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Abstract—Magnesium oxide (MgO) and orthophosphoric acid (H3PO4) have been reacted at different pH
values to study the effects of alkalinity on the characteristic features of magnesium phosphate material. The
phases of the synthesized samples have been identified as newberyite (with the chemical formula of MgHPO4 ⋅
3H2O and the pdf no. 01-075-1714) and magnesium phosphate hydrate (with the chemical formula of
Mg3(PO4)2 · 22H2O and the pdf no. 00-044-0775), in the X-ray powder diffraction analyses results. The char-
acteristic band values of samples have been characterized by FTIR and Raman spectroscopies. The differ-
ences in morphologies have been studied with Scanning Electron Microscope (SEM). The largest particles
in the range of 3.16–9.85 μm have been seen in the shape of nested f lat sheets at pH 10 while the smallest
particles between 1.17–2.04 μm have been obtained in the shape of an ellipse at pH 7. According to the ther-
mogravimetric analyses, the differences in thermal behaviours have been determined. MgHPO4 · 3H2O has
lost its crystal water by a two-step reaction while Mg3(PO4)2 · 22H2O has dehydrated by a single-step reaction.
Obtained results indicate that the crystal structure and surface morphology of the synthesized compound can
be modified by the alkalinity of the reaction medium.
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INTRODUCTION

Magnesium phosphate is a member of metal phos-
phate family which includes the elements of magne-
sium, phosphorus, oxygen and hydrogen. That type of
phosphate has features of the chemical resistance,
heat resistance and water insolubility [1, 2]. The
advantage of these materials is that they contain
a combination of environmentally friendly harmless
elements. They are generally used as the anticorrosive
inorganic pigments [3–5]. They specifically preferred
as the catalysts in the organic transformation reactions
such as dehydration of 2-propanol, the oxidative
dehydrogenation of ethane and the oxidative transfor-
mation of methane [2, 6, 7]. Different phosphate
compounds were also used in food preservatives,
ceramics, water treatment, metallurgy, dental applica-
tions and nuclear systems. The addition of the magne-
sium phosphate compounds to cement compositions
requires some advantages, such as small drying shrink-
age, very rapid setting and hardening, good bonding
strength, high early strength, high wear resistance,
hardening at low temperature and excellent frost resis-
tance [8, 9]. There are different types of magnesium
phosphates such as hydrophosphates (MgHPO4 ·
3H2O, Mg3PO4 · 5H2O, Mg3PO4 · 8H2O, Mg3PO4 ·

5H2O, Mg3PO4 · 22H2O or Mg2PO4OH · 4H2O) and
chemically bonded phosphate ceramics (Mg3(PO4)2
and Mg2P2O7) [3–21].

The first studies about phosphate ceramics indi-
cated that hydrophosphates can be prepared by using
the reaction of various inorganic oxides with phos-
phoric acid at different reaction times. Since then, dif-
ferent types of metal phosphates were synthesized
based on acid–base reaction approach. The formation
can be sum up briefly with three steps: (i) dissolution
of oxides in an acid phosphate solution, (ii) ion forma-
tion and reaction (iii) saturated gel–crystallization
formation [22, 23].

During the dissolution mechanism of oxides in acid
solution, pH was important. Dissolution of phosphoric
acid and metal oxide were given in Eqs. (1) and (2):

(1)

(2)
As it was seen from Eqs. (1) and (2), dissolution

increased with higher pH values. After the dissolution
of starting materials at determined conditions, the
hydrophosphate formation has occurred. Hydrother-
mal conditions are generally used for the phosphate

( )3 4 3 – 4H PO H H PO 0–3 ,m
mm m+ −→ + =

2
aq( ) 2MO 2 H M H O.n

n n n+ ++ → +
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Table 1. Crystallographic data of the synthesized magnesium phosphate phases

Sample code Phase A Phase B

Pdf code 01-075-1714 00-044-0775
Mineral name Newberyite Magnesium phosphate hydrate
Mineral formula MgHPO4 · 3H2O Mg3(PO4)2 · 22H2O
Crystal system Orthorhombic Triclinic
a, b, c, Å
[α, β, γ], deg

10.20, 10.68, 10.01
[90.0, 90.0, 90.0]

6.93, 6.93, 16.15
[82.2, 89.7, 119.5]
synthesis. The characteristic features are notable for
the applications. The gelling of the magnesium phos-
phate is required the long reaction times and the suit-
able organic/inorganic additives [6, 7, 18].

The morphological and structural characteristics
of the prepared particles might be controlled by the
reaction parameters such as the reagents stoichiome-
try, the temperature and pH without using any modi-
fying agent. In this study, it is aimed to study the effect
of solution alkalinity on the synthesis of magnesium
phosphate hydrates. The differences in characteristic
properties were determined by the characterization of
samples. The samples were identified with XRD and
characterized by the spectroscopies of FT-IR and
Raman. The morphologies of samples were analysed
with SEM. Thermal behaviours of samples were inves-
tigated with thermogravimetric analyses.

EXPERIMENTAL

Materials. The magnesium and phosphate sources
were magnesium oxide (MgO) and orthophosphoric
acid (H3PO4), respectively. Sodium hydroxide
(NaOH) solution was applied for the pH adjustment.
All the reagents were supplied from Merck Chemicals
and were employed without any further purification
and treatment. Distilled water was used for all synthe-
sis and treatment processes.

Hydrothermal synthesis procedure. For the magne-
sium phosphate precipitation, basic conditions were
preferred [21]. The mole ratio of Mg : P was selected as
3 : 2 and the reaction time was 1 hour. The determined
amounts of magnesium (Mg) and phosphate (P)
sources were reacted in a liquid medium. Experiments
were carried out in a glass reactor at the room tem-
perature. The possible reaction for magnesium phos-
phate reaction (3):

(3)

The effects of pH experimented in the range of 7–
10. The solution of 0.5 M NaOH solution used for pH
adjustment under magnetic stirring. pH adjustment
was controlled with the pH meter by using a Hanna
Instruments’ HI 2211 pH/ORP Meter. The synthe-
sized magnesium phosphate particles were separated

+ + → +3 4 2 3 4 2 23MgO 2H PO H O Mg (PO ) H O.x y
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by filtration and dried at 40°C. The dried particles
were ground for the characterization.

Characterization. The synthesized compounds
were identified with the X-ray powder diffraction
technique by using a Philips PANalytical XPert Pro
X-ray diffractometer at 45 kV, 40 mA and CuKα radia-
tion in the 2θ range of 5°–60°. The characteristic band
values of functional groups in prepared samples were
analysed by using the spectroscopic techniques of
FT-IR and Raman. A PerkinElmer Spectrum One
FT-IR was used for the FT-IR analyses with a sam-
pling accessory of universal attenuation total ref lec-
tance (ATR) with a diamond/ZnSe crystal. In the
Raman analyses, a Perkin Elmer brand Raman Station
400F was employed. The morphology of surface and
particle features of the prepared samples were exam-
ined by using a CamScan Apollo 300 field-emission
SEM at 15 kV. Thermal behaviour of the samples was
investigated by using a Perkin Elmer Diamond
TG/DTA. The thermogravimetric analyses were
applied between the temperature ranges of 40–500°C,
at the heating rate of 10°C/min and an inert (N2)
atmosphere.

RESULTS AND DISCUSSION
X-ray powder diffraction results. X-ray powder dif-

fraction patterns of synthesized magnesium phosphate
compounds are presented in Fig. 1. Products were
identified as a mixture of magnesium phosphate
hydrates. Based on XRD results, the identified phases
of magnesium phosphates were coded as Phase A
(newberyite (MgHPO4 · 3H2O) with the pdf no. of 01-
075-1714) and Phase B (magnesium phosphate
hydrate (Mg3(PO4)2 · 22H2O) with the pdf no. of 00-
044-0775). The sample synthesized at pH 7 were iden-
tified as Phase A. There was a tendency for the forma-
tion of Phase B with the increasing pH values. At the
pH values of 8 and 9, the mixtures of Phase A and B
were obtained. Pure Phase B were determined at pH 10.

Crystallographic data of the synthesized magne-
sium phosphate phases are given in Table 1.

For the Phase A, the characteristic peaks [h k l
(dspacing)] of MgHPO4 · 3H2O were seen at the 2θ posi-
tions of 14.92° [1 1 1 (5.94 Å)], 16.62° [0 2 0 (5.34 Å)],
17.38° [2 0 0 (5.10 Å)], 18.83° [0 2 1 (4.71 Å)], 19.77°
l. 65  No. 9  2020
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Fig. 1. X-ray powder diffraction pattern of synthesized magnesium phosphate compounds. 
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[1 0 2 (4.49 Å)], 21.45° [1 1 2 (4.14 Å)], 24.90° [2 0 2
(3.57 Å)], 25.74° [2 2 1 (3.46 Å)], 28.01° [1 3 1 (3.19 Å)],
28.96° [3 1 1 (3.08 Å)], 30.10° [2 2 2 (2.97 Å)], 32.92°
[3 1 2 (2.72 Å)], 34.78° [0 4 1 (2.58 Å)], and 35.60°
[1 4 1 (2.50 Å)] [24].

For the Phase B, the characteristic peaks [h k l
(dspacing)] of Mg3(PO4)2 · 22H2O were seen at the 2θ
positions of 11.11° [0 0 2 (7.96 Å)], 16.71° [0 0 3 (5.30 Å)],
28.04° [0 0 5 (3.18 Å)], 30.81° [2 0 2 (2.90 Å)], 31.25°
[–2 2 2 (2.86 Å)], 32.78° [1 –1 5 (2.73 Å)] and 33.80°
[0 0 6 (2.65 Å)] [17].

Spectroscopic results. The characteristic band val-
ues of samples were observed in the ranges of 4000–
500 cm–1 for FT-IR spectroscopy and 3280–250 cm–1

for Raman spectroscopy, respectively. FT-IR spectra
of synthesized magnesium phosphates are shown in
Fig. 2. The characteristic stretching over the 3200 cm–1

could be explained with the OH bands in the hydrate
structure. Vibrational band of ν(PO2(OH)) was
observed in the range of 3100–2800 cm–1. The peak
values between 1700 and 1600 cm–1 were assigned to
the H–O–H bands. In accordance with X-ray powder
diffraction results, the peaks for the H–O–H bands
became apparent with the phase formation of
Mg3(PO4)2 · 22H2O. The symmetrical stretching of

 and  were seen in the regions of 1200–1100
and 1100–1000 cm–1, respectively. The PO2(OH)
bending was approximately seen at 885 cm–1. The
peaks observed at lower than 700 cm–1 can be
explained with the out of plane of phosphate ions
[6, 7, 24].

Raman spectra of synthesized magnesium phos-
phates are shown in Fig. 3. The characteristic band
values for the hydroxyl stretching was seen in the range
of 3280–1500 cm–1. There was stronger stretching seen

−
3PO −3

4PO
RUSSIAN JOURNAL O
at the higher pH values because of the increase in crys-
tal water bonded to phosphate structure. The symmet-
ric stretching between the P and O atoms can be seen
at 1155 cm–1. The strong peak around the 1000 cm–1

can be explained with symmetric stretching between P
and O atoms. The asymmetric stretching between the
phosphate and hydroxyl ions was observed at around
895 cm–1. The out of plane bands were seen in the
range of 560–520 cm–1, while in-plane bands were
seen at lower the band values of 410 cm–1 [26].

SEM results. SEM morphologies of synthesized
magnesium phosphates are presented in Fig. 4. The
synthesized particle sizes were in micro-scale. In
accordance with the X-ray powder diffraction results,
the differences were observed in surface morphologies
with the increasing pH value. At pH 7, f lowerlike par-
ticles were obtained in the range of 1.17–2.04 μm.
With increasing pH to 8, f lowerlike particles turned
unshapely and nebulously particles. The particle sizes
were between 1.94–2.56 μm. As the pH increased,
particle shapes were transformed into f lat layers and
particle sizes were increased. The largest particles (in
the range 3.16–9.85 μm) were obtained at pH 10 and
particle’s shapes can be explained by the formation of
nested f lat sheets.

Thermogravimetric results. Under heating treat-
ment, the removal of structural water from the com-
pound is called dehydration [27–29]. Thermal dehy-
dration behaviours of samples prepared at different pH
values were examined with thermal analyses tech-
niques. Thermal curves of samples were presented in
Fig. 5. As it is seen at TG-DTG curves from Fig. 5, the
dehydration process of synthesized magnesium phos-
phates was observed in the temperature range of 40
and 250°C. As it is seen from the thermogram of
phases A and B, two different thermal behavior were
F INORGANIC CHEMISTRY  Vol. 65  No. 9  2020
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Fig. 2. FT-IR spectra of synthesized magnesium phosphate compounds.
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Fig. 3. Raman spectra of synthesized magnesium phosphate compounds.
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Fig. 4. SEM morphologies of synthesized magnesium phosphates.
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seen. Thermogravimetric results of samples are given
in Table 2.

These two different thermal behaviours were seen
with the formation of two different phases. In phase A,
dehydration behaviour can be explained by a two-step
reaction. The first step was seen in the range of 67.66–
109.22°C and the peak of the DTG curve were deter-
mined at 94.95°C. The average weight loss was 12.70%
for the first step, equal to a value of 1.21 mole of water.
RUSSIAN JOURNAL O

Table 2. Thermal analyses results of synthesized samples at d

Sample Step Ti, °C

pH 7 1st 67.66

2nd 109.22

pH 8 1st 48.94

2nd 106.99

pH 9 1st 41.46

2nd 106.55

pH 10 1st 39.95
The second step occurred in the range of 109.22–

189.96°C and the peak of the DTG curve were

observed at 128.95°C. The average weight loss was

18.80% for the first step, equal to a value of 1.79 moles

of water. In phase B, dehydration behaviour can be

explained by a single step reaction. The dehydration of

the compound was seen in the range of 39.95–

180.29°C and the peak of the DTG curve were deter-

mined at 74.34°C. The average weight loss was deter-
F INORGANIC CHEMISTRY  Vol. 65  No. 9  2020

ifferent pH values

Tf , °C Tp(DTG), °C Total mass loss, %

109.22 94.95 31.5

189.96 128.95

73.29 60.93 32.9

198.96 139.05

96.93 72.19 39.0

189.20 130.66

180.29 74.34 55.5
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Fig. 5. Thermal curves of synthesized samples at different pH values: (a) DTG and (b) TG.
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mined 55.50% for the Mg3(PO4)2 · 22H2O. In accor-

dance with XRD results, the increase in mass losses
was determined with the increasing pH values.

CONCLUSIONS

In this paper, two different types of magnesium
phosphate hydrates (MgHPO4 ⋅ 3H2O and Mg3(PO4)2 ·

22H2O) were synthesized from magnesium oxide and

phosphoric acid at various pH values. According to the
X-ray powder diffraction results, pure MgHPO4 ⋅
3H2O and Mg3(PO4)2 · 22H2O prepared at pH 7 and

10, respectively. The morphologies of synthesized
magnesium phosphate hydrates were studied with the
SEM analyses. MgHPO4 ⋅ 3H2O compound had flow-

erlike particles whereas Mg3(PO4)2 · 22H2O had

agglomerations of layers. Synthesized particles were in
micro-scale and with the effect of agglomeration on
larger particle sizes were determined at increasing
alkalinity. As a conclusion, a tendency of Mg3(PO4)2 ·

22H2O phase formation was observed with the

increasing alkalinity. In addition, particle shape and
formation can be modified by the controlling of reac-
tion conditions without using any modifying agent.
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