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Abstract

Hydroxyapatite represents the natural inorganic component of the bone and 
may be considered an essential element required for the development of bone 
substitutes in the field of regenerative medicine. Hydroxyapatite bone substi-
tutes own biomimetic, osteoconductive, and osteoinductive properties thanks 
to their  chemical-physical properties and nanostructure that play a critical role 
for the reconstruction of calcified tissues. Controlling the structure of hydroxy-
apatite nanocrystals is vital for obtaining a sustained product, and it should 
be an advantage on the final materials suitable for bone replacement, in terms 
of adsorptive activity, drug delivery system, etc. Compared to other synthesis 
techniques, hydrothermal processing (refers to a synthesis in aqueous solution at 
elevated pressure and temperature, in a closed system) has the ability to precipi-
tate the hydroxyapatite from overheated solution, regulating the rate and uni-
formity of nucleation, growth, and maturation, which affect size, morphology, 
and aggregation of the crystals. This chapter wants to provide an overview of 
realization of nanosized hydroxyapatite-based bioceramics (e.g., powder and 3D 
structures) with desired morphology of crystallites, by hydrothermal processing. 
In this way, some critical hydrothermal parameters fundamental on the control 
of the crystal shape and dimension (pH, temperature, starting precursors, etc.) 
are discussed.

Keywords: hydrothermal synthesis, nanostructured hydroxyapatite,  
crystal growth, morphology control, regenerative medicine

1. Introduction

Calcium phosphates (CaP) are the main mineral constituent of human bones 
and teeth. For this reason, synthetically CaP-based materials nowadays are the most 
ubiquitous family of biomaterials for their use in biological applications and tissue 
engineering. These attractive biomedical materials possess excellent biocompat-
ibility, osteoconductive properties, nontoxicity, and chemical similarity to the 
inorganic component of the natural bone [1].

The realization of CaP biomaterials  reproducing the calcified tissue (dense 
and porous block, granules, and powders) is clinically needed as an alternative to 
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autologous- and heterologous-derived scaffolds [2]. The majority of CaP biomateri-
als shall be applicable for bone reconstruction and replacement in tissue engineer-
ing when the bone has no self-regenerative capacity following severe illness or 
trauma, as well as other applications, like drug delivery agents, prosthetic coatings, 
and gene carriers [3, 4].

Among the CaP family compounds, hydroxyapatite Ca5(PO4)3OH (HA) is the 
most extensively used in medicine for implant fabrication as an alternative to the 
human bone; it is the thermodynamically most stable phase in physiological condi-
tions and owns the most similarity in mineralogical phase and chemical composi-
tion to the mineral part of the bone tissue [5]. The in vivo formation of this mineral 
occurs through the biomineralization process, where nanometer-sized crystals of 
HA are precipitated on collagen fibrils into mineralized self-assembled hierarchical 
and calcified structure. The thickness of the HA crystals ranges from about 5 to 
20 nm, while the length from 15 to 200 nm [6].

Biological HA is a nonstoichiometric, carbonated, and calcium-deficient form 
of apatite (Ca/P atomic ratio lower than 1.67), containing various amounts of 
positively charged ions (e.g., Mg2+, Na+ and K+) and negatively charged ions (e.g., 
CO3

2−, Cl− and F−), in substitution of Ca2+ or PO4
3−/OH− ions, respectively [7, 8].

Present-day researches concern new route or improving preexisting methods 
to accurately engineer HA-based materials with characteristics closer to the living 
bone, aiming more effective applications in the field of biomaterials. The in vivo 
and in vitro performance of HA biomaterials remarkably depends on the develop-
ment of their properties during the manufacturing process, such as microscopic 
characteristic (e.g., grain size topography, particles size distribution, nanostruc-
ture), morphology (e.g., porosity, pore size, 3-D architecture), chemical composi-
tions, crystallographic structure, etc.

It is well known that biological and mechanical properties of biomaterials are 
strongly affected by its nanostructural characteristics. Compared to conventional 
ceramic formulations, the nanophase of HA materials can significantly affect their 
mechanical strength and the solubility that has a substantial effect on resorption 
and bioactivity. Furthermore, nanostructures can enhance osteoblast adhesion 
and affect the surface wettability for the selective control of protein interactions 
[9]. The mechanical properties and microstructures of the resulting HA ceramics 
are mostly influenced by the microstructure of the produced powder, including 
crystallinity, agglomeration, stoichiometry, and substitutions and the processing 
conditions [10].

The control over HA crystallization through a precise control of crystal nucle-
ation and growth is a major challenge in the synthesis of crystalline particles, 
with defined geometry, morphologies, orientations, sizes, and composition. 
These intrinsic features are closely related to their properties and may affect their 
applications.

Many methods have been proposed in the literature to prepare nanostructured 
HA materials (e.g., nanoparticles or 3-D scaffolds with various shapes and sizes), 
such as coprecipitation, sol-gel synthesis, mechanical milling, hydrothermal reac-
tion, etc. [11]. Between them, hydrothermal synthesis method allows more choice 
of variable factors that affect the morphology of the final material, such as nature 
of precursors and their concentration, saturation, temperature, pH, process time, 
and the presence of potential agents used for controlling the final morphological 
structures [12, 13].

This chapter focuses on the synthetic hydrothermal strategy employed in the 
preparation and design of different HA nanoparticles and nanostructured materials 
and reviews about the roles of important parameters on the HA nanostructured 
realization.
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2. Nanostructured hydroxyapatite

CaP exhibit different characteristics as Ca/P atomic ratios, crystal systems, and 
solubility (in physiological conditions, T = 37°C, pH = 7.3) [14, 15]; some most 
common CaP used for biomedical applications are summarized in Table 1. CaP 
materials which have Ca/P atomic ratio external to 1–2 range are not suitable for 
implantation into the body because of their high acidity (low Ca/P), basicity (high 
Ca/P), and solubility. As a result, among the known CaP compounds, OCP, α/β-
TCP and CDHA/HA are significantly most useful for biomedical applications, like 
orthopedic surgery and dentistry.

The different crystal morphologies of CaP exhibited in the various biologi-
cal hard tissue have addressed the research to develop these materials with high 
control of nanostructural properties, as particle size, nano-surface, dimensional 
anisotropy, etc. For example, in the bone tissue, the HA crystallites have rod shape 
owning dimension of about 50 × 25 × 4 nm; in contrast, in the tooth enamel, larger 
hexagonal prism crystallites have the dimension of about 100 × 70 × 25 nm, with 
c-planes that are preferentially parallel to the collagen fibrils or enamel surface, 
respectively [16]. For this reason, crystals exhibit enhanced adsorption properties 
because of their higher charging surface and with plate-like and hexagonal mor-
phologies, may find promising application in dental implants.

Lee et al. reported enhanced bioactivity of nanostructured HA compared to sin-
tered and coarser ceramics: nanophase HA promotes the osteogenic differentiation 
of periodontal ligament cells and more efficiency of osteoclast-like cell adhesion 
[7]. Besides, HA nanoparticles are used for cell targeting, gene transfecting, and 
drug delivery thanks to their strong molecular adsorption property and increased 
surface area [17]. The size of HA particles also play critical roles in biological 
response, including cell proliferation modification, oriented cell differentiation, 
and cell apoptosis [18]. HA nanowires and nanosheets are capable for moderated 
reinforcement of the biomaterials and can be used as mechanical components to 
stiffen isotropic composite materials. In the case of sinterability of bioceramics, 
nanoparticles exhibit improved feature if compared to coarser particles [19].

Stoichiometric HA has typically hexagonal crystal system with the P63/m space 
group and two principal crystal planes: a-plane and c-plane (see Figure 1); its crys-
tal unit cell is characterized by a = b = 0.942 nm and c = 0.688 nm, α = β = 90° and 
γ = 120°. Positively charged calcium ions (Ca2+) are mainly present in the a-planes, 

Calcium phosphates Acronym Ca/P ratio Crystal system Kps (log)

Monetite, CaHPO4 DCPA 1 Triclinic 7.02

Brushite, CaHPO4·2H2O DCPD 1 Monoclinic 6.63

Amorphous calcium phosphate, CaxHy(PO4)z·nH2O; 
3 < n < 4.5

ACP 1.2–2.2 — <4

Octacalcium phosphate, Ca8(HPO4)2(PO4)4·5H2O OCP 1.33 Triclinic 95.9

α-Tricalcium phosphate, α-Ca3(PO4)2 α-TCP 1.5 Monoclinic 25.5

β-Tricalcium phosphate, β-Ca3(PO4)2 β-TCP 1.5 Rhombohedral 29.5

Calcium-deficient hydroxyapatite, 
Ca5−x(HPO4)x(PO4)3−x(OH); 0 < x < 0.5

CDHA 1.5–1.67 Hexagonal <42.6

Hydroxyapatite, Ca5(PO4)3(OH) HA 1.67 Hexagonal 58.6

Tetracalcium phosphate, Ca4(PO4)2O TTCP 2 Monoclinic 37–42

Table 1. 
Main CaP compounds used for biomedical applications.
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and hence negatively charged phosphate (PO4
3−) and hydroxide (OH−) ions are 

present in the c-planes. That is, HA surfaces present anisotropic characteristics such 
as adsorption profiles for electrolytes or biomolecules [16].

3. Hydrothermal synthesis of calcium phosphates

The preparation of HA crystals with controlled morphology and phase pure 
(both in powder or scaffold forms) has been the object of intensive research over 
the last decades. Sadat-Shojai and Earl et al. [13, 20] summarized three main 
processing routes (which include specific techniques) developed for synthesizing 
nanosized HA:

• Dry methods (i.e., mechanochemical, solid-state reaction processes)

• Wet methods (i.e., precipitation, hydrolysis, sol-gel, hydrothermal, solvo-
thermal, emulsion, sonochemical, microwave, chemical vapor deposition 
processes)

• High-temperature processes (i.e., combustion preparation, synthesis from 
biogenic sources)

Wet chemistry techniques are widely used for their particularly effective con-
trol of particle size, morphology, and crystallinity. Among this, the hydrothermal 
technique is a promising and convenient way to easily control the reaction conditions, 
through a one-step synthesis of a desired phase under gentle reaction conditions [21].

Byrappa and Yoshimura defined hydrothermal processing as any heterogeneous 
chemical reaction developed in a closed system, in the presence of an aqueous sol-
vent and above to its boiling temperature and pressure (T > 100°C; P > 1 atm) and 
able to dissolve and recrystallize materials that are relatively insoluble under normal 
conditions. Other authors established hydrothermal conditions as a chemical pre-
cipitation in which the dissolution, crystal growth, and aging steps are conducted 
at a high temperature and pressure (typically above the water boiling point) inside 
an apparatus consisting of a steel pressure vessel called reactor/autoclave [21, 22]. 
Classically, a temperature gradient is maintained between the opposite ends of the 
vessel by using an external heater jacket with controlled temperature, and the pres-
sure is measured by a gas pressure transmitter [23].

The hydrothermal technique can be effective in processes aimed to the produc-
tion of highly homogeneous and monodispersed nanoparticles but also used as 

Figure 1. 
Hexagonal crystal structure of stoichiometric HA, where a-plane is Ca site (positive charge) and c-plane is 
PO4 site (negative charge).
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attractive techniques for processing of nanostructured 3D materials. Specifically, 
recent studies in hydrothermal conditions were carried out on the realization of 
HA ceramic generated, partially or entirely, starting from various biogenic sources, 
such as marine algae, shell, corals, or wood [24–27]. The biomorphic transforma-
tions in hydrothermal conditions enable to create a material with the preservation 
of natural-starting 3D structure (similar to that human bone) and appropriate 
nanostructural characteristics, use as a bone graft substitute for bone implants [28].

The achieving of a precise controlling of morphology, geometry and size, over 
the crystallographic and chemical structure of HA in hydrothermal conditions is 
related with a largest range of useful work conditions, in particular the tempera-
ture. The literature reports many variety of hydrothermal methods for the realiza-
tion of HA-nanostructured materials, in a wide range of dimension and  
variety of morphological features of the crystals, for example, rods [20, 29–46], 
needles [29, 30, 32, 47–53], wires [18, 54–57], whiskers/fibers [23, 47, 49, 58–60], 
sheets [55, 61, 62], plates [23, 44, 47–49, 54, 63, 64], and organized rod spheres  
[18, 31, 44, 54, 65, 66] or sheet spheres [19, 61, 67, 68], etc. (see Table 2 and 
Figure 2). Aldrich and Smith defined a geometric nomenclature for nanopar-
ticles [69], frequently described in ambiguous way in many scientific works; for 
example, the geometry indicating elongated HA as rod, needle, and fibers should 
be named according to well-defined dimensional aspect ratio and c-axial length.

This study is mainly focused on the correlation between the different HA 
morphologies and stoichiometries obtained and the various parameters that affect 
crystallization in the hydrothermal process, with their complex relationship. 
Appropriate operating conditions can be carried out and adjustment to induce in 
the crystallization pathway and produce the desired morphology [70, 71]. Size 
and morphology of nanoparticles can be tailored by varying the most important 
synthesis conditions (described in Sections 3.1–3.7), including thermodynamic and 
non-thermodynamic processing variables (nature and stoichiometry of reactants, 
temperature, pH, pressure, process time, and additives).

3.1 Supersaturation, nucleation, and crystal growth

Supersaturation is the most critical crystallization parameter, and, at a given 
temperature, it is commonly related to a higher amount of a substance in solution 
than that required for saturation.

Long shape (L1 < L2) Size range L2/L1 ratio

Rod
Needle
Wire

L1 = 3 nm–300 μm
L2 = 10 nm–800 μm

L2/L1 (rods) = 5–15
L2/L1 (needles) = 20–80
L2/L1 (wires) = 50–100

Whisker/fiber L1 = 100–1000 nm
L2 = 30–100 μm

L2/L1 = 100–300

Large shape (L1 > L2) Size range L1/L2 ratio

Sheet
Plate

L1 = 40 nm–50 μm
L2 = 5 nm–3 μm

L1/L2 = 10–20

Spherical shape Size range —

Organized rod sphere
Organized sheet sphere

Ø = 500 nm–100 μm —

Table 2. 
Various HA nanoparticle shapes and achievable size range by hydrothermal processes (where L1 is the width 
and L2 is the high, (see Figure 1)).
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It is the thermodynamic driving force that governs the formation mechanism of 
HA crystals, through nucleation and growth processes, and dictates the final crystal 
size distribution [44]. Nucleation and crystal growth are often competing mecha-
nisms determining for the final crystal size and size distribution.

The thermodynamic driving force that induces the precipitation of HA under 
hydrothermal conditions is defined by the free energy variation in supersaturated 
solutions, which is given by the following relation in Eq. (1):

  ΔG = −  (RT / n)  ln  (A /  K  sp  )  = −  (RT / n)  ln  (S)   (1)

where ΔG is the molar Gibbs energy; R is the universal gas constant; T is the 
absolute temperature; n is the number of ions in HA molecule (for Ca5(PO4)3(OH) is 
n=5+3+1=9); and S is the supersaturation degree that is defined by the activity prod-
uct of ion units (A) to the corresponding solubility product (Ksp) ratio, at a given 
temperature. Equation (1) also leads to the conclusion that the trend of absolute ΔG 
is directly related to the temperature. For example, if the temperature decreases, a 
slower precipitation rate of HA occurs and could lead to a larger crystal size.

The supersaturation degree (S) is defined as Eq. (2) where aA, aB, etc. are the 
activity of ionic species and Ksp is the solubility product constant. In the case of HA 
(Ca5(PO4)3(OH) or half unit cell), the supersaturation (SHA) is given by Eq. (3), 
while its saturation index (SI) is defined as Eq. (4) [59]:

  S =   a  A     a  ×   a  B     b  ×   a  C     c  × /  K  sp    (2)

   S  HA   =  (  (  a  Ca     
2+ )    

5
  ×   (  a  PO4     3− )    

3
  ×  (  a  OH     

−
 ) )  /  K  spHA    (3)

Figure 2. 
Typical shapes of nanostructured HA.
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   SI  HA   = log  ( S  HA  )   (4)

The control of supersaturation is critically prominent in hydrothermal condition 
to design HA crystals of the desired size, because it has a linear dependence with 
growth rate [72].

If SI < 0 the solution is undersaturated, and the mineral will dissolve into the 
solution; if SI = 0, the process dissolution and precipitation are in equilibrium.

When SI > 0 the solution is supersaturated, and the mineral will preferentially 
precipitate from the solution and grow. At positive and low SI, crystals can grow 
faster than their nucleation, resulting in a larger crystal formation; however, at higher 
SI crystal, nucleation prevails over crystal growth and smaller crystals are formed.

Some authors have shown that different morphologies ranging from rod-like, 
to plate-like to spherical HA nanoparticles could be obtained by varying the super-
saturation values of the chemical reaction in hydrothermal conditions [31, 73]. 
SI value can also define a two-dimensional or layer-by-layer growth (−ΔG2D), in 
which two particles share a common crystallographic orientation and the growing 
interface can shift only transversely, leading the final structures to thin sheets and 
plate shaped. Alternatively, SI value can define a three-dimensional or continuous 
growth (−ΔG3D) where the interfaces can move without constraint [74].

3.2 Calcium- and phosphate-based precursors

HA is usually formed in the Ca–PO4–H2O hydrothermal system through a 
reaction between starting precursors, which contain Ca2+ (preferentially salts) and 
PO4

3− ions, respectively. Each combination between Ca2+ and PO4
3− sources can be 

used to create a specific method for preparing HA. Both ionic sources are mainly 
chosen as salts, to avoid the competitive formation of other CaP phases at external 
pH range of HA stability; for example, the use of phosphoric acid as phosphate 
source could precipitate the brushite phase [75, 76].

The most common chemical reactants used for the hydrothermal synthesis of 
HA are shown in Table 3, where the column of Ca2+ sources is split into soluble or 
insoluble forms.

Various synthetic strategies to form HA crystals were developed, and the related 
processes can be classified into two main types, based on the nature of Ca-based 
precursors that can be soluble or insoluble.

The mechanism of these processes follows several steps, which are schematically 
illustrated in Figures 3 and 4. In both cases, the hydrothermal treatment begins 
after the mixing of the precursors (and any additives).

By using the soluble calcium sources (Figure 3), the first step is the mixing of all 
soluble precursors in supersaturated conditions, followed by rapid nucleation, up to 
the formation of small nuclei (step of reaction between ions). The subsequent steps 
in hydrothermal conditions are the continuous growth of the nuclei and increasing 
of nanoparticle dimension by Ostwald ripening or maturation to reduce the overall 
energy (step of hydrothermal treatment) [73, 95].

Compared to synthesis with soluble salts, the alternative way (Figure 4) pro-
vides for an initial step of mixing of the precursors, by immerging the insoluble 
calcium salt in a phosphate solution. Then a dissolution-recrystallization mecha-
nism proceeds at the solution/calcium sources interface in hydrothermal condition, 
through continuous nucleation-growth-ripening steps.

Calcium material undergoes a slow and gradual dissolution at the nanoscale, 
followed by the reaction between calcium and phosphate ions and by the nucle-
ation/precipitation of HA crystals on the surface of dissolving calcium precursor. 
This process is thermodynamically favored due to the lower solubility product of 
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HA compared to calcium sources (KpsHA << KpsCaCO3 < KpsCaSO4 < KpsCa(OH)2). The 
solution where calcium source is soaked is initially undersaturated with respect to 
calcium; when source dissolves, it releases Ca2+, and corresponding negative ions 
(e.g., CO3

2− or OH−) at the interface and a supersaturated condition, relating to HA, 
are created, and so it can start to precipitate and replace the original material.

The orientation of formed HA crystals may or may not have relationship  
with the parent calcium source crystal, with consequences on the structural control 
on the transformation from insoluble calcium source. But if calcium source has 
similar symmetry and unit cell dimensions of HA, the mineral replacement can 

Figure 3. 
Synthesis scheme by using soluble calcium-based precursor (powder form).

Figure 4. 
Synthesis scheme by using insoluble calcium-based precursor (powder or 3-D block forms).

Ca2+

Soluble sources

PO4
3−

Sources

Ca(CH3COO)2 + NaH2PO4 [61, 62];

CaCl2·2H2O + K2HPO4 [48, 77]; NaH2PO4 [67]; Na2HPO4 [18, 34]; (NH4)2HPO4 [78]; 
C8H10NO6P (PLP) [35]; Na5P3O10 (STPP) [31]

Ca(NO3)2·4H2O + KH2PO4 [23]; K2HPO4 [47]; NaH2PO4 [58, 63]; Na2HPO4 [36, 64]; Na3PO4 
[32, 37, 38]; NH4H2PO4 [39, 65, 68]; (NH4)2HPO4 [20, 29, 40–45, 49, 50, 54, 56, 
59, 60, 66, 70, 79–83]
(NH4)2HPO4 + NH4H2PO4 [71, 84]

Ca2+

Insoluble 

sources

PO4
3−

Sources

Ca(OH)2 + (NH4)2HPO4 [85, 86]
CaHPO4·2H2O [51]

CaSO4 + (NH4)2HPO4 [87, 88]

CaCO3 + (NH4)2HPO4 [89]; CaHPO4 [46]

CaCO3 (3-D) + NH4H2PO4 [90]; (NH4)2HPO4 [25, 91–93]; Na3PO4 [28]; K2HPO4 [94]
(NH4)2HPO4 + NH4H2PO4 [26]

β-TCP + CaHPO4·2H2O (insolub.) [53]

Table 3. 
Most popular precursors in the Ca–PO4–H2O hydrothermal system for HA production.
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occur by an epitactic or topotactic growth of HA crystals on the surface of dis-
solving precursor crystals, so that its orientation determines the disposition of HA 
nanocrystals. This mechanism is particularly evident during the conversion process 
of biogenic source made of calcite, where PO4

3− ions replace CO3
2 at the interface 

to produce a 3-D structure of HA which accurately reproduces and preserves the 
whole complex morphology (external and internal) of the original calcite template 
[28]. Therefore, the greater versatility in tailoring of HA crystal size and morphol-
ogy could be achieved through precipitation from homogeneous solutions contain-
ing both soluble calcium and phosphate sources. By adopting an insoluble salt of 
calcium as precursor, the degree of dissolution/precipitation, accompanied by 
interface reaction rate control, shall facilitate the formation of anisotropic particles 
which constitute the 3D structures.

3.3 Temperature

By shifting the dielectric constant and density with respect to temperature, 
water provides an excellent reaction medium for hydrothermal processing of HA 
nanostructured, leading to higher reaction rates and smaller particles than con-
ventional processing route. According to the reaction temperature, hydrothermal 
synthesis can be classified into subcritical (T < 374°C) and supercritical (T > 374°C) 
synthesis, although these syntheses are typical subcritical, because they are easily 
applicable to industrial and laboratory operations. Subcritical conditions can be 
classified as mild (temperatures near to 100°C) or elevated (temperature up to 
250°C). Many studies are done with synthesis temperature in the range from mild 
to elevated subcritical conditions (~100–240°C), showing the formation of various 
morphologies of particles with different sizes [18, 19, 21, 37, 39, 48, 53, 55, 60, 80, 
86, 87, 89].

Hydrothermal processes carried out at work temperature higher than 250°C are 
rarely documented in literature; for this purpose, rapid and continuous hydrother-
mal synthesis could be considered an appropriate technique [41, 80]. This could 
lead to the deterioration of the internal vessel (frequently made of inert polymer) 
or potential additives used during the process. Furthermore, high pressure and spe-
cific volume of water in the proximity to the supercritical point could damage the 
hydrothermal device. Anyway, the advantage of syntheses at very high temperature 
was not yet clearly evidenced in literature.

The synthesis temperature significantly affects the precipitation/dissolution 
of HA, and it is a crucial crystal growth parameter, because it regulates the super-
saturation by means of solubility products Kps, that is temperature dependent. The 
following equation (Eq. (5)) can express the solubility product of HA as a function 
of temperature [21, 96]:

   logK  spHA   = −  (a / T + bT + c)   (5)

where a, b, and c are constant.
As a general rule, high temperature leads to the formation of large and long 

fibers/particles, while at low temperature small dimensions are preferred  
[12, 46, 81]. This depend on predominant growth, according to specific kinetic of 
crystallization and colloidal stability of particles [72].

Increasing hydrothermal temperature affects the significantly improving phase 
purity and Ca/P ratio of HA precipitate [93]. Crystallinity features are also affected 
by the change of synthesis temperature; an increased crystallinity with increased 
temperature occurs compared with those prepared at a low temperature because 
nuclei growth tends to happen at higher temperatures [18, 47].
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Du et al. described the hydrothermal process through two transition temperatures 
to particle growth can be at 160°C and a temperature between 200 and 220°C: the 
first transition is for uniformity, where particles synthesized at temperatures above it 
are more uniform, while the second limits the expansion of the particle length [97].

3.4 pH: phosphate equilibrium

pH is an important parameter that can be modified from alkaline to acidic 
condition to obtain the desired morphology of HA nanostructures.

pH condition performs the synthesis through two different ways: (i) by affecting 
the distribution of phosphate species in solution, according to the distribution of 
phosphate species (H3PO4, H2PO4

−, HPO4
2−, and PO4

3−) against the pH value, as 
well as (ii) the modification of the electrical charge on the HA crystal surface.

i. Different calcium phosphate intermediates are formed by adjusting the 
pH value; among them, the precipitation of HA may occur preferentially 
from slightly acidic condition up to basic pH conditions (approximately in 
the range of 5–11). Therefore, the solubility (or instability) of HA is highly 
affected under acidic conditions and decreases with increasing pH. The 
solubility isotherms of the CaP phases as a function of pH value and calcium 
(or phosphate) concentration from room temperature to hydrothermal con-
ditions (e.g., T = 200°C) are shown in Figure 5. At 25°C the HA stability field 
exists at equilibrium pH > 4.8 (Figure 5a), whereas at 200°C the HA stability 
field extends to an equilibrium pH as low as 2.9 (Figure 5b).

An increment of pH value shifts the phosphate species equilibrium from H3PO4 
➔ H2PO4

− ➔ HPO4
2− ➔ PO4

3−, respectively, and increase the saturation index of 
HA according to Eq. (6) [74]:

   logSI  HA   = 4 pH − 72.08  (6)

This means that at pH~5 the SI = 1, while at higher pH the solution, is supersatu-
rated and at lower pH is undersaturated. In other words, an increase in pH from about 
5 results in increases in the nucleation rate of HA and its subsequent crystal growth.

ii. The pH affects the electric charge of the HA crystal surface by changing the 
distribution of hydroxyl groups or protons. It was experimentally estimated 
that the zero charge point for HA in solutions occurs close to neutral pH, for 
which, in basic or acidic conditions, the crystal surface will be negatively 
or positively charged, as result of preferred absorption of Ca2+ and PO4

3− 
ions on the a-axis or c-axis; pH value results in anisotropic growth of the 
crystallites that will be into one-dimensional nanorods or two-dimensional 
nanoplates.

Alkaline conditions produce smaller and less elongated particles at any certain 
orientation, while the formation of rod-like or needle-like and c-axis elongated 
HA particles with hydrothermal process occurs at acidic conditions [20, 42, 43]. 
The variation in acidic pH has a pronounced influence on the length of the rod-like 
particles, due to the protonation trend of the a-axis.

More complex HA particles, including three-dimensional feathery, microfiber, 
and microcube structures were obtained by modulating pH during the synthesis [13].

In addition to temperature, the degree of crystallinity of final HA is also affected 
by difference in pH that can modify the nucleation and growth rates of the nuclei 
[42]; for example, higher crystallinity was observed in samples that were prepared 
at low pH conditions [8, 13].
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Sadat-Shojai et al. have recently reported that HA nanorods having high crys-
tallinity and high aspect ratio could merely be prepared through precipitation at 
approximately neutral conditions followed by hydrothermal treatment at 200°C for 
60 h. In this case, the nanoparticles show high dispersion stability, indicating their 
high surface charge and a low tendency for agglomeration [98].

The aspect ratio of HA particles is significantly affected by the pH of the reaction 
mixture; the mean aspect ratio of nanoparticles greatly decreases with increasing pH.

3.5 Process time

Process time, if prolonging, would enlarge the size of HA particles and also 
contribute to increasing the crystallinity. Its less significant factor affects the 
structural and morphological characteristics of HA nanoparticles, if compared with 
temperature and pH.

As temperature and pH affect the dissolution of HA, by maintaining these con-
ditions as constants, it can be seen that this HA property is determined as a function 
of time. The concentration in hydrothermal solution of ionic species constituting 
HA is in relationship with process time, in accordance with classical parabolic 
behavior, expressed by Eq. (7),

    [C]    2  = Kt + A ≈ Kt  (7)

where [C] is the concentration of ions, A is a constant, K is the parabolic rate 
constant, and t is the process time. For various hydrothermal temperature, a dis-
solution equilibrium time up to the achievement of plateau could be reached.

This equilibrium time of the reactions would be shortened with the increasing of 
hydrothermal temperature. For example, at neutral pH, Zhang et al. had observed 
an equilibrium time after 10 h at 300°C and after 12 h at 200°C [96].

Several studies report the linear increasing of the synthesized length of HA 
nanoparticles up to a synthesis time limit. At 150 and 200°C, respectively, Jin et al. 
and Earl et al. observed the elongation of nanorods within 24 h; for the range of 

Figure 5. 
Diagrams for the Ca–PO4–H2O system at 25°C (a) and 200°C (b) as a function of the equilibrium solution pH.
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24–72 hours of synthesis, crystallinity and size are not significantly affected by the 
differences in synthesis duration [20, 37].

Over the equilibrium time, self-assembly phenomena can occur toward more 
complex forms, i.e., flower-like morphologies [68], while in 3-D biomorphic conver-
sion, prolonged heating time could influence the aggregation and morphology of HA 
through a rearrangement of the building blocks such as nanosheets and nanorods.

Hydrothermal treatment can be done in various time-temperature profiles 
designed as serious, stepwise, slow, intervallic thermal heating, etc. By carefully 
changing these profiles, the final morphologies of the resulting powder can be 
plates, hexagonal prisms, needles, and fine-plates, respectively [29].

The prolonged time can affect the colloidal stability and decomposition of any 
additives that will further be discussed in Section 3.7.

3.6 Concentration/ion ratio

The final HA morphologies are sensitive to the concentration of ions during the 
reaction, defining the degree of supersaturation (Eqs. (2) and (3)).

Depending only by the concentration of the precursors, the HA nanostructures 
can form different morphologies. Hao et al. have observed that HA particles could 
have irregular or uniform plate-like forms, which tend to aggregate into small 
fibrous bundles, by increasing calcium concentration in solution [59].

Some authors claim that the diameter of the particles increases with the increment 
of reactant concentration because less concentrated chemical material limits the ion 
transportation. The increments of the mean length of the particles are also concluded 
to be significantly affected by the concentration of the initial material [42].

It is known that HA powders can be prepared with controlled Ca/P molar ratio 
(stoichiometric value is 1.67) in accordance to the starting amount of Ca2+ and 
PO4

3− in solution [29, 98]. If the starting calcium precursor is CaCO3, the resulting 
HA products will be not stoichiometric, due to partial substitutions of the anions 
(PO4

3−, and OH−) by CO3
2− groups.

3.7 Additives

Recently, it was found that additional components are usually included with the 
precursors to modify the morphology and size of the produced HA nanostructures, 
during hydrothermal synthesis. Some of the most popular additives used in many 
hydrothermal syntheses are listed in Table 4 and classified on the basis of their 
chemical characteristic. They include organic or inorganic matrices.

The intrinsically different surface reactivity of HA crystals (positively charged 
Ca2+-rich c-surface and negatively charged OH−- and PO4

3−-rich a-surface) can 
selectively adsorb various ions, organic compounds, and proteins.

Long HA whiskers can be prepared by homogeneous hydrothermal precipitation 
using acetamide, as a result of hydrolysis at elevated temperature and following 
interaction between acetic ions with their negative charges and the a-sites of HA 
[60]. This match also characterizes citrate salts [38].

Urea influences the increase of the diameter of HA nanoparticles because its 
hydrolysis introduces CO3

2− ions, incorporated inside the HA crystal structure; 
therefore, it controls the pH value through NH3 release, affecting the nucleation and 
growth of HA crystals. Intensive decomposition of urea increases supersaturation 
and subsequently produces more nuclei and smaller crystals [42].

Chelating agent (e.g. EDTA or tartrate) can induce the formation of a ring-like 
structure through the complex with Ca2+ contained in HA. Final particles can be 
obtained after decomposition of these structures in controlled hydrothermal treatment. 
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As a result of complexation, the concentration of free calcium ions dramatically 
decreases, leading to the HA nuclei with smaller size and quantity. During the hydro-
thermal treatment, calcium ions are released, and each nucleus will grow to the distinct 
single needle-like particles and finally to well-separated long fibers. It is well known 
that increasing pH value has a considerable improvement on complexes stability. The 
subsequent hydrothermal treatment leads to the Ca-complex decomposition and HA 
crystals are grown on the previously formed pattern, according to anisotropic growth 
along the c-axis.

Surfactants are usually used as the controlling reagent to prepare 3-D architec-
ture of HA-based materials. Contrary to anionic reactant like EDTA, the cationic 
surfactant CTAB can bind with PO4

3− of reaction system by the ionic charge and 
stereochemistry due to their complementarity tetrahedral structures, so that phos-
phate anion can be incorporated to the formed nuclei, and the final HA and size of 
HA particles can be well controlled. During the hydrothermal process, CTAB-HA 
complexes are created, and their controlled coalescence produce nanorods with 
uniform morphology and controllable size [99].

Some attempts have been made to exploit the developed organic materials in 
controlling the crystal growth of HA. Zhu et al. [33] synthesized rod-like HA 
nanoparticles of various aspect ratios by means of the hydrothermal method in 
the presence of HTCC as a cationic polymer template. HTCC molecules are first 
incorporated into PO4

3− and OH− anions by charge and stereochemical comple-
mentarily, and the rigid chains of polymer molecules are then converted to 
extended chains, connected through the ion bonds of PO4

3− to form a 2D struc-
ture, followed by formation of a 3D rod-like morphology through self-assembling 
process via hydrogen bond interactions. Nucleation and subsequent crystal 
growth can occur upon adding the Ca precursor and hydrothermal treatment, 
respectively.

Recently, a novel hydrothermal method based on the liquid-solid-solution 
strategy has been developed to synthesize surface-modified HA nanorods of various 
aspect ratios. According to this strategy, controlled growth of HA nanorods with 
tunable morphology can be achieved by adequately tuning the interfaces between 
surfactants and the central atoms of HA. Nanostructured HA with desired char-
acteristics can be fabricated by using organic modifiers, such as PEG, Tween-20, 
sorbitol, etc., in various hydrothermal conditions. For example, they favor the 
formation of HA nanorods with a larger aspect ratio, or small-sized, or long length, 
respectively, at high or low synthesis temperature.

Some proteins have an affinity to a specific face of HA crystals, and they are 
strong inhibitors for perpendicular growth to the adsorbed face, in hydrothermal 
conditions at low temperature. For example, if the c-plane is covered by proteins 

Properties Additive

Electrolytes Acetamide (AA) [60], urea [29, 42, 58, 68], Na-citrate [37, 38, 44], propionamide 
(PA) [59], etc.

Chelating agents Ethylenediaminetetraacetic acid (EDTA) [36],
K-Na-tartrate [67], etc.

Organic modifiers/
surfactants

Cetyltrimethylammonium bromide (CTAB) [77, 99],
glutamic acid (Glu) [31, 66], liposome [83], polyethylene glycol (PEG) [43], 
polyvinylpyrrolidone (PVP) [39], macromolecule (HTCC) [33], etc.

Proteins Hemoglobin [62], lysine (Ly) [56], etc.

Table 4. 
Various additives commonly used during hydrothermal synthesis of calcium phosphate.
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(e.g., hemoglobin molecules), the crystal will preferentially grow in the direction of 
the a-axis to form HA nanosheets. Then the hemoglobin could adsorb on the surface 
of newly formed HA nanosheets to increase their dimension. At high temperature, 
the hemoglobin could be hydrolyzed and decomposed under the hydrothermal 
conditions, and the degraded products could be differently adsorbed by the formed 
HA nanosheets up to the formation of different structures (e.g., flower-like or 
dandelion-like morphologies) [62].

4. Conclusions

The hydrothermal method is particularly appropriate for the realization of 
good-quality crystals and allows tailored HA nanosized particles to be synthesized 
or characteristic of 3-D structures.

This chapter discussed about the most influencing variables in the hydro-
thermal synthesis of HA and their effects to prepare a wide range of crystal 
morphologies.

Among the considered variables, temperature and pH seem to be the most sig-
nificant factors affecting the dimensional, geometry, and crystalline characteristics 
of HA nanoparticles, e.g., through face-selective interaction and anisotropic growth 
processes.

Table 5 summarizes the process parameters discussed and their effects and 
contribution on the final structures, which can have the form of hexagonal prisms 
(rods, needles, wires), sheets, plates, whiskers, fine spherical-shaped, etc., of vary-
ing sizes.

This extensive range of morphologies may be useful for developing various 
and improved types of nanostructured biomaterials, which could have potential 
application for repairing bone defects and tissue regeneration.

Conditions Effects Low values High values

Supersaturation Crystal size, size 
distribution

Large particles, 2D growth Small particles, 3D 
growth

Selection of 
precursors

HA precipitation, 
crystals orientation

— —

Concentration Saturation, Ca/P 
molar ratio control

— Increase particle 
dimension

Temperature Solubility, nucleation, 
growth

Small particles, low 
crystallinity

Large particles, high 
phase purity, high 
crystallinity

pH Crystal growth rate, 
anisotropic growth of 
crystals

Small particles, 
preferential growth along 
c-axis (rod shape), high 
crystallinity

Large particles, 
preferential growth 
along a-axis (plate 
shape)

Process time Ripening Small size Large size, high 
crystallinity

Additives Structures control, 
complex geometry

Various effects Various effects

Table 5. 
Summary scheme of the hydrothermal parameters contribution on the final HA nanostructure.
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