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As a result of the increase in the  world population, the demand for 
biomaterials to treat bone defects is growing. 2.8 million bone 
reconstruction surgeries are performed worldwide every year.1 
Biodegradable materials are the most promising for bone implants 
because they can be eventually replaced by natural bone tissue, 
avoiding repeated surgical operations.2,3 Various materials, 
comprising ceramics,4–7 cements,8–10 polymers11–13 and composite 
materials,14–16 including calcium phosphates, are used to treat the 
bone defects. The need for biomaterial and limitations of existing 
implants, such as low bioresorption rate17 and lack of 
osteoconductive properties, motivate scientists to develop the new 
bone regeneration materials. The rate of material dissolution in the 
body can be controlled by changing its chemical composition.

Over the past few years, magnesium phosphate has attracted 
interest owing to its potential use in the biomedical field.18,19 
This may be due to the fact that magnesium plays a crucial role 
in the body as the second most abundant intracellular cation20 
and it is primarily found in the bone tissue, muscle and non-
muscle soft tissues (approximately 24 g of Mg per 70 kg of an 
adult weight).21 Magnesium phosphate (such as struvite, 
newberite and calcium-magnesium phosphate) has been found in 
mineral form in the bones, as well as pathological deposits in 
kidney stones.22 The ceramics based on magnesium-substituted 
calcium phosphate has been studied before, whereas little 
attention has been paid to pure magnesium phosphate ceramics. 
Ceramics based on magnesium orthophosphate [Mg3(PO4)2] is a 
promising material, because it is found in the body, in particular, 
as a part of urinary stones, and it should have good biological 
properties. Earlier, it was noted that magnesium orthophosphate 
has specific physical and chemical properties.23,24 For example, 
the ceramics with dielectric properties based on Mg3(PO4)2 has 
been developed.23 In addition, the possibility of using a powder 
precursor based on this material for 3D printing of bone implants 
has been shown.24 However, there is not enough information on 

the development of techniques to produce ceramics from 
magnesium phosphates. One of the methods for obtaining 
magnesium orthophosphate is the solid-phase method. Solutions 
of MgCl2 and NH4H2PO4 salts can be also used as precursors, 
but it is not possible to precipitate pure crystallohydrate using 
the solution method. Therefore, the solid-phase method is 
assumed to be more reliable in the synthesis of this precursor. 
Thus, the goal of this work was a solid-phase synthesis of 
Mg3(PO4)2, the production of ceramic material and the study of 
the change of the physicochemical properties of the obtained 
ceramics depending on the calcination temperature.

For the synthesis of Mg3(PO4)2, MgO and Mg2P2O7 powders 
were used. The synthesis of Mg3(PO4)2 powder was conducted 
under reported conditions.25–27  All reagents used were chemically 
pure and stored in a dry container. There were no special 
requirements for handling the initial reagents. The reagents were 
taken in a stoichiometric ratio. The temperature and calcination 
duration were chosen on the basis of literature data because they 
were sufficient for the solid-phase reaction to proceed. 

The synthesis of Mg3(PO4)2 was carried out using the 
mechanical activation method. The reaction occurred according 
to equation (1) at heat treatment temperature of homogenized 
mixture of MgO and Mg2P2O7. After air drying, the product was 
subjected to heat treatment at a temperature of 1100 °C for 12 h. 
After that, it was ground in a planetary-type ball mill to produce 
a powder with a small particle size and then sieved through a 
Sautilene HiTechTM polyester sieve to disaggregate the resulting 
mixture and to gain the uniform powder particles.

MgO + Mg2P2O7 → Mg3(PO4)2 	 (1)

To obtain ceramics, the powders were pressed into tablets by 
uniaxial one-sided pressing on a Carver C manual press 
(Carver, USA). Biodegradation of ceramic granules after 
calcinating at 800 °C and sieving was carried out on an 
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Magnesium orthophosphate, Mg3(PO4)2, was  synthesized 
via the solid-phase method, the ceramic material based 
on Mg3(PO4)2 was obtained and the physicochemical 
properties of the ceramic were studied. The dependence 
of the changes in the microstructure and density on the 
sintering temperature in the range of 900 and 1250 °C 
was investigated.
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autotitrator with 0.025 m of citric acid solution. The PXRD 
patterns were fitted using the STOE WinXPOW software 
(ICDD PDF-2 database). The relative density of the resulted 
materials was calculated by the hydrostatic weighing. 

The Debye–Scherrer equation28 was implemented to count 
the coherent scattering regions (crystallite sizes). LaB6 (SRM 
660c) as a line shape standard was applied to determine 
instrumental broadening. To estimate the contribution of 
microdeformations, the Williamson–Hall method can be used.29 
Details of the equipment and experimental features are given in 
Online Supplementary Materials.

According to PXRD data, single-phase pyrophosphate and 
magnesium oxide were obtained (see Figure S1 in Online 
Supplementary Materials) after heat-treatment at 1100 °C for 12 h 
these precursors were used to obtain single-phase magnesium 
orthophosphate (Figure 1). Basic magnesium carbonate or 
magnesium oxide obtained by thermal decomposition of 
magnesium carbonate can be used as one of the initial reagents. 
The thermal analysis of a mixture of basic magnesium carbonate 
and magnesium pyrophosphate for the synthesis of magnesium 
oxide [precursor of Mg3(PO4)2 synthesis] is shown in Figure S2 in 
Online Supplementary Materials. It should be noted that the 
weight decrease at 450 °C corresponds to the decomposition of 
magnesium carbonate to form magnesium oxide, which allows 
one to further use of basic magnesium carbonates as a precursor 
for obtaining magnesium orthophosphates. Weight reduction at 
temperatures between 230 and 250 °C is  due to the water removal.

In this work, we investigated the possibility of producing 
ceramics based on Mg3(PO4)2. Sintering was performed in an 
isothermal mode in the range from 900 to 1250 °C for 10 h. PXRD 
pattern and crystal structures of the synthesized Mg3(PO4)2 are 
presented in Figure 1. According to the Debye–Scherrer equation, 
the Dhkl size for magnesium phosphate was 205 ± 8 nm. The width 
of the reflex at half height FWHM has a linear dependence on the 
values of microdeformations and crystallite sizes. However, the 
contribution of lattice deformation to the broadening of lines on 
X-ray images is very insignificant in the range of 2q from 20 to 
50°, according to the literature data.30 The estimation of 
microdeformations based on the experimental data shows a very 
small value of 1.28 ́  10–5. Thus, the contribution of 
microdeformations in the resulting sample can be ignored.

To study the densification processes of the magnesium 
orthophosphate-based material during heat-treatment, a 
dilatometric analysis was performed in the range of 900–1250 °C 
in an isothermal mode for 10 h [Figure 2(a)]. According to the 
literature data and our experiments, there are no phase changes at 
the temperatures under study.26 As expected, an increase in 
temperature results in the enhancement of shrinkage. Thus, at a 
temperature of 900 °C, shrinkage is practically absent (0.2%). At 
950 °C, the shrinkage was 2–2.5%, which apparently corresponds 
to the initial baking of individual particles. As the temperature 

grows from 1150 to 1200 °C, the shrinkage increases from 7.5 to 
10%, which indicates an acceleration of sintering processes. 
However, a further increase in temperature up to 1250 °C does not 
cause significant changes, which may suggest that the optimum 
has been reached at 1200 °C. 

The shrinkage values obtained from dilatometry data are 
given in Table S1 in Online Supplementary Materials. Data on 
the density of samples measured by hydrostatic weighing 
[Figure 2(b)] point to the significant increase within the 
temperature range of 900–1000 °C that slows down as the 
temperature rises to 1150 °C, after which it reaches a plateau. 
These results agree well with the data of dilatometric 
measurements, hence, 1150 °C can be considered as optimal for 
obtaining the dense ceramics under isothermal conditions.

To get the bioceramic implants, it is important to obtain a 
dense ceramic material, that depends on the choice of sintering 
temperature. According to SEM data (Figure 3), at 900 °C there 
is no formation of significant contacts between individual 
powder particles. This points to the absence of the sintering 
processes. However, at 1000 °C, the sintering of the individual 
particles is clearly visible and a large number of pores are 
present. The appropriate temperature for obtaining the 
sufficiently dense microstructure without an increase in the 
average crystallite size was 1150 °C. Raising the heat treatment 
temperature up to 1250 °C does not completely eliminate 
pores, but results in their embedding into the volume of crystals, 
which significantly increases in size compared with the lower 
sintering temperatures. Based on the above data, it can be 
concluded that 1150 °C is the optimal temperature for obtaining 
dense ceramics of the selected composition. As the calcination 
temperature rises, the grain size and the density of the grain 
boundaries increase, causing a decrease in the resorption 
degree of such ceramics.

The study of the ceramic granules resorption was carried out 
using an auto-titrator at a fixed pH value, which was maintained 
by adding citric acid during the experiment. When citric acid is 
added to the solution, an increase in pH values can be seen, which 
according to the diagram of ionic forms [Figure 4(a)] is associated 
with the dissolution of magnesium orthophosphate, resulting in an 
increase in magnesium ions, which leads to the formation of 
newberite (MgHPO4·3H2O). Upon titration of Mg3(PO4)2 with 
citric acid, incongruent dissolution occurs with recrystallization in 
newberite, which then, dissolving, passes predominantly either as 
a free magnesium ion or a citrate complex. With an increase in the 
concentration of citric acid, the predominant form of magnesium 
in solution changes from Mg2+ to Mg(cit)– at the titration point, 

Figure  1  PXRD pattern and crystal structures of the synthesized 
Mg3(PO4)2.
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Figure  2  (a) Dilatometry results with isothermal exposure for 10 h at 900, 
950 and 1000 °C for Mg3(PO4)2 and (b) relative densities for ceramics based 
on Mg3(PO4)2 sintered at various temperatures.
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Figure  3  SEM images of ceramics based on Mg3(PO4)2 sintered at (a) 900,  
(b) 1000 and (c) 1150 °C.
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where [Mg2+]/[cit3–] = 1/1 and cit is C3H5O(COO)3
3–. Thus, the 

reaction of dissolution of magnesium orthophosphate in citric acid 
can be represented as follows: 

Mg3(PO4)2 + H3cit → 3Mgcit– + 5H+ + 2H2PO4
– .	 (2)

To study the resorption, ceramic samples in the form of tablets 
were first prepared by sintering at 800 °C and then they were 
crushed and sieved through a sieve with a cell size of 220 µm to 
obtain a homogeneous powder [Figure 4(b)]. The amount of acid 
required to dissolve 0.2 g of Mg3(PO4)2 was equal to 9.9 ml. 
After 24 h, complete dissolution of all ceramic granules was 
observed. It should be noted that when Mg3(PO4)2 ceramic 
granules were added to a citric acid solution, pH value was equal 
to 6, which apparently illustrated that this composition would 
not have a cytotoxic effect on cells. 

Thus, when using the solid-phase method to obtain the ceramic 
materials based on Mg3(PO4)2, it has been shown that the most 
suitable heat treatment temperatures were 1000 and 1150 °C, at 
which the most dense microstructure was observed and there were 
no traces of secondary recrystallization. Ceramics obtained at 
1100 °C possessed a more dense structure due to the efficiency of 
the sintering process at this temperature. The relative density of 
the ceramics produced at 1150 °C was 95 ± 3%. When analyzing 
the diagram of the predominant ionic and crystalline forms, it 
was revealed that the dissolution of magnesium orthophosphate 
in a solution of citric acid occurs incongruently with the 
formation of newberite. Thus, the ceramic materials based on 
magnesium orthophosphate, obtained in our work, resorb in a 
model citric acid solution and may be promising for use as 
implants for treating bone defects.
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Figure  4  (a) Diagram of the predominant ionic and crystalline forms of 
magnesium in the coordinates of the logarithm of the total concentration of 
citrate ions vs. pH for Mg3(PO4)2; (b) dissolution kinetics of Mg3(PO4)2 
ceramic granules on the titrator when adding citric acid.
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