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Chapter

Brushite: Synthesis, Properties, 
and Biomedical Applications
Khalil Issa, Abdulaziz Alanazi, Khalid A. Aldhafeeri, 

Ola Alamer and Mazen Alshaaer

Abstract

In this chapter, besides its biomedical applications, the synthesis and properties 
of brushite were investigated. Brushite consists of two types of crystals, platy and 
needle-like, and their formation depends on the pH of the medium during precipita-
tion. Platy crystals are formed in a slightly acidic medium, pH = 5, and needle-like 
crystals at a higher pH = 6.5–7. In this study, the monoclinic brushite crystals were 
synthesized using dissolution-precipitation reactions. It is found that the brushite 
crystal growth occurs mainly along the (020) crystallographic plane. The thermo-
gravimetric analysis confirms the presence of the two structural water molecules, 
which decompose at a temperature range between 80 and 220°C. Brushite was used in 
the preparation of tetracalcium phosphate mineral, which is the powder component 
for calcium phosphate cement (CPC). CPC was subsequently prepared from TTCP 
and phosphate-based hardening solution. In vitro evaluation of the resultant CPC 
using Hanks’ Balanced Salt Solution results in the growth of nanofibrous crystals of 
Calcium-deficient hydroxyapatite (CDHA) layers on the surfaces of the CPC. The 
cultured CPC exhibits new connective tissues and throughout the CaP matrix.

Keywords: brushite, hydroxyapatite, tetracalcium phosphates, bioactivity, porosity

1. Introduction

Calcium phosphates (CaP) are one of the most important compounds found in 
nature [1, 2]. There are many applications for these compounds in various fields, 
especially agricultural, environmental, and medical applications. CaP are charac-
terized by their wide diversity as it is produced at different temperatures and pH 
ranges. In addition, the molar ratio of calcium to phosphorous in the precursors 
plays an important role in the resulting materials. The biochemical characteristics 
and mineralogical structures of CaP are similar to inorganic constituents of mam-
mals’ bones [3, 4]. Because of their excellent biocompatibility, high bioactivity, 
and low toxicity, CaP are considered as a good candidate for bone tissue engineer-
ing applications. The CaP minerals such as hydroxyapatite, brushite, tricalcium 
phosphates (TCP) are used as precursors for the preparation of bone cements 
and bio-ceramics [5, 6]. Therefore, these minerals are widely used for biomedical 
applications such as drug delivery and bone tissue engineering (Table 1) [6–9].

CaP belong to the family of apatite. There are several CaP phases, the  
most ubiquitous being hydroxyapatite [HAp, Ca10(PO4)6(OH)2]. Other CaP 
 structures include brushite (DCPD, CaHPO4·2H2O) and tricalcium phosphate  
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(TCP, Ca3(PO4)2). Several low- and high-temperature approaches have been 
reported for synthesizing HAp and brushite (DCPD), while TCP is primarily 
synthesized using high-temperature methods [6]. The chemical formation of CaP 
minerals is common in natural systems, although the elucidation of the mechanisms 
of formation and transformations between the crystal forms of the minerals remains 
a major challenge. The most thermodynamically stable form, at ambient temperature 
and pressure, is calcium hydroxyapatite (HAp); however, this does not form readily 
without a transition phase. Other mineral phases, such as octacalcium phosphate 
(OCP) and amorphous TCP, are precursor phases that can transform to HAp [10].

Acidic CaP, such as brushite (dicalcium phosphate dehydrate, DCPD), are 
thermodynamically unstable under pH values greater than 6–7 and thus undergo 
transformation into more stable CaP. Researchers have also demonstrated that 
meta-stable brushite (DCPD) may convert to OCP or calcium hydroxyapatite 
(HAp), and that OCP may convert to hydroxyapatite, depending on the Ca/P ratio 
and the pH value of the setting reactions [11]. Brushite, a type of CaP that is the 
most easily synthesized, transforms into monetite (dicalcium phosphate anhydrate, 
DCPA) at temperatures above 80°C. Monetite (DCPA) is the anhydrous form of 
brushite (DCPD) and can, like brushite, be crystallized from aqueous solutions, 
but only when the temperature is above 80°C. At low pH values (<7), monetite is 
the most stable of the CaP, although the conversion of brushite to monetite is faster 
when the water is warmer and more acidic [8].

Brushite-based biomaterials are characterized by good bioactivity, and they are 
bioresorbable and biocompatible. Unlike apatite-based materials, brushite-based 

Ca/P ratio Compound Formula Density 
(g/cm3)

pH stability 
range (25°C) [a]

0.5 monocalcium phosphate 

monohydrate (MCPM)

Ca(H2PO4)2·H2O 2.23 0.0–2.0

0.5 monocalcium phosphate 

anhydrate (MCPA)

Ca(H2PO4)2 2.58 [d]

1.0 dicalcium phosphate dihydrate 

(DCPD, brushite)

CaHPO4·H2O 2.32 2.0–6.0

1.0 dicalcium phosphate anhydrate 

(DCPA, monetite)

CaHPO4 2.89 [d]

1.0 Calcium pyrophosphate (pyro) Ca2P2O7 _ _

1.33 octacalcium phosphate (OCP) Ca8(HPO4)2(PO4)4·5H2O 2.61 5.5–7.0

1.5 α-tricalcium phosphate (α-TCP) α -Ca3(PO4)2 2.86 [b]

1.5 β-tricalcium phosphate (β-TCP) β -Ca3(PO4)2 3.07 [b]

1.2–2.2 amorphous calcium phosphate 

(ACP)

Cax(PO4)y·nH2O — [c]

1.5–1.67 calcium-deficient hydroxyapatite 

(CDHA)

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

x(OH)2-x (0 < x < 1)

6.5–9.5

1.67 hydroxyapatite (HAp) Ca10(PO4)6(OH)2 3.15 9.5–12

2.0 tetracalcium phosphate (TTCP) Ca4(PO4)2O 3.05 [b]

[a] In aqueous solution, [b] These compounds cannot be precipitated from aqueous solutions. [c] Cannot be measured 
precisely. However, the following values were reported: 25.7 ± 0.1 (pH 7.40), 29.9 ± 0.1 (pH 6.00), and 32.7 ± 0.1 
(pH 5.28). [d] Stable at temperatures above 100°C.

Table 1. 
List of main phases of CaP [6–9].



3

Brushite: Synthesis, Properties, and Biomedical Applications
DOI: http://dx.doi.org/10.5772/intechopen.102007

ones are rapidly resorbed in vivo [12]. The bioactivity and biocompatibility of 
brushite-based biomaterials have been investigated in several compositions, 
applications, and in vivo [11]. Brushite-based materials are biocompatible with and 
tolerated by soft tissues and bone in vivo, so that material resorption was shortly 
followed by the formation of new bone tissues. Histological measurements and 
experimental studies indicate that brushite-based materials feature good biocom-
patibility, with no appearance of inflammatory cells [12].

Amorphous calcium phosphate (ACP) is often encountered as a transient phase 
during the formation of CaP in aqueous systems. Usually, ACP is the first phase 
that is precipitated from a supersaturated solution prepared by the rapid mixing of 
solutions containing calcium cations and phosphate anions. The chemical composi-
tion of ACP strongly depends on the solution’s pH value and the concentrations of 
calcium and phosphate ions. For example, ACP phases are formed with Ca/P ratios 
in the range of 1.18:1 (precipitated in a solution with a pH value of 6.6) to 1.53:1 
(precipitated in a solution with a pH value of 11.7), although ratios of up to 2.5:1 
have also been encountered [8]. The structure of ACP is still uncertain and it has 
been reported to be more soluble than brushite [13]. ACP could be stabilized by 
another chemical compound: e.g., pyrophosphate (P2O7

4−) retards the conversion 
of ACP to apatite. Finally, ACP is characterized by its relatively high solubility and 
ability to obtain a substantial release of Ca2+ and PO4 ions [12].

This chapter aims to synthesis brushite as one of the most common CaP. The 
microstructural and thermal properties of this mineral are characterized and 
discussed. After that, the thermochemical transformation of brushite was inves-
tigated. The resultant compound is used as precursors for bone cement. Finally, 
biomineralization and the bioactivity, and biomineralization of calcium phosphate 
cement (CPC) are studied in vitro.

2. Synthesis of brushite (CaHPO4·2H2O)

The typical method synthesis of the brushite powder was performed at ambient 
according to the following equation:

 ( )3 2 4 4 2 32
CaHPO ·2H O 2NaNOCa NO Na HPO+ → +  (1)

Two solutions were prepared for the synthesis of brushite. The first solution 
is prepared by dissolving 0.5 mol of Na2HPO4·2H2O in 1 L of distilled water, and 
the second solution is a result of dissolving 0.5 mol of Ca(NO3).6H2O in 1 L of 
distilled water. After preparing the solutions, 200 ml of the Ca(NO3)2 was added 
dropwise using a glass funnel with a glass stopcock (flow rate is 2 ml/min) to the 
Na2HPO4·2H2O solution while stirring and adjusting the pH between 6 and 6.5 using 
ammonia solution (25%, Labochemie, India). Afterward, the resultant solution 
with precipitates was stirred (400 rpm) at ambient conditions for 1 hour to ensure a 
homogeneous mixture. The precipitate was vacuum filtered using a qualitative filter 
paper via a Buchner funnel, washed three times with de-ionized water and another 
three times with ethanol to reduce the possibility of agglomeration [14, 15], after 
which it was placed upon a watch glass and dried at 40°C overnight in a drying-
oven. After the formation of the precipitate, some of the powder was washed with 
distilled water, then dried using ethanol at 40°C for a week. The major steps of the 
experimental design are reported in Figure 1.
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3. Crystal morphology of brushite

Two morphologies of brushite crystal layers are reported in our previous work 
[17]. These brushite crystals consist of [2] platy particles (Figure 2A) and a continu-
ous needle-like (Figure 2B) dendritic network [18]. The plate-like brushite crystals 
mostly formed in parallelogram shapes stacked in multiple layers. Their dimensions 
ranged from 1 μm to a few micrometers, in two directions. The thickness of the platy 
crystals is measured in the nano-scale. The needle-like brushite particles appeared to 
have a dendritic network structure. The total length of the crystal is around 40 μm. 
The EDS measurements (Figure 2C) showed that the needle-like brushite crystals 
are composed of, by atomic percentage: O (76.46%), Ca (12.04%), and P (10.95%). 
The fact that the percentages of P and Ca are nearly equal and is in good agreement 
with the theoretical Ca/P atomic percentages of brushite [19, 20]. The brushite 
morphology depends on the pH of the solution during the precipitation; at acidic 
pH, around 5, platy crystals of brushite are formed (Figure 2A), whereas needle-like 
(Figure 2B) ones are predominant at a higher pH [2].

SEM images of the brushite crystals are shown in Figure 3. These plate-like 
crystals are obtained according to the experimental procedure as reported in Figure 1. 

Figure 1. 
preparation of brushite [16].



5

Brushite: Synthesis, Properties, and Biomedical Applications
DOI: http://dx.doi.org/10.5772/intechopen.102007

It is known that the morphology of brushite is characterized by a plate-like or needle-
like structure, depending on the solution pH used [11, 13]. The plate-like crystals are 
thin (~400 nm), while their width and elongation are approximately 10 and 20 μm, 
respectively, values similar to those reported in other studies [21].

The XRD patterns of brushite, as well as the patterns of standard brushite, are 
shown in Figure 4. The mineralogy of the powder confirms that this precipitate 
produced after mixing NaH2PO4·2H2O and Ca(NO3)2·4H2O solutions with a Ca:P molar 
ratio 1:1 (Figure 1) is pure brushite, while its crystals grow after nucleation in propor-
tion to the three major planes, namely, (020), (121-), and (141). All peaks of the powder 
pattern denote the brushite’s monoclinic structure [16], while the peak at 11.7° 2-Theta 
indicates that the crystal growth takes place primarily along the (020) crystallographic 
plane. Rietveld refined unit cell parameters for brushite are presented in Table 2.

Figure 2. 
(A) crystal morphologies of brushite; platy structure, (B) needle-like structure, and (C) EDS analysis [17].

Figure 3. 
SEM image of monoclinic brushite crystals, see Figure 1 (preparation procedure).
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Figure 5. 
TGA of brushite: (A) cumulative mass loss, and (B) mass loss rate.

4. Thermal properties of brushite

The results of the TG analysis for the brushite are reported in Figure 5. Brushite 
is considered as a water-bearing phosphate mineral [2] and its crystal structure con-
tains compact sheets consisting of parallel chains in which Ca ions are coordinated 
by six phosphate ions and two oxygen atoms belonging to the water molecules [22]. 

Figure 4. 
XRD patterns of brushite (synthesis details are shown in Figure 1) [16].

wt% a(Å) b(Å) c(Å) (βo) V(Å3)

100.0 5.8145 15.1693 6.2399 116.392 492.83

*Standard deviation varied between 0.001 and 0.005 for all samples.

Table 2. 
Refined unit cell parameters for brushite from XRD data using the Rietveld approach.*
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Brushite contains two water molecules in its lattice and adsorbed water molecules on 
its surface, as indicated by the presence of two sharp peaks of mass loss during heat-
ing between 80 and 220°C (Figure 5A) [2, 23]. Part of the chemically-bound water is 
released during the transformation of brushite to monetite, CaHPO4, at ~220°C [17], 
and later to calcium pyrophosphate, Ca2P2O7, at ~400°C [24]. Pyrophosphates are 
decomposed at higher temperatures of 750–800°C (Figure 5B) [8, 25]. The heating 
of pure brushite to 600°C results in a mass loss of approximately 25%wt, while the 
theoretical mass loss for the dehydration of brushite is 20.93%wt [1].

Dehydration of brushite over the temperature range 110–215°C takes place 
according to Eq. (2) and normally results in a weight loss of about 19%wt, while the 
formation of calcium pyrophosphate is accomplished by Eq. (3) a

 
4 2 4 2

CaHPO ·2H O CaHPO 2H O→ +  (2)

 
4 2 2 7 2

2CaHPO Ca P O H O→ +  (3)

Figure 5B shows the rate of mass loss as a function of heating temperature for 
brushite. More specifically, Figure 5B shows the dehydration peaks corresponding 
to the two water molecules of brushite [26, 27].

5. Calcium phosphate cement (CPC)

Brushite is used to prepare the powder component, tetracalcium phosphate 
(TTCP), of the CPC. Brushite was calcined at 500°C and transformed into a more 
stable phase; calcium pyrophosphate (Ca2P2O7). Afterward, calcium pyrophosphate 
and calcium carbonate were mixed with a Ca/P molar ratio of 1.9 [5]. These two 
compounds were mixed in ethanol for 10 h. Then the resultant mixture was dried at 
105°C for 24 h and then crushed. The mixture was heated at 1500°C for 4 h quench-
ing to room temperature, see Figure 7. The resultant powder (TTCP) was ground 
into a fine powder [5]. The general equation TTCP synthesis is as follows:

 ( ) ( )4 2 3 4 4 22
CaHPO ·2H O 2CaCO 1500 C for 3h Ca PO O 2CO+ ° → +  (4)

Mannitol, sizes vary from 100 to 400 μm, was added to the TTCP with the 
weight ratio of 0.5. Diammonium hydrogen phosphate solution with a concentra-
tion of 33.3 wt% was mixed with TTCP-mannitol mixture, with the weight ratio 
of O.34 mL (solution)/g (TTCP). After mixing the CPC components for 2 min, 
the paste was packed in a polycarbonate mold which has an opening of 10 × 10 mm 
under a pressure of ~1 MPa at 37°C. The hardened samples were then demolded and 
immersed in Hanks’ physiological solution at 37°C for 1 day [28, 29]. The composi-
tion of Hanks’ physiological solution is reported in Table 3.

After mixing the two components of CPC, TTCP, and the hardening solution, 
TTCP hydrolyses through a dissolution-precipitation reactions resulting in the forma-
tion of layers of Ca-deficient hydroxyapatite (CDHA) crystals, which are similar to the 
mineral component of the bone from (Figure 6). This hydrolysis process occurs during 
the setting reactions, which is confirmed by XRD and SEM (Figures 7 and 8). These 
CDH layers are characterized by wide range distribution of rod-like crystals [30].

The CPC was synthesized for in vitro cultivation [5, 31, 32]. Mesenchymal stem 
cells (MSCs) were seeded on the CPC porous matrix in presence of an osteogenic 
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Figure 6. 
Schematic diagram of CPC preparation.

medium for 21 days [5, 12]. As a result of in vitro cultivation, mineralized nodules 
were formed in the constructs. The seeded cells grow and their sizes increase from 
5 μm to around 50 μm. The growing cells adhered to the CPC matrix and developed 
cytoplasmic extension as reported in Figure 8.

A thick layer of nano fibrous CDH crystals covers the surfaces of the CPC matrix 
(Figure 7B). The cultured CPC exhibits new connective tissues and throughout the 
CaP matrix (Figure 8). The CPC matrix contains bioactive CDH with both Ca and P, 

Component Concentration

NaCl (mw: 58.44 g/mol) 0.14 M

KCl (mw: 74.55 g/mol) 0.005 M

CaCl2 (mw: 110.98 g/mol) 0.001 M

MgSO4−7H2O (mw: 246.47 g/mol) 0.0004 M

MgCl2−6H2O (mw: 203.303 g/mol) 0.0005 M

Na2HPO4−2H2O (mw: 177.99 g/mol) 0.0003 M

KH2PO4 (mw: 136.086 g/mol) 0.0004 M

D-Glucose (Dextrose) (mw: 180.156 g/mol) 0.006 M

NaHCO3 (mw: 84.01 g/mol) 0.004 M

Table 3. 
Composition of Hanks’ physiological solution.
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Figure 8. 
Growth of thick Ca-deficient hydroxyapatite (CDHA) layer on the surface of the CaP matrix.

Figure 7. 
XRD patterns of CPC and CPC powder [5].

Figure 9. 
SEM image of the surface of CPC after MSCs culturing for 21 days.
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therefore, this matrix provides the appropriate environment for MSCs growth and 
osteogenic differentiation (Figure 9) [33].

6. Conclusions

Brushite crystals consist of platy and needle-like crystals. It is found that the pH 
of the solution during the precipitation of brushite plays the main role in determin-
ing the shape of the crystals. Usually at a relatively low pH, around 5, platy crystals 
are formed, while at a higher pH, around ph = 6.5, needle-like crystals are precipi-
tated. In this study, brushite crystals with a monoclinic structure were synthesized 
using calcium and phosphate salts. The brushite crystal growth occurs mainly along 
the (020) crystallographic plane. Brushite crystal is characterized by the presence of 
two structural water molecules. These two molecules are released at a temperature 
range between 80°C and 220°C to form monetite minerals.

In this chapter, brushite is used as a precursor to synthesize TTCP, the powder 
components of CPC. As a result of the solid reactions between brushite and calcium 
carbonate, at high temperature, 1500°C, a new CaP phase is called TTCP. This pow-
der reacts with the phosphate-based solution at 37°C to form CDHA. Immersing 
this CPC in Hanks’ Balanced Salt Solution results in the growth of nanofibrous 
crystals of CDHA layers on the surfaces of the CPC. The cultured CPC exhibits 
new connective tissues and throughout the CaP matrix. The CPC matrix contains 
bioactive CDH with both Ca and P, therefore this matrix provides an appropriate 
environment for MSCs growth and osteogenic differentiation.

Bioactive features of brushite-based materials affect cell adhesion, proliferation, 
and new bone formation. Bioactivity can be altered and controlled by the crystal 
structure and physical property of the scaffold. Bioactive characteristics are dif-
ferent depending on the produced type of CaP phases such as HAP, TCP, and ACP. 
These different bioactive characteristics are caused by the differences in Ca/P ratio, 
crystal structure, stability, and solubility. As mentioned above, brushite is often 
used with other CaP to control and improve their chemical, biological, and physical 
properties. Various applications have been exploited to actively utilize the bioactive 
features of brushite in bone regeneration.
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