-OH and that expected for the stretching band of CO adsorbed on them [16], it can 
be concluded that the effect of the interaction of CO with P-OH groups, if any, is negligible with 
respect to the ˄(CO) modes associated to Ca and Cu species. 
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Figure 3.7: FTIR spectra of adsorbed CO at ca. 100 K on HA (panel A), HA_Cu_0.01 (panel B) and 

HA_Cu_0.05 (panel C) at different coverages starting from 50 mbar (curves a) with stepwise 
outgassing till 1 × 10-3 mbar (curves j). The spectrum of the activated material has been subtracted 

from all spectra. In the inset, the P-OH stretching region is reported. 
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With the intention to confirm the assignments of Cu species interacting with CO and that the 
presence of Cu+ ions at the hydroxyapatites surface is only a consequence of the pre-treatment 
procedure, another IR experiment was performed. This experiment is totally equivalent to the 
previous one, only an oxidation step after the outgassing procedure at 423 K was added. The 
oxidation step consisted in treating the sample at 423 K for 20 minutes under O2 atmosphere and 
then outgas the sample. The obtained results are presented in Figure 3.8. For HA_Ca_Rich sample 
(Figure 3.8 !Ω) no modifications after the oxidation step were detected. Thus, proving that the 
oxidation step does not modify the hydroxyapatites samples. Instead of that, for HA_Cu_0.01 and 
HA_Cu_0.05 samples, the relative intensity of the bands associated to the CO bonded to Cu+ ions is 
considerably reduced in favour of the band assigned to CO adsorbed on Cu2+ ions. It is worth noting 
that the oxidation step is short in comparison with the pre-treatment. For that reason, it is 
comprehensible that not all the Cu+ ions were re-oxidized. Moreover, a more complex spectral 
profile is obtained after the oxidation step for the bands associated to CO interacting with Cu2+ 
species. The appearance of the band at 2194 and 2200 cm-1 for HA_Cu_0.01 and HA_Cu_0.05, 
respectively, has been previously assigned to CO weakly interacting with Cu [33]. Consequently, the 
observed different reducibility of the Cu2+ ions and the appearance of new copper-related bans after 
the oxidation, suggest the coexistence of cations located in different positions in the 
hydroxyapatites. As can be the case for copper cations resulting from surface exchange or surface 
complexation. 
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Figure 3.8: FTIR spectra of adsorbed CO at ca. 100 K on HA after the pre-treatment including the 
oxidation step; (panel A), HA_Cu_0.01 (panel B) and HA_Cu_0.05 (panel C) at different coverages 

starting from 50 mbar (curves a) with stepwise outgassing till 1 × 10-3 mbar (curves j). 
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3.5. CONCLUSIONS 

Hydroxyapatites nanoparticles with high specific surface area (125 m2/g) and exposing elongated 
{010}-facets were prepared. The preparation protocol was optimized to obtain hydroxyapatites with 
a predominant surface density of Ca2+ ions and low crystallinity to favour the copper incorporation 
by ionic exchange. The hydroxyapatites material was soaked in aqueous solutions containing copper 
(II) at different concentrations (0.01, 0.05, and 0.1 M). It was discovered that the maximum rate of 
Ca2+ to Cu2+ exchange for this material can be already reached at a copper concentration of 0.05 M. 
The concentration increasing of the solution does not result in a higher uptake of Cu2+ ions into the 
hydroxyapatites, remaining it at ca. 7%. The copper incorporation does not modify the morphology 
or size of the nano-hydroxyapatites material. 

The combined study of XRD and solid-state NMR demonstrates that the copper incorporation took 
place principally at the materials surfaces, and for the higher copper concentrations, also in the first 
inner structural layers, without significantly disrupting the hydroxyapatites crystal structure. 
However, a slight decrease in crystallinity occurred for the copper-containing hydroxyapatites, most 
likely as a consequence of the acidic pH of the copper solution employed for the exchange 
procedure. Furthermore, the appearance of a very broad peak centred at around 3 ppm was 
observed in the 1H MAS NMR. This band might be assigned to the presence of Cu-OH species. 

FTIR spectroscopy of adsorbed CO was employed to elucidate the surface properties of the materials 
after their proper pre-treatment. Carbon monoxide was capable to probe both Ca and Cu cations 
on the HA_Cu_0.01 sample.  Instead of that, only the bands related to Cu2+/Cu+ species were 
detected on the HA_Cu+0.05 sample, which confirmed the complete saturation of the surface by 
Cu2+ ions. The presence of Cu+ species was confirmed to be due to the pre-treatment at 423 K under 
outgassing.  
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4. HYDROXYAPATITES 
FUNCTIONALIZED WITH COPPER 

BY CO-PRECIPITATION 

4.1. INTRODUCTION 

The incorporation of copper in hydroxyapatites materials by ionic exchange was presented in 
chapter 3. In that case, the copper uptake occurs mainly at the material surfaces. In contrast to that, 
in this chapter, the focus is put on hydroxyapatites samples incorporating copper by bulk 
substitution (described in section 1.3). Briefly, in a bulk substitution the desired ionic species are 
introduced in the synthesis medium at the initial steps of the preparation protocol together with 
the calcium or phosphorous phase. Consequently, the substitution of the apatitic species may occur 
randomly in any position of the hydroxyapatites lattice, either bulk or non-apatitic surface layer. In 
the same way as it happens for ionic exchange substitutions, the incorporation of ionic species is 
strongly dependent of the species nature, and substitutions are favoured for nanometric size 
hydroxyapatites possessing high specific surface area and structural flexibility (low crystallinity) [1ς
5]. 

Taking a look into the State-of-the-Art literature sources, it can be observed that the 
hydroxyapatites containing copper obtained by bulk substitution methodologies have attracted 
more interest than the ionic exchange substitutions. Different preparation methodologies can be 
employed to achieve the copper incorporation into the hydroxyapatites structure, thus producing 
materials with different characteristics [1,2]. Among all the possibilities, the most employed 
preparation methodologies are solid-state reaction and wet methods, specifically co-precipitations 
methods. The solid-state preparations consist of the sintering of hydroxyapatite and copper oxides 
(CuO or CuO/Cu2O mixtures) powders at high temperatures. In these preparations, the copper is 
substituting the hydroxyls positions inside the structural channels in the hydroxyapatites structure. 
The copper substitution produces an increase of the c-axis in the hydroxyapatites lattice. However, 
the increase of copper concentration (over 5.3 wt.%) or sintering temperatures (over 800°C) 
promotes the precipitation of CuO and Cu2O [6,7]. 

The co-precipitation methods are more used than the solid-state preparations. In this preparation, 
the Cu2+ ions are substituting the Ca2+ ions from the hydroxyapatite structure following the formula 
Ca10-xCux(PO4)6(OH)2 (x varies in function of the [Cu2+] used). In this methodology, the obtained 
copper substituted hydroxyapatites are strongly dependent on the conditions used (reagents, 
maturation temperature and time, and pH). However, there are common characteristics regarding 
the copper incorporation into the hydroxyapatites structure. The copper incorporation into the 
hydroxyapatites structure is successful for low copper concentrations, increasing the concentration 
promotes the precipitation of new phases, that depending on the used methodology can be new 
ƘȅŘǊƻȄȅŀǇŀǘƛǘŜ ǇƘŀǎŜǎ όŀǎ ʲ-TCP) or copper phosphates phases (Cu4(PO4)2O, Cu2(OH)PO4, among 
others). Finally, the presence of copper in the structure leads to a decrease in the lattice cell 
parameters and the crystal size, since Cu2+ (73 pm) ion is smaller than Ca2+ ion (100 pm). In any case, 
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the majority of copper hydroxyapatites preparations are addressed to obtain highly crystalline 
hydroxyapatites [8ς11]. 

In this chapter, two copper-containing hydroxyapatites obtained by a co-precipitation method are 
presented (methodology described in section 2.1.3). The preparation protocol was designed 
considering a previous work reporting the preparation of hydroxyapatites containing divalent 
cations (Mn2+, Co2+ and Ni2+) in presence of carbonates and studying the effect of the citrates 
incorporation [12]. However, Cu2+ cations were not considered in this work. The inclusion of sodium 
carbonates during hydroxyapatites preparation strongly affects the physico-chemical properties of 
the hydroxyapatites. The carbonates are included in the hydroxyapatites structure substituting 
hydroxyl or phosphates positions (type A or B respectively). But also, smaller and more isometric 
nanoparticles, poorly crystallized, and wrapped by the non-apatitic layer are obtained [13]. 
Moreover, the inclusion of citrates stabilizes the non-apatitic layer, remaining them adsorbed at the 
cations present at the surface since the citrate molecules are too big to fit inside the hydroxyapatites 
structure [12,14]. Finally, the citrates stabilise the metallic cations in solution acting as complexing 
agents, thus controlling the activity of the hydrated cations in solution and consequently the 
extension of the substitution process [12,13]. 

On the basis of these statements, the objective of this section is to study the copper incorporation 
into hydroxyapatites poorly crystallized and possessing high specific surface area, in the presence 
or absence of citrates, and compare them to the copper incorporation by ionic exchange (previously 
described in chapter 3). For this reason, two copper-containing hydroxyapatites were prepared, one 
in absence of citrates following the scheme Ca2+/Cu2+/phosphate/carbonate, named as HA_Cu_Cop 
and the second one, was prepared in presence of citrates, which specific scheme was 
Ca2+/Cu2+/citrates/phosphate/carbonate, labelled as HA_Cit_Cu_Cop. To establish the comparison 
with copper-containing hydroxyapatites, the HA_Cu_0.05 sample (previously discussed in chapter 
3) and the non-functionalized hydroxyapatite sample containing citrates, HA_Cit, were included in 
the discussion of this chapter. 

4.2. TEXTURAL PROPERTIES AND ELEMENTAL ANALYSIS 

Specific surface area of the samples was calculated by the BET method. The calculated SSA for the 
different samples was 125 m2/g for HA_Cu_0.05, 145 m2/g for HA_Cit, 312 m2/g for HA_Cit_Cu_Cop 
and, 117 m2/g for HA_Cu_Cop. As can be observed, the SSA values for each sample are in the order 
of magnitude expected for nanometric materials. The SSA values obtained for the samples 
containing citrates are higher than the obtained values for the other samples. In the specific case of 
HA_Cit sample, the SSA value obtained is slightly higher than the obtained values for HA_Cu_0.05 
and HA_Cu_Cop. That suggests that HA_Cit nano-hydroxyapatites are possessing nano-
hydroxyapatites barely smaller and possibly less crystalline than HA_Cu_0.05 and HA_Cu_Cop. 
Different is the case of HA_Cit_Cu_Cop sample, which is possessing a SSA value much higher than 
any of the other samples. This fact indicates marked differences between this sample and the 
others. HA_Cit_Cu_Cop high SSA value suggests really small nanoparticle size. 

Elemental analysis of the samples was performed by ICP-OES. Table 4.1 collects the obtained results 
in weight percentage (wt.%) for the different species of interest, and the corresponding calculated 
molar ratios (Ca/Cu, Ca+Cu/P, and Ca/P) for each sample. Samples HA_Ca_Rich and HA_Cit are 
included at the bottom of the table to be used as references for non-containing copper samples. 
The first remarkable difference is the lower amount of Ca2+ ions in the copper samples. The Ca2+ 
content decrease is related to the increase in the Cu2+ amounts incorporated into the different 
samples. HA_Cu_0.05 sample exhibit an amount of incorporated copper of 7.67 wt.%, whereas 
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HA_Cu_Cop and HA_Cit_Cu_Cop samples possess 20.7 and 10.6 wt.% of Cu2+ ions, respectively. That 
is an expected result since HA_Cu_0.05 was prepared by ionic exchange. Therefore, the 
incorporation of copper is performed principally in the surfaces of the material or the first inner 
structural layers (chapter 3). Instead of that, HA_Cu_Cop and HA_Cit_Cu_Cop samples were 
prepared by coprecipitation. Thus, the calcium substitution by copper takes place in both the 
surface and the bulk of the material. For that reason, it is not surprising that coprecipitation samples 
contain a greater amount of copper, since there are more Ca2+ ions susceptible to the substitution. 
However, there is also a noticeable difference between the 20.7 wt.% of Cu2+ incorporated by the 
sample HA_Cu_Cop compared to the 10.6 wt.% of Cu2+ incorporated by HA_Cit_Cu_Cop. The 
differences between the incorporated copper amounts into hydroxyapatites containing copper 
samples are in agreement with the Ca/Cu ratio and follow the same trend. It is worth mentioning 
that HA_Cu_Cop sample possesses a surprising high Ca/Cu value of 0.96. It evidences that there are 
almost equal amounts of copper and calcium cations constituting this sample. Finally, 
hydroxyapatites containing copper exhibited differences in their (Ca+Cu)/P ratio between them and 
with respect to the hydroxyapatites stoichiometric value of 1.67. HA_Cu_0.05 and HA_Ca_Rich 
present a (Ca+Cu)/P and Ca/P ratio slightly higher than the stoichiometric hydroxyapatites. 
Nonetheless, these differences do not affect their hydroxyapatitic structure or surface, as was 
further discussed in Chapter 3. HA_Cu_Cop present a (Ca+Cu)/P ratio lower than the expected ratio 
for stoichiometric hydroxyapatites. Low Ca/P ratios are associated with more acid hydroxyapatites 
[15,16]. It is surprising that despite the high amount of Cu cations present in the sample, the 
(Ca+Cu)/P ratio is low. It suggests a high degree of amorphization or the presence of another phase 
which increase the perceptive amount of phosphorus atoms in the sample. Moreover, it may be 
considered that copper incorporation might occur by other mechanisms rather than substitution. It 
may explain the high amount of incorporated copper shown by this sample and the low value in the 
(Ca+Cu)/P ratio. In any case, it seems clear that this sample is far enough to be considered a 
stoichiometric hydroxyapatite material (a complete explanation regarding the anomalous (Ca+Cu)/P 
ratio of this sample will be provided later together with the PXRD patterns). Finally, HA_Cit_Cu_Cop 
shows a (Ca+Cu)/P ratio higher than that expected for stoichiometric hydroxyapatites. Values higher 
than the stoichiometric hydroxyapatites values are associated with more basic hydroxyapatites 
[15,16]. This (Ca+Cu)/P incremented ratio can be explained by the presence of carbonates 
incorporated during the preparation procedure. The carbonates are substituting the phosphates 
positions. Therefore, the perceived amount of P atoms is lower and consequently, the (Ca+Cu)/P 
ratio increases, as has been previously reported by Delgado-Lopez et al. [13]. 

 

Table 4.1: Elemental analysis of the different samples measured by ICP, including weight percent 
composition and atomic ratios for each sample. 

Sample [Ca2+] (%wt.) [P] (%wt.) Cu (%wt.) Ca/Cu Ca+Cu/P 

HA_Cu_0.05 29.0 ± 0.2 15.5 ± 0.1 7.67 ± 0.02 6.0 ± 0.1 1.69 ± 0.01 
HA_Cu_Cop 12.5 ± 0.3 13.6 ± 0.7 20.7 ± 0.7 0.96 ± 0.01 1.45 ± 0.09 

HA_Cit_Cu_Cop 25.9 ± 0.2 14.4 ± 0.1 10.6 ± 0.1 3.863 ± 0.001 1.752 ± 0.002 

Non-functionalized hydroxyapatites 

Sample [Ca2+] (%wt.) [P] (%wt.) Cu (%wt.)  Ca/P 

HA_Ca_Rich 35.6 ± 1.2 15.9 ± 0.6 - - 1.700 ± 0.009 
HA_Cit 35.0 ± 0.3 16.9 ± 0.1 - - 1.60 ± 0.07 
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4.3. STRUCTURAL ANALYSIS 

Structural analysis of the samples was performed by X-ray diffraction powder (PXRD). Figure 4.1. 
presents the obtained diffraction patterns for the different samples, and the XRDP hydroxyapatites 
reference (PDF no. 00-009-0432) at the bottom. For the samples HA_Cit_Cu_Cop, HA_Cit and, 
HA_Cu_0.05, it can be appreciated that broad diffraction peaks indexed as hydroxyapatite single 
phase (PDF no. 00-009-0432) were observed in all the cases. However, the case of HA_Cu_Cop 
sample is different, being composed of a multiphase system. For that reason, its detailed description 
will be further discussed separately (Figure 4.2). Thus, in regard to samples containing one single 
hydroxyapatite phase, it can be said that the broad XRD signals obtained for HA_Cit_Cu_Cop, HA_Cit 
and, HA_Cu_0.05 are normal for poorly crystallized samples which possess small nanoparticles 
dimensions. The crystalline domains size along the c-axis (D002) was calculated by the Scherrer 
equation. The crystalline domains dimensions along the [002] direction for the samples HA_Cu_0.05 
(31.9 nm) and HA_Cit (32 nm) are equal. On the contrary, HA_Cit_Cu_Cop sample shows shorter 
dimensions (17.6 nm) along this direction. The results suggests that HA_Cit_Cu_Cop nanoparticles 
are formed by really small nanoparticles. These data are in agreement with the diffractograms and 
the SSA values obtained for the samples. Unfortunately, due to the poor resolution of the 
HA_Cit_Cu_Cop diffractogram is not possible to calculate accurately the crystalline domains along 
the a-b axis (D310) in this sample. Furthermore, one small peak is detected in HA_Cit_Cu_Cop 
diffractogram at 29.84°. This peak is tentatively assigned to the mineral monetite (PDF no. 00-09-
0080). Monetite is an apatitic mineral belonging to the calcium orthophosphates family. The 
monetite chemical name is dicalcium phosphate anhydrous, and its elemental formula is CaHPO4. 
In any case, it is difficult to identify a whole phase in a diffractogram by the presence of one lonely 
peak. However, monetite diffraction pattern presents its maximum intensity peak at that position, 
and it is the only detected peak in the diffractogram. Moreover, monetite can precipitate from 
aqueous solutions at 373 K [15]. Considering that for the obtaining of HA_Cit_Cu_Cop the sample 
must be stirred for 24 hours at 353 K, it is plausible that a small amount of monetite may precipitate 
ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ άŘŜǎƛǊŜŘέ hydroxyapatite. Finally, it is worth mentioning that the peak assigned 
to monetite is not intense and shows a small FWHM, suggesting the presence of an insignificant 
fraction. 
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Figure 4.1: XRD patterns obtained for the different samples with the reference hydroxyapatite 
pattern (PDF. No 00-009-0432) indexing the main diffraction peaks. 

 

Completely different is the case for HA_Cu_Cop sample. It can be appreciated that for this sample 
a multiphase compound was obtained. The diffractogram and phase identification for HA_Cu_Cop 
is shown in Figure 4.2. As can be observed, HA_Cu_Cop sample is composed of two phases. The first 
phase was indexed as hydroxyapatites (PDF no. 00-009-0432), and the second phase was indexed 
as copper hydrogen phosphate hydrated, Cu4H(PO4)3 · 3H2O (PDF no. 00-031-0458). Both phases 
show broad diffraction peaks, indicating a high degree of amorphization of the sample. Indeed, the 
hydroxyapatite phase exhibit really weak and broad peaks. Again, for this sample were estimated 
the dimension of the crystalline domains along the c-axis (D002) by the Scherrer equation, resulting 
in a crystalline size of 14.6 nm. This value is even smaller than the value obtained for HA_Cit_Cu_Cop 
(17.6 nm), confirming that the hydroxyapatite phase present in this sample possesses a high 
amorphization degree. Neither in this sample is possible to apply accurately the Scherrer equation 
along the a-b axis (D310) to a proper determination of the nanoparticles dimensions. Moreover, the 
presence of the copper hydrogen phosphate hydrated phase explains better the high amount of 
copper measured by ICP in this sample, and its deviation from the Ca/P value for stoichiometric 
hydroxyapatites. Cu4H(PO4)3 · 3H2O is a compound with a smaller amount of structural Cu atoms in 
comparison with the amount of calcium atoms expected for stoichiometric hydroxyapatites 
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(Ca5(PO4)3(OH)). Indeed, stoichiometric hydroxyapatites possess 5 Ca2+ ions and 3 (PO43-) groups, 
which results in a Ca/P ratio of 1.67. Instead of that, copper hydrogen phosphate hydrate is 
possessing 4 Cu2+ ions for the same amount of PO4

3- groups, which results in a Cu/P of 1.3. It must 
be also considered that carbonates were included as a reagent in the synthesis media during the 
preparation of this sample. Carbonates are substituting phosphates groups into the hydroxyapatite 
structure, and the same might occur in the copper hydrogen phosphate phase. Therefore, the 
presence of these two phases plus a reduction in the phosphate groups associated with the 
substituting carbonates can justify the (Ca+Cu)/P value of 1.45 obtained for this sample and, the 
elevated values of Cu2+ ions measured. Furthermore, the high level of amorphization in both phases, 
which is greater in the hydroxyapatite phase, must be considered. A high level of amorphization in 
hydroxyapatite samples has also been associated with a decrease in the Ca/P ratio for some types 
of amorphous hydroxyapatites.  

 

 

Figure 4.2: HA_Cu_Cop XRDP pattern evidenced in black. At the bottom of the image, it can be 
observed the reference patterns for hydroxyapatites (PDF no. 00-009-0432) and copper hydrogen 

phosphate hydrate (PDF no. 00-031-0458). 
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4.4. SURFACE CHARACTERIZATION 

More detailed information about the specific species composing the material and a deep 
characterization of the material surfaces was performed by Fourier Transform Infrared 
Spectroscopy. To attain this objective, the samples were submitted to an activation procedure 
intended to remove the molecular water layers from the material surfaces while preserving their 
structural entity. As has been previously explained (section 3.4.1), the activation conditions for these 
samples consist in the outgassing of the samples at 423 K for two hours.  

 

4.4.1. INFRARED SPECTROSCOPY CHARACTERIZATION 

Once the outgassing procedure has been completed, the samples were cooled down until room 
temperature and spectra of the samples without the interference of surface water were collected. 
It permits the analysis of different species present in the samples and their chemical environment. 
The obtained results are exposed in Figure 4.3. The common signals that can be appreciated in all 
the spectra in the range 2290-2390 cm-1 and 2835-2995 cm-1, correspond to the ˄(CO2) modes of 
environmental CO2 and ˄ (CH) modes due to hydrocarbons adsorbed on the samples, respectively. 
Now, regarding the concrete bands due to the species constituting the hydroxyapatite samples, it 
can be appreciated that three principal sets of bands are present for all the samples. The first set is 
placed in the range 1200-1600 cm-1. The bands present at this spectral range correspond to the 
vibrational modes of carbonates and citrates (for the concrete case of the samples containing them). 
The second set is composed of weak bands positioned at the range 1900-2200 cm-1. The bands 
detected at this range correspond to the overtones and combination modes of the fundamental 
vibration of phosphates groups. Thirdly, at the broad range extended from 2750 to 3700 cm-1, the 
bands corresponding to the different hydroxyls stretching modes ((˄OH)) are positioned. 
Nonetheless, each sample exhibit a different spectroscopic profile of these band sets. Therefore, to 
elucidate the specific characteristics of each sample, the concrete aspect of each will be present 
separately. 

The first panel in Figure 4.3 shows the spectrum obtained for HA_Cu_0.05 sample. The first group 
of bands that can be appreciated at low frequencies (1350-1600 cm-1) zone are related to the 
antisymmetric stretching modes of carbonates groups [17ς23]. In the case of hydroxyapatites, two 
types of carbonates groups have been described. A-type carbonates, which are substituting 
columnar OH-, and B-type carbonates, which are substituting phosphates groups (PO4

3-). Table 4.2 
resumes the infrared frequencies of the different carbonates groups. Therefore, on the basis of the 
data reported in literature, the carbonates bands in the HA_Cu_0.05 sample were identified. The 
first evidence to recall is the scarce content of A-type carbonates (1500-1600 cm-1), which is 
appreciated because no isolated band associated with these types of carbonates can be detected. 
Then, a band at 1456 cm-1 with a shoulder at 1490 cm-1 both due to the presence of A- and B-type 
carbonates can be observed. Finally, a narrow and intense band at 1417 cm-1 assigned to B-type 
carbonates substituting phosphates groups can be appreciated [24]. In HA_Cu_0.05 preparation, no 
carbonates were added during the material preparation. Therefore, the presence of carbonates is 
due to CO2 dissolved in water, which demonstrated the high adsorption capability for these types 
of nano-hydroxyapatites. Moving forward through the spectrum, another low intensity band at 
1650 cm-1 which is attributed to the ɻ(H2O) mode was detected. The presence of water molecules 
after the treatment procedure can be explained as a consequence of H2O molecules entrapped into 
the hydroxyapatites structure. Consequently, these water molecules cannot be removed under the 
relatively soft conditions of the activation procedure [25]. Further on, the corresponding overtones 
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and combination modes of the fundamental vibration of phosphates groups (1900-2200 cm-1) can 
be detected. In the case of this sample, these bands are weak but well-shaped defined [17,20,26ς
28]. Finally, are detected the ɻ (OH) modes (2750-3700 cm-1) due to the presence of hydroxyls, H2O 
molecules and, HPO42- groups. The extended broadening of this band is because of the hydrogen 
bonding that occurs between both, entrap water into the structure not removed by the outgas 
treatment and, HPO42- groups. Moreover, three clear bands can be detected at the highest 
frequency part at this region. The first band at 3493 cm-1 has been previously assigned to the ˄όhIύ 
mode of bulk OH- perturbed by the presence of the carbonates in the hydroxyapatite structure, 
which are locally altering the structure [29]. The second band at 3569 cm-1 is attributed to the 
stretching of columnar OH- occupying the 4e position in the hexagonal lattice of nano-
hydroxyapatites. Finally, the weak band present at 3670 cm-1 is due to the ˄(OH) mode of free PO-
H groups present at the hydroxyapatite surfaces. 

 

Table 4.2: Infrared spectroscopic frequencies of carbonates substituting phosphates or hydroxyl 
groups into hydroxyapatite materials. 

Carbonates positions in the infrared spectra 

Frequencies (cm-1) Assignment 

1410-1420 B-type carbonates (substituting phosphates) 

1450-1500 Aςtype (substituting columnar OH-) and B-type (substituting 
phosphates) carbonates 

1500-1600 A-type carbonates (substituting columnar OH-) 

 

The second panel in Figure 4.3 reports the spectrum obtained for HA_Cu_Cop sample. As can be 
easily appreciated HA_Cu_Cop presents a more complex subset of bands than HA_Cu_0.05. 
Obviously, this is because HA_Cu_0.05 is only composed of a single phase of hydroxyapatites, 
whereas HA_Cu_Cop is constituted by a multiphase system. The respective bands due to the 
hydroxyapatite phase are placed at the same position as the bands for HA_Cu_0.05 sample. But it 
can be appreciated that the bands corresponding to the Cu4H(PO4)3·3H2O phase are placed at the 
same regions. To the best of my knowledge, the Cu4H(PO4)3·3H2O phase has not been 
spectroscopically described. In any case, some copper phosphates and carbonates minerals have 
been characterized by FTIR, which permits a characterization of the principal characteristics of this 
phase. In the carbonates range (1350-1600 cm-1) two principal bands with approximately the same 
intensity can be observed at 1422 and 1472 cm-1. Moreover, two shoulders superimposed with 
these bands can be observed at low and high frequencies for this range, 1384 and 1546 cm-1 
respectively. In regard to the hydroxyapatite phase, the first band centre at 1422 cm-1 has been 
assigned to carbonates species substituting phosphates groups (B-type). The subsequent band at 
1472 cm-1 has been attributed to carbonates substituting both phosphates groups (B-type) and 
columnar OH- (A-type). Finally, the shoulder at 1546 cm-1 is due to carbonates substituting columnar 
OH- positions [24]. In the same manner, the bands can be explained for the copper hydrogen 
phosphate phase. In this phase, the bands are associated by partners. The first partner is composed 
of the shoulder at 1384 cm-1 and the band at 1472 cm-1. Bands at the same wavenumbers have been 
reported for amorphous compounds based on an amorphous copper hydroxy-carbonate mineral 
called georgeite [30,31]. The second partner is composed of the band at 1422 cm-1 and the shoulder 
at 1546 cm-1. These two components have been identified in a crystalline copper carbonates mineral 
called azurite (Cu3(CO3)2(OH)2) [30ς32]. The presence of all these bands permits the elucidation of 
some interesting characteristics of HA_Cu_Cop sample. First, the shoulder at 1384 cm-1 is not a band 
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corresponding to the hydroxyapatite phase. Thus, it can be attributed only to the copper hydrogen 
phosphate phase. This fact proves that the phosphate substitution by carbonate groups occurs 
either in Cu4H(PO4)3 or in hydroxyapatites phases. Moreover, two of the bands composing the 
copper hydrogen phosphate phase, are related to crystalline minerals and the other two to 
amorphous compounds. That suggests that there are two different substitution positions for the 
carbonates species in this phase. Carbonates substitutions into the first position do not alter the 
structural entity. On the contrary, carbonates substitution into the other position creates structural 
distortions, that might increase the amorphous rate in the sample. This interpretation is in 
agreement with the PXRD results previously shown. Finally, it can be appreciated that the shoulder 
at 1546 cm-1, which can be also attributed to A-type carbonates in the hydroxyapatite phase, does 
not appear in the HA_Cu_0.05 spectrum. However, it cannot be discarded the presence of 
carbonates substituting columnar OH-, even if it seems that their amount is really scarce. 
Furthermore, considering this last evidence plus the lower intensity and different profile of the 
carbonates bands in HA_Cu_Cop with respect to HA_Cu_0.05, It may be suggested that carbonates 
substitutions seem to be favoured in the copper hydrogen phosphate phase more than in the 
hydroxyapatite phase. But this can be also explained because there is a predominance of the copper 
hydrogen phosphate phase over the hydroxyapatitic one. Moving forward through the spectrum, a 
band at 1636 cm-1 can be observed. This band is related to the (ɻH2O) mode of water molecules 
present in the sample. As can be appreciated, there is a downshift into the wavenumbers position 
of this band in HA_Cu_Cop sample with respect to HA_Cu_0.05 sample. It can be explained because 
in HA_Cu_Cop the water is not entrapped inside the hydroxyapatitic structure phase, but it is the 
structural H2O constituting the copper hydrogen phosphate hydrate phase. In the spectral region of 
the overtones and combination modes of the phosphates groups fundamental vibrations (1900-
2200 cm-1), the detected bands are weak and poorly defined. This is because of the overlapping of 
the bands corresponding to both phases between them. But also, it denotes the high amorphization 
degree of the different phases. The last part of the spectrum ((˄OH) region; 2750-3700 cm-1) also 
exhibits a complex set of bands. Unlike the carbonate region, in this spectral range the bands related 
to both phases, hydroxyapatites and copper hydrogen phosphates are not coincident. The 
hydroxyapatite bands can be found at the highest frequencies, where at 3571 cm-1 are the ˄ (OH) 
mode due to columnar OH occupying the 4e position in the hexagonal lattice and, at 3677 cm-1 are 
(˄OH) mode related to PO-H groups found at the hydroxyapatite surfaces, respectively. With respect 

to the copper hydrogen phosphate phase, four bands can be appreciated. The first band is located 
at 3235 cm-1, and it is related to the amorphous copper hydroxy-carbonate mineral named 
georgeite. The presence of this band together with the detected bands in the carbonate range 
suggests that in HA_Cu_Cop sample another phase related to the amorphous mineral georgeite may 
be present. This phase would not be detected in the XRD pattern since it is an amorphous phase. 
The presence of other two bands placed at 3389 and 3452 cm-1 have been previously reported for 
two copper phosphate minerals known as pseudomalachite (Cu5(PO4)2(OH)4) and libethenite 
(Cu2PO4OH), respectively. Therefore, these two bands can be tentatively assigned to (˄PO-H) modes 
due to HPO4-2 or H2PO4

- species present in the surfaces of the copper hydrogen phosphate phase. 
The presence of these last bands also suggests that there are two types of phosphate groups 
structurally different. Finally, it can be appreciated that the last band at 3517 cm-1 is sharp and 
intense. These types of bands are normally belonging to structural and ordered species. For these 
reasons, the band can be assigned to the (˄OH) mode of hydroxyl species bonded to the copper 
cations substituting the calcium cations into the hydroxyapatites. Hence, the columnar OH- 
occupying the 4e position into the hexagonal lattice but bonded to Cu2+. 
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Figure 4.3: Infrared spectra collected at low temperatures (ca. 100 K) of the different 
hydroxyapatite samples after the pre-treatment at 423 K. 

 

The right panel in Figure 4.3 shows the infrared spectra after the activation procedure of the two 
samples containing citrates, i.e., HA_Cit and HA_Cit_Cu_Cop. These samples are constituted by a 
hydroxyapatite single phase. Thus, their infrared spectra are similar between them and also to the 
HA_Cu_0.05 sample. Three bands can be appreciated in the 1300-1600 cm-1 spectral range. As it has 
been previously said, at these frequencies vibrate the antisymmetric stretching mode of carbonates. 
The first bands at 1412 and 1417 cm-1 for HA_Cit and HA_Cit_Cu_Cop, respectively; corresponds to 
the antisymmetric ˄ (CO3

2-) modes of B-type carbonates substituting phosphates. Whereas the 
second bands at 1450 and 1481 cm-1 correspond to the antisymmetric ˄(CO3

2-) modes of both A- 
and B-type carbonates substituting phosphates groups. But also, in this spectral range (1300-1600 
cm-1) vibrate the symmetric and antisymmetric ˄(COO-) modes corresponding to the citrates 
molecules. The symmetric stretching modes of citrates bonded to Ca2+ ions are placed at the same 
spectral range of carbonates antisymmetric modes. Hence, the resulting bands at 1400-1500 cm-1 
are the result of the superimposition of both carbonates antisymmetric stretching modes and 
citrates symmetric stretching modes. That explains the differences in the curves profile and intensity 
between samples containing citrates and HA_Cu_0.05 sample. Finally, the bands at 1585 and 1586 
cm-1 for HA_Cit and HA_Cit_Cu_Cop, respectively; have been assigned to the antisymmetric ˄(COO-

) mode of citrates bonded to Ca2+ cations (a more detailed description of this band will be provided 
further). As can be observed, the set of bands described in this range for the sample HA_Cit_Cu_Cop 
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is broader than the equivalent bands present in HA_Cit. The broadening can be explained because 
HA_Cit_Cu_Cop sample is less crystalline than HA_Cit, as was evidenced by the XRDP patterns. 
Moving forward through the spectra, it can be observed the normal bands related to these types of 
hydroxyapatites that were previously described in HA_Cu_0.05 sample. At 1900-2200 cm-1 it can be 
appreciated the weak bands assigned to the overtones and combination modes of the phosphates 
groups fundamental vibrations. At the high frequencies part of the spectra, it can be appreciated at 
3569 cm-1 the band related to the ˄(OH) mode due to the columnar OH bonded to Ca2+ occupying 
the 4e position into the hexagonal lattice. The weak intensity of this band suggests that the citrates 
bonded to Ca2+ ions are partially substituting the columnar OH. Finally, another weak band can be 
observed at ca. 3676 cm-1. This band has been ascribed to the (˄OH) mode related to PO-H groups 
placed at the hydroxyapatite surfaces. 

More information about the interaction between the citrates and Ca2+ ions was obtained by fitting 
the curve related to the antisymmetric ˄(COO-) modes of citrates bonded to Ca2+ ions (1585 cm-1) 
for HA_Cit sample. The obtained results are presented in Figure 4.4. The green curve corresponds 
to the original spectrum of HA_Cit sample in the 1500-1700 cm-1 range, the black dash line is the 
result of the fitting composed of two components (grey lines), and the blue line is the spectra of 
HA_Cit_Cu_Cop sample in the same spectral range. HA_Cit band was fitted by two components, one 
at 1589 cm-1, and the second at 1554 cm-1. The first component has been previously assigned to 
citrates bonding Ca2+ ions forming unidentate-like complexes. Whereas the second component has 
been attributed to citrates forming ionic-like complexes. Unidentate-like complexes are more 
abundant in these materials, as it is evidenced by the intensity differences of the components in the 
fitt ing curves [14]. The equivalent bands corresponding to the symmetric (ɻCOO-) modes of the 
citrates can be found in the range 1410-1450 cm-1 [33ς36]. Therefore, these symmetric modes are 
overlapped with the carbonates antisymmetric modes, described previously. A similar band can be 
appreciated for HA_Cit_Cu_Cop (blue line in Figure 4.4). HA_Cit_Cu_Cop is a sample containing 
copper, where the copper is substituting the calcium cations positions. Therefore, it is highly 
probable that the citrates are also forming complexes with the copper cations. Indeed, it has been 
reported that the antisymmetric stretching modes of citrates bonded to Cu nanoparticles can be 
detected at ca. 1561 cm-1. Consequently, the same stretching modes but for Cit-Cu2+ complexes, 
might be detected slightly upshifted with respect to 1561 cm-1. Unfortunately, the complexity of this 
band, which is composed of the two antisymmetric stretching modes of Cit-Ca2+, the interferences 
with the bands due to the carbonates antisymmetric modes, and the two possible components due 
to the antisymmetric stretching modes of Cit-Cu2+, make impossible to perform an accurate fitting 
of this band. In general, the increase of the fitting components in a band decreases the reliability of 
the fitting. In any case, it can be appreciated that the HA_Cit_Cu_Cop band is broader than HA_Cit 
band but maintain a similar profile. It suggests that the band of HA_Cit_Cu_Cop is formed by more 
components than the band of HA_Cit, which are probably due to the presence of Cit-Cu2+ complexes. 
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Figure 4.4: FT-IR spectra collected at low temperature (ca. 100 K) for HA_Cu_Cop (blue line), 
HA_Cit (green line), and the result of fitting the HA_Cit band (black dash line) composed by two 

components (grey lines) in the spectral region 1500-1700 cm-1, where the antisymmetric ˄ό/OO-) 
modes of citrates can be found. 

 

4.4.2. IR SPECTROSCOPY OF ADSORBED PROBE MOLECULES 

The elucidation of the cationic species presents at the surface of the different samples was 
performed by infrared spectroscopy of probe molecules. Carbon monoxide (CO) was employed as 
probe molecule since it is a molecule sensitive to both calcium and copper species. As it was 
explained in section 3.4.2, the CO adsorption on the hydroxyapatites samples must be performed 
at low temperatures (ca. 100 K) to favour the interaction between CO molecules and Ca2+/Cu2+ 
species, and avoid any type of reaction due to the reductive properties of CO. Moreover, before the 
CO adsorption on the sample, the water layers adsorbed at the material surfaces must be removed, 
thus allowing the adsorption of the CO molecules (section 2.2.6) [37,38]. Therefore, the materials 
were submitted to a pre-treatment consisting in outgassing the sample at 423 K for two hours. The 
pre-treatment conditions are intended to remove the superficial adsorbed water layers without 
introducing significant structural modifications (section 3.4.1) [24]. 

The set of presented spectra was recorded in absorbance. 50 mbar of CO were admitted into the 
sample to assure the full coverage of the sample surfaces. To better evidence the bands 
corresponding the CO adsorption, the spectrum before adsorption was subtracted as background 
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to the spectra at different coverages of CO. The subtraction procedure is analogous to that shown 
in Figure 3.6. 

Figure 4.5 shows the set of spectra collected at decreasing coverages of CO for the different samples 
in the 2000-2250 cm-1 spectral range after concluding the methodology described above. 
HA_Cu_0.05 spectra (Figure 4.5 A) have been previously described in section 3.4.2. Briefly, the set 
of spectra exhibit two broad bands: the first one assigned to the (˄CO) of CO molecules bonded to 
Cu+ ions is centred at 2115 cm-1, and the second one attributed to the ˄(CO) of CO molecules 
interacting with Cu2+ ions is located at 2155 cm-1. The presence of Cu+ has been attributed to the 
mild reductive influence of the pre-treatment which promotes a partial reduction of Cu2+ surface 
ions. Finally, no Ca2+ superficial species were detected for this sample as a consequence of the 
complete substitution of surface Ca2+ by Cu2+ ions [39ς42]. 

Similar is the situation for the set of spectra collected for HA_Cit sample (Figure 4.5 A). This is the 
sample composed of non-substituted hydroxyapatites. Therefore, its spectra are comparable to the 
spectra of HA_Ca_Rich previously described. As can be appreciated, the spectra are composed of a 
lonely band centred at 2163 cm-1, which has been assigned to the (˄CO) mode of CO molecules 
bonded to Ca2+ cations. 

In the copper bulk-substituted samples HA_Cu_Cop (Figure 4.5 C) and HA_Cit_Cu_Cop (Figure 4.5 
D), two principal bands at the highest coverage of CO are appreciated: one in the range 2075-2150 
cm-1 and the second at 2150-2220 cm-1. The first of these bands appears at lower wavenumbers, 
2115 cm-1 in the case of HA_Cu_Cop, and 2109 cm-1 in the case of HA_Cit_Cu_Cop. In both cases, it 
can be appreciated a shift of the band through higher wavenumbers when the CO coverage 
decreases, as a consequence of the fading out of CO-CO lateral interactions [39]. Taking into account 
the bands position and their irreversibility evaluated during the outgas at room temperature, the 
band can be assigned to the ˄ (CO) mode of CO molecules interacting with Cu+ ions [40,41]. The 
presence of Cu+ ions, as in the other samples, is explained by the reductive character of the pre-
treatment [42]. 

The maximum of the second band, located at 2162 cm-1 for HA_Cu_Cop and 2157 cm-1 for 
HA_Cit_Cu_Cop is the result of the overlapping of two bands as is evidenced by the decreasing of 
CO coverages. These two bands exhibit lower stability since they are completely depleted during 
the outgassing procedure. The maximum of these bands at low coverage of CO are found at 
2159/2155 cm-1 and 2179/2177 cm-1 for HA_Cu_Cop/HA_Cit_Cu_Cop. Consequently, due to the 
behaviour of these bands and their position, the band at 2159/2155 cm-1 can be assigned to the 
(˄CO) mode of CO molecules adsorbed on Cu2+ cations, and the band at 2179/2177 cm-1 can be 

attributed to the ˄ (CO) mode of CO molecules adsorbed on Ca2+ ions [40]. It can be observed that 
the relative intensity of the detected bands in HA_Cu_Cop sample is totally different to the relative 
intensity of the other samples. This effect can be attributed to the higher amount of copper in this 
sample as was evidenced by the ICP analysis. Moreover,  the bigger intensity of the band attributed 
to CO adsorbed on Cu2+ with respect to the band of CO adsorbed on Cu+ ions, might also suggest 
that there is a stabilization effect for the Cu2+ ions in HA_Cu_Cop sample, which make difficult their 
partial reduction through during the pre-treatment. This effect would be attributed to the 
Cu4H(PO4)3 phase since it is not observed in any other of the hydroxyapatitic samples. 

Moreover, HA_Cu_Cop sample shows a low-intensity band evidenced at low CO coverages centred 
at ca. 2200 cm-1. This is also a weak and unstable band since it disappears during the outgassing of 
the CO molecules. The presence of a band at such high wavenumbers has been previously assigned 
in literature to CO molecules adsorbed on isolated Cu2+ ions adsorbed on TiO2 surfaces [43]. The 
presence of this band suggests that there are Cu2+ ions occupying different positions in the sample 
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surface. It must be noted that the weak intensity of this band might be a consequence of the low 
affinity of the CO molecules for these types of Cu2+ ions. In any case, the presence of this band is 
totally compatible with the presence of two phases both possessing Cu2+ ions. 

 

 

Figure 4.5: FTIR spectra of adsorbed CO at ca. 100 K on the different hydroxyapatites samples at 
different coverages of CO starting from 50 mbar (curves a) with stepwise outgassing for 3 hours  in 

copper-containing samples (curves n), and until a residual pressure of 1x10-3 mbar for HA_Cit 
(curve j). 

 

4.5. CONCLUSIONS 

In this chapter, the study on the incorporation of Cu2+ ions in carbonate-hydroxyapatite 
nanoparticles obtained by co-precipitation in both presence and absence of citrates has been 
reported. The copper incorporation into the hydroxyapatite samples by this methodology produces 
hydroxyapatites with a high amorphization degree, which suggests that the Cu2+ ions alter the 
hydroxyapatites structure. However, the incorporation of citrates during the preparation stabilizes 
the hydroxyapatite phase, promoting the precipitation of smaller nanoparticles with a high specific 
surface area (312 m2/g). Conversely, the incorporation of copper in absence of citrates leads to the 
precipitation of a new copper hydrogen phosphate phase (Cu4H(PO4)3 · 3H2O) along with the 
hydroxyapatitic phase. This evidences that citrates play a key role in the stabilization of the 
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hydroxyapatite phase, even during the incorporation of metal cations (M2+), as was previously 
reported by Martinez-Casado et al. [12]. 

In any case, the copper incorporation was achieved for both samples,  with higher amounts of 
copper than copper-functionalized hydroxyapatites obtained by ionic exchange, discussed in the 
previous chapter. Indeed, HA_Cu_Cop sample exhibits a high amount of copper incorporated, being 
this the double of HA_Cit_Cu_Cop sample, thanks to its copper hydrogen phosphate phase.  

The fitting of the band due to the antisymmetric stretching mode of citrate carboxylates at the 
surface of HA_Cit_Cu_Cop evidences the presence of citrates bonded to the superficial Ca2+ ions at 
the surface forming predominantly unidentate-like complexes and suggests also that the citrates 
may be bonded in the same way to Cu2+ ions. 

Finally, the adsorption of carbon monoxide on the sample confirmed the presence of Cu2+ ions at 
the hydroxyapatite surfaces, evidencing a predominance of Cu2+ over Ca2+ ions in both samples. 
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5. APPLICATIONS OF COPPER 
CONTAINING HYDROXYAPATITES 

5.1. INTRODUCTION 

Hydroxyapatites are versatile materials that have been used in a vast range of applications. Among 
this huge range of applications, in specific, the hydroxyapatites are gaining attention in the 
electrochemical field and have been extensively explored as potential anticancer materials [1ς4]. 

Regarding the electrochemical field, the use of hydroxyapatites, whether functionalized or not, has 
been extensively explored to develop sensors, focusing especially on the detection of analytes with 
biomedical interest [5ς8]. For that reason, our synthesized hydroxyapatites, whether functionalized 
with copper or not, were submitted for a proof of concept to study their potential as electrocatalysts 
through the electrochemical reduction of H2O2 by cyclic voltammetry. Hydrogen peroxide is a 
molecule that can be used in many different applications fields, as diverse from each other as the 
pharmaceutical and mining fields; passing through clinical, environmental, and textile applications; 
among others. But H2O2 importance relies also on its biological role in living systems, acting as a 
signalling molecule for the regulation of diverse biological processes, like apoptosis or immune cell 
activation. Furthermore, H2O2 is a side product of some enzyme-catalyzed biochemical reactions. 
For these reasons, the study and/or detection of H2O2 is of crucial importance to understand and 
intercede some biochemical challenges [9ς11]. Last but not least, since H2O2 is an electroactive 
molecule, its detection by electrochemical means permits a simple, rapid and effective detection 
[12]. 

On the other hand, the biomedical applications of hydroxyapatites nanoparticles have been largely 
studied. However, their use is not only limited to bone grafts or bone-related applications, but also 
as anticancer or antitumoral drugs. To achieve this target, normally functionalized hydroxyapatites 
have been used. The hydroxyapatites intended to be used as anticancer materials have been 
functionalized by different methods like cationic substitution, using thallium and selenium [13], 
anionic substitution, using vanadium as vanadate [14], or by the adsorption of drugs (as chitosan-
poly(D, L)-lactide-co-glycolide) or metal nanoparticles (as TiO2 or Ag) on their surfaces [15ς17], only 
to name some. Moreover, the functionalization of hydroxyapatites with copper is being currently 
studied since it is proposed to improve the biological properties of bone graft substitutes. Indeed, 
some examples of copper-functionalized hydroxyapatites, hydroxyapatites acting as copper carriers, 
and alloys of copper with other metals adsorbed on hydroxyapatites can be found in the literature 
[18ς21]. Therefore, the second application regarding our hydroxyapatites materials is aimed at the 
study of their cytotoxic activity and reactive oxygen species induction in different human and mice 
cancer cells lines. This part of the project is still ongoing work, which is being performed and 
developed by our collaborators at the Mendel University of Brno, in the Chemistry and Biochemistry 
Department. Consequently, only some of the most interesting results will be present in this Thesis. 
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5.2. ELECTROCHEMICAL REDUCTION OF H2O2 

5.2.1. CYCLIC VOLTAMMETRY RESULTS 

The potential electrocatalytic activity of the samples was studied by Cyclic Voltammetry (CV) 
through the electrochemical reduction of H2O2. The experiments were performed by inserting the 
carbon paste electrodes in a voltammetric cell containing 10 mL of PBS buffer at 0.02 M. Variations 
in current intensity were recorded by scanning the applied potential from 1 to -1.4 V. For each 
sample, two voltammograms were recorded, the first one only in presence of PBS buffer, and the 
second one after the addition of a hydrogen peroxide solution prepared in the same PBS buffer with 
a final concentration of 0.2 mM into the voltammetric cell. Figure 5.1 panels A, B, and C exemplifies 
three different types of voltammograms that can be obtained for these hydroxyapatite samples 
(colored lines), the voltammograms before and after the H2O2 addition are presented as dashed or 
solid lines, respectively. Moreover, the recorded voltammograms of the bare electrode are included 
in the different panels (black dash and solid lines) to further highlight the behaviour of the different 
materials. Figure 5.1 panel A presents the case of non-modified hydroxyapatites samples 
(HA_Ca_Rich, HA_P_Rich, and HA_Cit), where the cathodic response of the bare electrode and the 
hydroxyapatites-containing electrode are similar. Consequently, the sample is not showing 
electrocatalytic activity. In panel B, the case for HA_Cu_0.05 (red curve) as an example of the other 
hydroxyapatites functionalized with copper is shown. As can be appreciated in this case, the copper 
functionalized samples are more sensitive to the applied potential, since they showed a higher 
cathodic response in all the voltammograms. Furthermore, the recorded voltammogram after the 
addition of H2O2 exhibits an evident increase in the cathodic current as a broad band that starts 
from ca. -0.4 V and extends down to ca. -1.4 V. The presence of this band is attributed to the 
electrochemical reduction of H2O2. Moreover, in the voltammograms of functionalized 
hydroxyapatites with copper, we can see a small oxidation peak around 0.0 V. This peak can be a 
consequence of the re-oxidation of the copper species in the electrodes [22].  

Finally, in the third case (Figure 5.1, panel C) the voltammogram for HA_Cit_Cu_Cop sample is 
presented. As can be appreciated, the cathodic response of this sample is different to the response 
of the bare electrode and the other samples. This is a consequence of the citrates molecules present 
at the surface of the material, which can experience a reaction with the H2O2 or the components of 
the buffer (further explanation of the effect of the citrates in these systems is provided in section 
5.2.2). Furthermore, no remarkable changes can be appreciated between the two voltammograms 
of HA_Cit_Cu_Cop sample, before and after the addition of H2O2. Indeed, the voltammograms are 
practically the same at the first potentials where H2O2 experiences its cathodic response ((-0.2) ς (-
0.8) V). Consequently, neither in this case does the sample present catalytic activity. 
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Figure 5.1: Comparison between the obtained voltammograms of the bare electrode (black) and 
(A) HA_Ca_Rich (orange), (B) HA_Cu_0.05 (red), and (C) HA_Cit_Cu_Cop (green) in PBS buffer 

before (dashed lines) and after the addition of H2O2  with a final concentration of 0.2 mM in the 
cell (solid lines). 
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5.2.2. CATALYTIC ACTIVITY 

Further insights about the catalytic activity were obtained by evaluating the differences in current 
intensity, calculated at -0.4 V, between the voltammograms before and after the addition of 
hydrogen peroxide for each sample. For a better appreciation of the catalytic activity, the 
differences in current intensity have been multiplied by -1. The evaluation of a material intended to 
be used as an electrochemical sensor may be studied by two aspects. One is their catalytic efficiency, 
intended as the magnitude of the cathodic response for the considered material. The second is the 
selectivity of the material, intended as the minimal applied potential at which the cathodic current 
can be detected. It is important to work at low potentials in electroanalysis because it avoids the 
interferences that may be present in a real complex sample since at higher applied potentials other 
species present in the complex samples can undergo electrochemical oxidation/reduction. In our 
case, at -0.4 V the cathodic current is significantly higher than that of the bare electrode and, the 
cathodic current due to only the H2O2 reduction potential is shifted to less negative values. This is 
interesting for practical applications in comparison to other copper-based systems [23,24]. 

The calculated catalytic activities (-ɲI) at -0.4 V for the different samples are shown in Figure 5.2. In 
panel A, the catalytic activity for the non-functionalized hydroxyapatites in comparison with the 
bare electrode is presented. No catalytic activity was detected for any of the non-functionalized 
hydroxyapatites, which is an expected result since the hydroxyapatites are insulant materials [25ς
27]. HA_Ca_Rich sample exposes a cathodic response similar to that of the bare electrode, whereas 
the cathodic response for HA_P_Rich and HA_Cit is lower. The lowest cathodic response of HA_Cit 
can be explained by the presence of citrates on its surfaces. The citrates are bonded through their 
carboxylate groups to the superficial Ca2+ ions of the hydroxyapatites. Thus, citrates are exposing 
their organic groups and consequently, they show more resistance to the pass of the electrons. 
Moreover, this effect could be enhanced by a reaction between citrates and H2O2, that generates 
products that can be adsorbed on the electrode surface creating a film that covers the electrode 
and promotes its passivation [28,29]. Finally, the catalytic activity differences between HA_Ca_Rich 
and HA_P_Rich could be due to an anisotropic effect, where the conductivity may be favoured along 
the c-axis as a consequence of the elongated morphology of HA_Ca_Rich nanoparticles through this 
axis. 

Moreover, the calculated catalytic activity for copper-functionalized hydroxyapatites by ionic 
exchange is presented together with their pristine material (HA_Ca_Rich) in Figure 5.2 panel B. As 
it has been exposed above, the bare electrode and HA_Ca_Rich sample present equivalent catalytic 
activity. However, HA_Cu_0.01 sample exhibit a slight increment in its catalytic activity, which is 
attributed to the presence of Cu2+ ions in the hydroxyapatite surfaces. The increase of the catalytic 
activity is much higher for HA_Cu_0.05 sample, where the hydroxyapatite surface is saturated with 
Cu2+ ions, thus, evidencing that the catalytic activity increases with the amount of Cu2+ ions 
incorporated into the surface of the hydroxyapatites. 

Finally, Figure 5.2 panel C presents the catalytic response for the copper functionalized 
hydroxyapatites by co-precipitation. HA_Cu_Cop presents a cathodic response that is ca. ten orders 
of magnitude bigger than the bare electrode response. Thus, HA_Cu_Cop shows catalytic activity. 
Indeed, its catalytic activity is comparable to the catalytic activity obtained for HA_Cu_0.01 sample 
(Panel B). Differences in catalytic activity (-ɲI) of HA_Cit_Cu_Cop are the only values presented in 
negative, because this sample was the only one showing a positive cathodic current difference. That 
is because the cathodic current in presence of H2O2 is lower than before the addition. That can be 
attributed to a passivation effect promoted by the presence of citrates, which due to the 
electrochemical reduction of  H2O2 and the presence of Cu2+ species at the surface of the materials, 
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promotes the formation of copper oxides. Thus, producing the formation of a passivation layer at 
the electrode surface, as has been appreciated in other metallic systems or copper systems 
containing citrates [28ς30]. 

These results are in agreement with previous work reported in the literature showing that copper 
ions induce catalytic activity through the electrochemical reduction of H2O2 [31]. Finally, it can be 
concluded that our materials behave like nanozymes, i.e. nanomaterials that mimic enzyme-like 
activity, mimicking in our case the catalase enzyme [24].  

 

 

Figure 5.2: Differences in current intensity (-ɲI), calculated at -0.4 V, between the voltammograms 
before and after the addition of H2O2 for (A) non-functionalized hydroxyapatites, (B) copper-

functionalized hydroxyapatites obtained by ionic exchange, and (C) copper-functionalized 
hydroxyapatites obtained by co-precipitation. 
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5.3. FUNCTIONALIZED HYDROXYAPATITES ANTICANCER ACTIVITY 

5.3.1. CYTOTOXICITY OF THE HYDROXYAPATITES SAMPLES 

The cytotoxicity of the hydroxyapatites samples was studied in diverse human and mouse cancer 
cell lines (MDA-MB-468 (triple-negative human breast carcinoma), HuH-7 (human hepatocellular 
carcinoma), PC-3 (prostate adenocarcinoma), and CT-26 (mouse colon carcinoma)) by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The obtained results are 
represented in Figure 5.3 by showing the percentage of control cells viability as a function of the 
hydroxyapatite concentration. The cancer cells lines were screened, looking for the highest 
cytotoxicity (low % of control cells viability) at the lowest hydroxyapatite concentration. It is 
important to note that even for biocompatible materials, a high concentration of nanoparticles is 
usually hazardous for living systems. Non-functionalized hydroxyapatites, HA_Ca_Rich and HA_Cit, 
do not show significant cytotoxicity at any concentration and for any of the cancer cells lines (Figure 
5.3. Panel A and B, respectively) since no significant decreases in the control cells viability can be 
appreciated with the increase of the hydroxyapatite concentration. On the contrary, the copper 
incorporation into the samples has a direct effect on the cytotoxicity of the materials. As can be 
appreciated for the copper-functionalized hydroxyapatites obtained by ionic exchange, HA_Cu_0.01 
όtŀƴŜƭ !Ωύ ŀƴŘ I!ψ/ǳψлΦлр όtŀƴŜƭ !ΩΩύ ǎŀƳǇƭŜǎΣ ǘƘŜǊŜ ƛǎ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ŎƻƴǘǊƻƭ ŎŜƭƭǎ 
viability related to the concentration increase of the samples. Moreover, the cytotoxicity of the 
samples is directly related to the copper amount present at the surfaces, since the reduction of 
control cells viability is more significant for HA_Cu_0.05 than for HA_Cu_0.01. Furthermore, all the 
cell lines are sensitive to the HA_Cu_0.05 sample, whereas only HuH-7 and MDA-MB-468 are 
enough sensitive to HA_Cu_0.01 samples. Finally, HA_Cu_0.05 sample causes a considerable 
reduction in the population of control cell viability in all the lines at high concentrations (250 µg/mL). 
Unfortunately, this concentration is too high to be useful in in vivo assays. 

Regarding the copper-functionalized hydroxyapatites obtained by coprecipitation, HA_Cit_Cu_Cop 
όtŀƴŜƭ .Ωύ ŀƴŘ I!ψ/ǳψ/ƻǇ όtŀƴŜƭ .ΩΩύΣ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ŎƻƴǘǊƻƭ ŎŜƭƭǎ Ǿƛŀōƛƭƛǘȅ ŎƻǊǊŜƭŀǘƛƴƎ ǿƛǘƘ ǘƘŜ 
concentration increase is observed in both samples. HA_Cit_Cu_Cop sample exhibits a significant 
reduction of the control cells viability in all the cases, but at a high concentration of the samples 
(250 µg/mL). On the contrary, HA_Cu_Cop sample shows a high sensibility for all the cell lines and 
its cytotoxic activity is higher than any of the other samples, reaching a significant reduction of the 
control cells viability, ca. 20%, at a concentration of 15.6 µg/mL for PC-3 and HuH-7, and between 
5-15% at 62.5 µg/mL for all the cells lines. Consequently, these data suggest that the amount of 
incorporated copper in the samples is directly related to their cytotoxic activity. 

A quantitative and more precise evaluation of the hydroxyapatites cytotoxic activity can be obtained 
from the calculation of the half-maximal effective concentration (EC50 in ng/mL). EC50 expresses 
the concentration of a material for which is obtained the 50% of the effect of such material in a 
biological system. The maximum non-hazardous EC50 concentration for nanoparticles that are 
intended to be used in living systems is ca. 11 ng/mL. Table 5.1 collects the EC50 values of each 
sample for the different studied cells lines. 
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Figure 5.3: Cytotoxic activity expressed at the percentage of control cells viability in function of the 
concentration in µg/mL for the non-functionalised and copper-functionalized hydroxyapatites 

samples. 

 

 




















































