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Physicochemical properties of the novel biphasic
hydroxyapatite–magnesium phosphate biomaterial
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Besides high-temperature calcium phosphates (CaPs), low-temperature calcium phosphate bone cements (CPCs), due to excellent
biological properties: bioactivity, biocompability and osteoconductivity, are successfully used as bone substitutes. However, some disad-
vantages, related mainly to their low resorption rate and poor mechanical properties result in limited range of applications of these im-
plant materials to non-loaded places in the skeletal system. To overcome this problem, magnesium phosphate cements (MPCs) with high
strength have been considered as biomaterials. The main disadvantage of MPCs is that the acid-base setting reaction is an exothermic
process that must be strictly controlled to avoid tissue necrosis.

In this work, a new composite bone substitute (Hydroxyapatite Magnesium Phosphate Material – HMPM) based on hydroxyapatite
(HA) and magnesium phosphate cement (MPC) with sodium pyrophosphate applied as a retardant of setting reaction was obtained. Its
setting time was adequate for clinical applications. Combining properties of HA and MPC has made it possible to obtain microporous
(showing bimodal pore size distribution in the range of 0.005–1.700 micrometers) potential implant material showing good surgical
handiness and sufficient mechanical strength. Effectiveness of sodium pyrophosphate as a retardant of exothermic setting reaction of the
new cement formulation was confirmed. After setting and hardening, the material consisted of hydroxyapatite and struvite as crystalline
phases. Unreacted magnesium oxide was not detected.
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1. Introduction

Calcium phosphates (HA, β-TCP, BCP) [1]–[5]
and calcium phosphate cements (CPCs) [6]–[10] have
been successfully applied in bone regenerative medi-
cine for many years. First CPC materials were pro-
posed in 1982 and 1983 by LeGeros [11] and Brown
and Chow [12]. Their main advantages include: ex-
cellent biocompatibility, bioactivity and osteoconduc-
tivity. Besides that, CPCs are moldable and have an
ability to set in vivo at ambient temperature. Currently
there are a number of commercially available cements
based on calcium phosphates for various applications.
They are widely used in maxillofacial surgery [13], [14],
for filling bone voids and defects in orthopaedy [15],
as well as in vertebroplasty and arthroplasty [16].

Some attempts to use CPCs for fixation of metallic
implants were also performed [17]. Not sufficiently
high mechanical strength and rather poor reliability
are their main disadvantages. Under in vivo condi-
tions, due to low resorption rate, bone substitutes
obtained by chemical bonding are slowly replaced by
the newly formed bone. Thus, for medical applica-
tions faster bioresorption and new bone formation as
well as better mechanical parameters are necessary.
These requirements are met by magnesium phos-
phate cements (MPCs). MPCs were invented in the
years of 1939–1941 as refractory materials used in
stomatology for casting of metal alloys [18], [19]. At
present the range of MPCs applications include
mainly building engineering. Owing to such proper-
ties, as: very fast setting process and quick attain-
ment of maximum mechanical strength they are suc-
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cessfully applied as binding materials in road and
airport runways repairs as well as the materials used
to immobilize and store radioactive waste [20].
Mechanism of magnesium phosphate cement setting
is based on an acid-base reaction between magne-
sium oxide (MgO) and phosphate ions originating
from phosphoric acid or ammonium hydrophosphates
– NH4H2PO4 and (NH4)2HPO4 [21]. Crystalline stru-
vite – NH4MgPO4·6H2O, as well as other magne-
sium phosphates, such as: Mg3(PO4)2·(0-4)H2O,
MgHPO4, Mg(NH4)2H2(PO4)2·4H2O in crystalline and
amorphous forms are the MPC setting reaction prod-
ucts [21], [22]. The process occurs at room tempera-
ture, however, due to its exothermic nature, high
amounts of heat are released during its course. Higher
temperature of the reaction medium favors formation
of amorphous MgHPO4 and MgHPO4·3H2O [23].
Therefore MPC powder composition is modified in
civil engineering applications of MPC by an addition
of small amounts (2–10 wt. %) of such substances as:
sodium borate, sodium pyrophosphate and calcium
sulfates (CSH – CaSO4·1/2H2O, CSD – CaSO4·2H2O)
which inhibit the setting process. Highly exothermic
setting reaction is very dangerous in medical applica-
tions of biomaterials due to the necrosis of surround-
ing tissues. Kinetics of struvite crystal growth and,
consequently, kinetics of MPC setting, depend mainly

on surface properties of MgO, which are connected
with the way of its preparation [24]. Bioactivity of
MPCs is still investigated. Their main phase compo-
nent, struvite, is a natural biomineral contained in,
e.g., kidney stones [25]. Biocompatibility and biodeg-
radation of MPC as well as lack of cytotoxicity of its
degradation products formed under in vivo conditions
have been confirmed by Wu et al. [26] and Yu et al.
[27] They have shown that extracts of MPC do not
cause DNA mutations, and hence they are not car-
cinogenic. Klammert et al. [28] found that struvite can
be implanted without any negative reactions of a liv-
ing body. Furthermore, MPC may exhibit antibacterial
properties due to basic properties of its setting reac-

tion products [29]. Combining the properties of CPC
and MPC have allowed the development of biocom-
patible bone cement (Calcium–Magnesium Phos-
phate Cement) capable of stimulating osteogenesis
in vivo and exhibiting very good mechanical proper-
ties [27].

In the present work, a new type of composite bone
substitutes – HMPMs (Hydroxyapatite Magnesium
Phosphate Materials) based on hydroxyapatite and
magnesium phosphate cement have been developed.
The novel HMPM formulations are characterized in
terms of their acceptable for clinical applications set-
ting times and well-controlled exothermic setting pro-
cess. Moreover, other advantages of this new family
of potential biomaterials are their phase compositions
without unreacted MgO and microstructure.

2. Materials and methods

Initial HMPM powders were obtained by mixing
MPC cement with HA powders (non-calcined or cal-
cined) and sodium pyrophosphate – Na4P2O7·10H2O
(Chempur, Poland) applied as the setting process
retardant at various proportions (Table 1). In contrast
to former studies, we used hydroxyapatite instead of

calcium phosphate cement (CPC) composed of TTCP
and DCPA commonly applied in calcium-magnesium
phosphate cements preparation [26], [27]. MPC was
prepared by mixing equimolar amounts of NH4H2PO4

with MgO synthesized by calcination of basic magne-
sium carbonate 4MgCO3·Mg(OH)2·5H2O (POCH, Po-
land) at a temperature above 1100 °C. The powder
obtained was sieved using the sieve of mesh size
0.063 mm. Crystalline NH4H2PO4 (POCH, Poland)
was ground in a mortar, then sieved (mesh size of
a sieve: 0.1 mm). HA was obtained by the wet method
using CaO and H3PO4 as reactants [4]. A part of HA
prepared was calcined at 800 °C, then sieved (mesh
size of a sieve: 0.1 mm). Surface area of the powders

Table 1. The initial cement formulations

Sample
HA

non-calcined
[wt. %]

HA
calcined
[wt. %]

MPC
[wt. %]

Sodium
pyrophosphate

[wt. %]

HA/MPC
weight
ratio

HMPM 1 46 – 46 8 1:1
HMPM 2 57 – 37 6 3:2
HMPM 3 68 – 28 4 7:3
HMPM 1k – 46 46 8 1:1
HMPM 2k – 57 37 6 3:2
HMPM 3k – 68 28 4 7:3
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was measured by BET method. The results are pre-
sented in Table 2.

The self-setting cement-type composite samples
were prepared by mixing powder batches with distilled
water as a liquid phase at the L/P ratios in the range
of 0.4–0.7 for achieving appropriate rheological con-
sistency. Setting times were determined using the
Gillmore testing apparatus. Phase compositions of the
samples 24 hours after setting and hardening were es-
tablished by X-ray diffraction in the 2θ angle range of
10°–90°. Quantitative phase compositions were calcu-
lated by the Rietveld method. Porosity as well as the
pore size distributions after hardening were determined
by mercury porosimetry (Autopore IV porosimeter of
Micromeritics company). Microstructure was investi-
gated by scanning electron microscopy (Nova 200 Na-
nosem of FEI Co. microscope) at magnifications of
2000, 5000 and 10000. Compressive strength of the
batch of 10 cylindrical samples (diameter: 6 mm,
height: 12 mm) was determined using Instron 3345
instrument with 2 mm/s cross-head speed. Samples for

mechanical investigations were shaped manually in
order to reflect the conditions during surgery when
implant materials are prepared. Chemical stability of
the materials under study was evaluated in vitro by
measuring pH and ionic conductivity vs. the time of
incubation of the samples in SBF and distilled water
(pH-meter Hanna H198129 Combo). The cylindrical
samples (12 mm in diameter and 4 mm in height) were
prepared and after 60 min of hardening were placed
into the container with 40 mL of SBF or distilled water
and stored at 37 °C for 60 days. SBF solution was pre-
pared according to Kokubo [30]. After 7, 14, 30 and 60
days of soaking in SBF, the samples were gently rinsed
with distilled water to remove SBF solution followed
by drying at 50 °C. Surfaces of the samples were char-
acterized by SEM (magnification 5000× and 20000×)
and EDS for in vitro evaluation of bioactivity.

3. Results

The initial and final setting times for the individual
compositions have been in the range between 4–5 min
and 9–10 min for the samples based on non-calcined
HA and 6–8 min and 12–15 min for the samples
based on calcined HA. Setting times as well as L/P
ratio for the series of HMPM samples are collected
in Table 3.

Table 2. Specific surface area of initial components

Component BET specific surface area
[m2/g]

MgO 3.66
NH4H2PO4 0.87
Hydroxyapatite – non-calcined 96.50
Hydroxyapatite – calcined 18.27

Fig. 1. XRD patterns of HMPM1 and HMPM 1k materials after setting and hardening for 24 hours
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Table 3. Setting times and L/P ratios for the material obtained

Sample L/P
[ml/g]

Initial setting
time t0
[min]

Final
setting time tf

[min]
HMPM 1 0.4 4 9
HMPM 2 0.5 5 10
HMPM 3 0.6 4 9
HMPM 1k 0.5 8 15
HMPM 2k 0.6 7 14
HMPM 3k 0.7 6 12

XRD investigations have shown that HA and stru-
vite are the only crystalline phases present in the hard-
ened samples (Table 4). XRD patterns of HMPM1 and
HMPM1k materials are shown in Fig. 1. Values re-
ported in Table 4 correspond well to the amounts of
initial HA and MPC used for materials preparation.

Table 4. Phase compositions of the HMPM samples
after setting and hardening

Sample HA
[wt. %]

Struvite
[wt. %]

HMPM 1 47.4 52.6
HMPM 2 53.6 46.4
HMPM 3 66.2 33.8
HMPM 1k 52.0 48.0
HMPM 2k 53.6 46.4
HMPM 3k 56.0 44.0

Open porosity as well as pore size distribution
values of the HMPM materials are given in Table 5.
Open porosity has been in the range of 18.4–51.3%
and depended significantly on the HA/MPC ratio in
the solid phase compositions. Pore size distributions

Fig. 2. Pore size distributions of the HMPM samples after setting and hardening
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have been bimodal in the range of 0.006 μm to 1.700 μm
(Fig. 2).

Table 5. Open porosity and pore size ranges of HMPM samples
after setting and hardening

Pore diameter [μm]
Sample

Open
porosity

[%] Range I Range II

HMPM 1 18.4 0.006–0.060
(max. 0.016)

0.060–1.100
(max. 0.260)

HMPM 2 39.5 0.009–0.062
(max. 0.018)

0.062–1.700
(max. 0.244)

HMPM 3 41.2 0.005–0.039
(max. 0.015)

0.039–0,810
(max. 0.120)

HMPM 1k 31.1 0.020–0.091
(max. 0.051)

0.091–1.100
(max. 0.240)

HMPM 2k 40.7 0.020–0.130
(max. 0.051)

0.130–1.700
(max. 0.470)

HMPM 3k 51.3 0.024–0.160
(max. 0.050)

0.160–1.700
(max. 0.610)

Compressive strength of HMPM materials showed
good correlation with their porosity: higher open po-
rosity has led to lower compressive strength. Samples
containing higher amounts of struvite have exhibited
higher compressive strength in the case of both non-
calcined and calcined HA-based formulations (Fig. 3).
HA calcination increases compressive strength of
HMPM materials only to a limited extent. The highest
values, namely 17.3 ± 2.2 MPa and 17.8 ± 4.4 MPa,
have been recorded for HMPM1 and HMPM1k sam-
ples, respectively, whereas the lowest – for the samples
showing the highest open porosities, i.e., HMPM3
and HMPM3k (their values have been as low as 2.4
± 0.6 MPa and 6.0 ± 1.3 MPa).

SEM investigations of the fracture surfaces of all
the samples 24 hours after setting were conducted
(Fig. 4). SEM observations of HMPM1 composite
after 30 days of holding it at 37 °C in an inert atmos-
phere were also performed (Fig. 5).

Results of the studies of distilled water as well as
SBF solution after incubation of the samples are pre-
sented in Figs. 6 and 7. Abrupt increase in conductiv-
ity of distilled water during the first 4–5 days of
HMPM materials soaking (up to 880 μS on the 4th
day for the  HMPM3k material, and even up to 2280
μS for the HMPM1 material) is seen. This increase
grows as the content of struvite in the material in-
creases. Calcination of hydroxyapatite resulted in the
distinct decrease in solubility of the composite. After
this time, a slight lowering in conductivity of distilled
water could be observed in the case of all samples
until ca. 30th day of incubation, and then this pa-
rameter slowly stabilized. After 60 days, conductivity

reached the values of 610 μS and 1830 μS for the
HMPM3k and HMPM1 materials, respectively.

Chemical stability studies conducted during 60
days of incubation of the samples in SBF solution
showed only a low increase in pH – to the value of
7.67 (for HMPM2k and HMPM3k materials) and to
7.87 (for HMPM1 material). The increase was higher
for the materials with greater struvite content and for
those based on non-calcined hydroxyapatite. Thus, the
materials developed are chemically stable. SEM im-
ages of the surface of HMPM1 material after soaking
in SBF are presented in Figs. 8–11. Growth of apatite
layer was confirmed by EDS investigations. Addition-
ally, the growth of struvite crystals during incubation
as well as the presence of small calcium phosphate
deposits on the surface of these crystals after 30 and
60 days of incubation were observed (Figs. 10, 11).

4. Discussion

Hydroxyapatite and struvite-based cement-type
composite showing acceptable values of setting times,
from 4 to 15 min (Table 3), was obtained. Such values
are optimal for proper application of bone cement into
the defect and decide on its high surgical handiness
[31]. The setting of the materials developed begins
within ca. 3–5 min after the addition of the liquid to
the powder (the so-called “lag time”) and depends on
the type of hydroxyaptite applied. This is connected
with the mechanism of MgO dissolution. Cement
setting process involves combination of 5 water mole-
cules with 1 molecule of magnesium oxide and am-
monium dihydrogen phosphate (equation (1)) and
proceeds step-wise. At first, after addition of the liq-
uid, dihydrogen phosphate, as the most soluble com-
ponent, is dissolved. This results in the lowering of
pH of the system and dissolution of magnesium oxide
with release of OH- ions. Owing to this, pH gradually
increases to neutral value. The higher acidity of the
solution, the more MgO is dissolved. This leads to the
increase in the yield of the reaction of struvite forma-
tion. In the present work, it has been decided to use
equimolar amounts of reagents in order to avoid re-
maining of unreacted MgO in the system. Formation
of crystalline lattice of struvite from [Mg(H2O)6]2+

complexes, +
4NH  and −3

4PO  ions present in the solu-
tion is the final stage of the process. Reaction stops
when there are no more starting compounds left in the
solution.

NH4H2PO4 + MgO + 5H2O = NH4MgPO4·6H2O (1)
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Fig. 3. Compressive strength of the HMPM samples, 24h after setting.
Dotted bars – materials based on non-calcined HA, striped bars – materials based on calcined HA

Fig. 4. Microstructure and EDS analyses of HMPM samples (fracture surfaces, 24 h after setting):
(a)–(c) materials based on non-calcined HA, (d)–(e): materials based on calcined HA
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Fig. 5. Microstructure and EDS analysis of HMPM 1 sample
(fracture surface after 30 days of holding at 37 °C, inert atmosphere)

Fig. 6. Ionic conductivity of the HMPM samples after 60 days of incubation

Fig. 7. pH of the SBF solution after 60 days of incubation
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Fig. 8. SEM micrograph and average EDS analysis of the surface of the HMPM1 material 7 days after incubation in SBF
(EDS spectra applied to the whole surface of the picture)

Fig. 9. SEM micrograph and average EDS analysis of the surface of the HMPM1 material 14 days after incubation in SBF
(EDS spectra applied to the whole surface of the picture)

Fig. 10. SEM micrograph and average EDS analysis of the surface of the HMPM1 material 30 days after incubation in SBF
(EDS spectra applied to the whole surface of the picture)
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Sodium pyrophosphate has been proved to be an
efficient retardant of the setting process, also capable
of lowering its temperature. Thermal effects occurring
during the setting of HMPM material were studied
earlier [32]. They showed that both calcium sulfate
hemihydrate (CSH) and sodium pyrophosphate are
efficient retardants of the setting reaction that also
lower the high reaction temperature. The present
studies, in which exclusively Na4P2O7·10H2O was
applied, have confirmed that it is possible to use one
compound as the retardant. This component can re-
place sodium borate in MPC cements [26], [29]. The
maximum temperature during the setting of HMPM
composite was equal to 50 °C.

Materials containing two crystalline phases: hy-
droxyapatite (47.4 %–66.2 wt. %) and struvite (33.8–
52.6 wt. %) were obtained. In the composite developed,
non-calcined, subjected only to preliminary thermal
treatment hydroxyapatite served as the source of CaPs
which – after setting of the material – preserved its
crystalline form. In the CPC-type materials described
in the literature, hydroxyapatite resulted from hy-
drolysis of various calcium phosphates, e.g., TTCP,
DCPA [26], [27]. In contrast to the results obtained by
other authors [26], [29], among the phases present in
our composite no unreacted magnesium oxide was
detected. Magnesium oxide present in the final setting
product may cause high, local increase in pH around
the material placed in the bone defect, which is disad-
vantageous for cells and tissue.

The influence of hydroxyapatite thermal treatment
on the porosity and mechanical strength of the materi-
als formed after setting has been observed. Porosimetric
investigations have shown that with the increase in MPC
content in the initial formulation, a decrease in open

porosity of the hardened materials has occurred for both
types of materials, i.e., based on non-calcined and
calcined HA. Shift in the position of the first maxi-
mum on the d logV/dr = f (r) curves was observed in
the case of samples based on calcined HA. These sam-
ples have given a distinct maximum (ca. 0.050 μm) and
have exhibited a narrow pore size distribution. In
contrast, for the samples based on non-calcined HA
– the first range of pore sizes was broader and the
extreme value was shifted to lower pore sizes – from
0.018 to 0.015 μm (Fig. 2).

Results of mechanical strength measurements have
confirmed that less porous materials based on calcined
HA show higher compressive strength than those based
on non-calcined HA. The composites prepared in the
work exhibit higher mechanical strength than some
CPC cements [33]–[35], lower, however, than other
CMPC composites [26]. This may be due to various
methods of their synthesis. Differences in porosities
between the composites based on non-calcined and
calcined HA are clearly visible in SEM images of sur-
face fractures of HMPM1-3 and HMPM1k-3k samples
(Fig. 4). Around HA grains, magnesium phosphate is
formed, which has been confirmed by EDS investiga-
tions. In the course of incubation of the samples at
a temperature of 37 °C in the atmosphere of high hu-
midity struvite crystals grow. Thick, romboidal crystals
of struvite [36]–[38] grow in the voids inside the mate-
rial (Fig. 5). Chemical stablity tests in distilled water
conducted in vitro prove the deposition of calcium
phosphates [35] or magnesium phosphates (growth of
struvite crystals due to recrystallization in distilled wa-
ter) on the surfaces of the samples.

The developed hydroxyapatite–struvite composite
incubated in SBF solution shows bioactivity. During

Fig. 11. SEM micrograph and EDS analysis of the surface of the HMPM1 material 60 days after incubation in SBF
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a 60 day incubation, growth of struvite crystals has
been observed, particularly clearly distinguishable
in SEM micrographs recorded after 30 and 60 days
(Figs. 10 and 11). Presence of small amounts of
apatite deposits on the surface of large crystals has
been detected. Struvite crystals have been seen first
in the open pores on the surface of the samples.
Positive results of in vivo tests conducted by Wu et
al. [26] and Yu et al. [27] for hardened CPC and
MPC-based cements imply that the HMPM material
studied may show good properties in further bio-
logical studies.

5. Concluding remarks

Microporous chemically bonded ceramics (CBCs)
based on calcium and magnesium phosphates have
been obtained. The material developed in the form of
moldable paste is easy to prepare and to fill the bone
defects. After setting and hardening it shows porosity
varying from 18 to 51% and bimodal pore size dis-
tribution in the range of 0.005–1.700 μm. The new
HMPM bone substitute contains, depending on initial
raw materials, two crystalline phases: HA and stru-
vite (NH4MgPO4·6H2O) without the presence of un-
reacted MgO. Effectiveness of sodium pyrophosphate
(Na4P2O7 ⋅10H2O) as a retardant of exothermic setting
reaction was confirmed. Thermal effects of setting
reaction were successfully limited. The setting times
within 4–15 minutes were sufficient for bone-filling
materials to be placed in the site of implantation. The
positive influence of struvite on mechanical strength
of final composites was found. Further evaluation
of developed materials in biological tests is recom-
mended. Combined CPCs–MPCs materials were
shown to be biocompatible and osteogenic in vivo
[26], [29], [34].
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