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Abstract: Mg3(PO4)2·22H2O lost its crystal water in the temperature range of 40 - 200°C and the calcined sample was identified 

as Mg3(PO4)2, was a notable for its further treatments in optical and electrical applications. Dehydration process was studied using 
non-isothermal thermogravimetry (TG) applying model-fitting method. Different mechanism models (chemical reaction order, 

diffusion and phase interfacial reaction) were applied. The activation energies calculated for the dehydration reaction; and average 

of activation energy was found as 160 kJ/mol.  The better kinetic model of the dehydration reaction for Mg3(PO4)2·22H2O was 

selected as F3 (chemical reaction - third order). The thermodynamic functions (ΔH, ΔG and ΔS) of the dehydration reaction were 
calculated by the activated complex theory and found that the process was endothermic, non-spontaneous and fast. 
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1. Introduction  

Chemically bonded phosphate ceramics generally occur 

with the reaction of a metal cation and phosphate ion. They 

can be classified according to the metal cation in structure. 

Although being cementitious materials, magnesium 

phosphates have similar features and with ceramics. They 

are quick-setting and hard materials. The phosphate anion 

in the structure makes the ceramic biocompatible (Yu et 

al.,2017; Yu and Jiang, 2018). They can be used novel 

biomaterial designs or can be added to calcium phosphate 

to increase hardness (Wu et al., 2008). Therefore, 

magnesium phosphates are preferred in dental and bone 

restorations, implants, medicine and agriculture (Lu and 

Chen, 2016; Boonchom, 2009; Qiao et al., 2010; Yang et 

al., 2000; Rouzic et al., 2017; Kongshaug et al., 2001). Also, 

this type of phosphate has dissolubility in water, chemical 

and thermal resistance. This situation makes them useful for 

anti-corrosive coating and surfaces (Pokorny et al., 2016; 

Zhang and Tang, 2015).  

Magnesium phosphates can be synthesized by chemical 

precipitation, hydrothermal, solid-state, microwave or 

biosynthesis methods (Yu et al., 2016; Zhou et al., 2012). 

Thermal-treated magnesium phosphates can be used as 

catalyst in organic processes of biomass applications. 

(Boonchom, 2009; Gopinath et al.,2015; Debnath et 

al.,2016; Aramendia et al.,1999). The dehydrated forms of 

magnesium phosphate, MgHPO4 and Mg3(PO4)2, are 

notable for their dielectric, ferroelectric, piezoelectric and 

optical features (Assaaoudi et al., 2007; Zhang et al., 2016). 

The chemical structure and textural features of phosphates 

are notable for these usage areas. For this purpose, the 

studies on thermal behaviour, thermal decomposition 

mechanism and thermodynamic functions of ΔH, ΔG and 

ΔS are important in the manufacturing processes this 

purpose (Kanazawa et al., 1979; Sadiq et al.,2015; Sadiq et 

al., 2008). MgHPO4·3H2O, MnHPO4·H2O and LiMnPO4 

are the characterized forms of metal phosphates by thermal 

kinetic and thermodynamic studies (Boonchom, 2009; 

Sronsri and Boonchom 2018, Boonchom and Danvirutai 

2008). 

 In this research, it is aimed to explain the mechanism, 

kinetics and thermodynamics of the decomposition of 

Mg3(PO4)2·22H2O using thermal analyses techniques. 

Thermal decomposition process of mineral was interpreted 

by Coats-Redfern non-isothermal kinetic method. The 

thermal kinetic (Ea, A, n, mechanism and model) and 

thermodynamic (ΔH, ΔS and ΔG) parameters of the 

dehydration reaction of Mg3(PO4)2·22H2O were 

determined.  

2. Materials and Method  

2.1. Mineral preparation and characterization 

Hydrates forms of magnesium phosphates can be 

synthesized in basic hydrothermal conditions (Mousa, 
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2010). Magnesium source of magnesium oxide (MgO) and 

phosphorus source of phosphoric acid were reacted under 

magnetic stirring at room temperature for 1 hour. pH value 

was determined 10. The prepared white powders were 

filtered and dried at 40ºC. 

The sample was identified by X-ray diffraction analysis 

(XRD). A Philips PANalytical XPert Pro X-ray 

diffractometer was used at 40 mA, 45 kV and Cu-Ka 

radiation in the 2θ range of 5°–60°. The vibrational modes 

of sample were analysed by a PerkinElmer Spectrum One 

FT-IR with a universal attenuation total reflectance (ATR) 

sampling accessory with a diamond/ZnSe crystal. Thermal 

behaviour of sample was studied between the temperature 

ranges of 30–500°C with a Perkin Elmer Diamond 

TG/DTG. Five different heating rates (5, 10, 15, and 

20°C/min) were applied under the nitrogen atmosphere. 

The prepared sample was placed in a Protherm MOS 180/4 

high-temperature furnace in nitrogen flowing (5 ml/min) 

atmosphere. Calcined sample was further analysed by XRD. 

2.2. Thermal dehydration kinetics and thermodynamic 

analysis  

Thermal solid-state decomposition in solid-gas system of 

the single-crystalline compound was given in Equation 1. 

For a hydrate mineral, the escaping gas was water and this 

process was called dehydration.  

 𝐴𝑠𝑜𝑙𝑖𝑑 → 𝐵𝑠𝑜𝑙𝑖𝑑 + 𝐶𝑔𝑎𝑠     (1) 

Thermal behaviour can be explained by using the 

thermogravimetric data. The activation energy (Ea, kJ/mol), 

exponential factor (A) and reaction order (n) of dehydration 

reaction were calculated by using the Coats-Redfern 

Method. Integrated and linear forms of Coast Redfern were 

given in Equations 2 and 3. In this method, the Ea and A can 

be calculated from the slope and intercept of the ln[g(α)/T2] 

vs 1/T plot, respectively (Lopez et al., 2015; Boonchom and 

Puttawong, 2010).  

 𝑔(𝛼) = ∫
𝑑(𝛼)

𝑓(𝛼)

𝛼

0
=
𝐴

𝛽
∫ exp (−

𝐸𝑎

𝑅𝑇
)𝑑𝑇

𝑇

𝑇0
  (2) 

  ln (
𝑔(𝛼)

𝑇2
) = ln (

𝐴𝑅

𝐸𝑎𝛽
) −

𝐸𝑎

𝑅𝑇
   (3) 

where α is the degree of conversion, f(α) is a function of 

conversion according to the reaction mechanism, g(α) is a 

kinetic function of different reaction mechanisms which is 

obtained from integration of f(α). R is the gas constant 

(8.314×10-3 kJ/mol), T is the absolute temperature, and β is 

the heating rate (°C/min). The solid-state reaction 

mechanisms and models were listed in Table 1. 

Table 1. Reaction mechanisms, model names and functions of f(α) and g(α) 

Reaction Mechanism Model Name Model Code f(α) g(α) 

Chemical reaction order 

1st order F1 1-α -ln(1- α) 

2nd order F2 (1- α)2 1-(1- α)2 

3rd order F3 (1- α)3 (1-(1- α)3)/2 

Diffusion 
One dimensional F4 1/2α α2 

Two dimensional F5 -(ln(1- α))-1 α+(1- α).ln(1- α) 

Phase interfacial 

reaction 

Shrinkage geometrical column F6 2(1- α)1/2 1-(1- α)1/2 

Shrinkage geometrical spherical F7 2(1- α)2/3 1-(1- α)1/3 

 

The thermodynamic factors of enthalpy change (∆H), Gibbs 

energy change (∆G), and entropy change (∆S) were 

calculated by using the obtained thermal kinetic parameters 

of A and Ea for the best-fitted reaction mechanism. The 

equations used in thermodynamic calculations were given 

in Equations 4-6 (Naqvi et al., 2018). 

∆𝐻 = 𝐸𝑎 − 𝑅𝑇     (4) 

∆𝐺 = 𝐸𝑎 + 𝑅𝑇𝑚 ln (
𝐾𝐵𝑇

ℎ𝐴
)    (5) 

∆𝑆 =
∆𝐻−∆𝐺

𝑇𝑚
     (6) 

where KB is Boltzmann constant (1.381×10-23 m2kg/s2K), 

Tm is the temperature at which maximum decomposition 

occurs (peak point of the DTG curve) and h is the plank 

constant (6.626×10-34 m2kg/s2). 

 

3. Results  

3.1. XRD results  

XRD patterns of un-calcined and calcined samples were 

presented in Figure 1. The prepared sample was identified 

as Magnesium Phosphate Hydrate (Mg3(PO4)2·22H2O) with 

the powder diffraction file number of 00-044-0775 (Figure 

1a). The magnesium phosphate hydrate was calcined at 

500°C. The calcined sample was identified as Farringtonite 

((Mg3(PO4)2) with the powder diffraction file number of 00-

033-0876 (Figure 1b). 
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Figure 1. XRD patterns of a. un-calcined and b. calcined samples 

3.2. FT-IR results 

FT-IR spectrum of Mg3(PO4)2·22H2O was presented in 

Figure 2. The OH-1 vibrations in hydrate structure and H-O-

H vibrations were seen 3450 cm-1 and 1655 cm-1, 

respectively. The characteristic band values for the PO4
-3 

was seen at the band value of 1066 cm-1. The band values at 

the 715 cm-1 can be explain with the bending of PO2(OH). 

The out of plane of phosphate ion was observed at 578 cm-

1. 

 

Figure 2. FT-IR spectrum of Mg3(PO4)2·22H2O 

3.3. Thermal analyses results 

Dehydration behaviour of magnesium phosphate hydrate 

was investigated by using thermal analyses techniques. 

Thermal analyses result of Mg3(PO4)2·22H2O were given 

Table 2. TG/DTG curves of Mg3(PO4)2·22H2O for different 

heating rates were given in Figure 3. According to the 

thermal curves, dehydration process occurred in the 

temperature range of 40–200°C and mass was determined 

as approximately %55.5. The peak temperature of DTG 

curves were seen between 67 and 79°C. 

 

 

Figure 3. TG/DTG curves of Mg3(PO4)2·22H2O a. TG and b. DTG 

3.4. Thermal kinetic results 

Coast Redfern non-isothermal kinetic method was applied 

for the calculation of thermal kinetic parameters of Ea and 

A. Mechanisms of chemical reaction order (F1, F2 and F3), 

diffusion (F4 and F5) and phase interfacial reaction (F6 and 

F7) were used in thermal kinetic modelling. The calculated 

kinetic parameters at the different heating rates were given 

Table 3.  

Correlation factors (R2) were observed between 0.7882 and 

0.9942. The third order of chemical reaction was selected as 

best fitted mechanism, because of the highest linearity. R2 

values varied between 0.9903 and 0.9942 for reaction model 

of F3. In this reaction model, the activation energies (Ea) 

were found in the range of 123.01 – 170.97 kJ/mol. 

Exponential factors (A) changed in the range of 1.24×1035 - 

3.47×1018 for the F3 model.  Thermal kinetic parameters of 

Ea and A showed a falling tendency with the increasing 

heating rates, in all models. 

3.5. Thermodynamic results 

Thermodynamic parameters of ΔH (kJ/mol), ΔG (kJ/mol) 

and ΔS (kJ/mol×K) were calculated at different heating 

rates by using the best-fitted kinetic model (F3) as shown in 

Table 4. Acceptable differences were observed between the 

estimated thermodynamic parameters varying heating rates. 

ΔH values were found in the range of 120.08 – 221.55 

kJ/mol thermal dehydration of magnesium phosphate 

hydrate. ΔG and ΔS values were determined in the range of 

82.50 – 84.74 kJ/mol and 0.1 – 0.248 kJ/mol×K, 

respectively.  

Table 2. Thermal analyses result of Mg3(PO4)2·22H2O  
β (°C/min) T initial (°C) T final (°C) T max (°C) (DTG) Mass loss (%) 

5 46.28 107.76 67.51 55.49 

10 48.51 120.12 73.79 55.59 

15 50.97 137.56 76.49 55.60 

20 52.16 144.98 79.16 55.73 
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Table 3. Calculated kinetic parameters for Coast Redfern method 
Model 

Code 

β 

(°C/min) 
R2 

Ea 

(kJ/mol) 
A 

Model 

Code 

β 

(°C/min) 
R2 

Ea 

(kJ/mol) 
A 

F1 

5 0.8992 76.04 7.39×1010 

F5 

5 0.8149 119.13 5.64×1016 

10 0.9065 68.84 6.26×109 10 0.8265 109.53 1.56×1015 

15 0.8774 57.26 1.04×108 15 0.7899 90.83 1.88×1012 

20 0.8752 54.15 3.84×107 20 0.7882 86.24 3.82×1011 

F2 

5 0.9804 117.73 4.66×1017 

F6 

5 0.8291 61.28 1.32×108 

10 0.9827 105.21 4.67×1015 10 0.8386 55.87 2.32×107 

15 0.9716 89.18 1.44×1013 15 0.7987 45.93 7.16×105 

20 0.9706 84.41 2.77×1012 20 0.7954 43.42 3.33×105 

F3 

5 0.9942 170.97 1.80×1026 

F7 

5 0.8019 115.41 9.14×1012 

10 0.9926 151.54 1.14×1023 10 0.8156 107.07 6.84×1010 

15 0.9911 129.94 4.19×1019 15 0.7838 89.77 5.25×107 

20 0.9903 123.01 3.47×1018 20 0.7836 85.59 3.54×106 

F4 

5 0.8422 136.18 8.14×1012 

 
10 0.8556 126.03 1.30×109 

15 0.8293 107.06 1.92×106 

20 0.8287 101.94 1.85×105 

 

Table 4. Calculated thermodynamic parameters for the best-fitted 

kinetic model 
Model 

Code 

β 

(°C/min) 

ΔH 

(kJ/mol) 

ΔG 

(kJ/mol) 

ΔS 

(kJ/mol×K) 

F3 

5 168.14 83.56 0.248 

10 148.65 83.80 0.187 

15 127.03 84.69 0.121 

20 120.08 84.74 0.100 

 

4. Discussion  

Removal of 22 moles of crystal water was occurred during 

the dehydration. In the light of XRD and thermal analyses, 

the probable reaction for the dehydration process were 

given in Equation 7. 

 

𝑀𝑔3(𝑃𝑂4)2 ∙ 22𝐻2𝑂(𝑠)
ℎ𝑒𝑎𝑡
→  𝑀𝑔3(𝑃𝑂4)2(𝑠) + 22𝐻2𝑂(𝑔)

      (7) 

The differences in calculated activation energies can be 

explained with the low linearity in correlation and lack of 

the reaction order in other selected models. Due to the lower 

linearity for the reaction models of diffusion and phase 

interfacial (F4 – F7), these models were not suitable for the 

explanation of reaction model. 

Exponential factor (A) was generally associated with the 

number of times molecules hit in the orientation necessary 

to cause a reaction (Naqvi et al., 2018). In general, the low 

and high factors could be explained with the tight and loose 

complexes, respectively. The thermal dehydration reaction 

of Mg3(PO4)2·22H2O may be classified as loose complex, 

which corresponds to the removal of crystallization water. 

These results are compatible with thermal analysis, which 

confirm that the decomposition product as tri-magnesium 

phosphate anhydrous Mg3(PO4)2.  

Positive value of ΔH indicated the propellent power of 

temperature increase, which meant the endothermic 

reaction (Boonchom 2008). Positive value of ΔG showed 

that dehydration process of Mg3(PO4)2·22H2O was non-

spontaneous processes and were necessary to connect with 

the introduction of heat. The positive value ΔS can be 

interpreted as the decomposition of a malleable complex 

which means a fast step (Lopez et al., 2015; Naqvi et al., 

2018; Boonchom, 2008).  

5. Conclusions  

Crystal water of magnesium phosphate hydrate 

(Mg3(PO4)2·22H2O) removed by a single step between the 

temperatures of 40 and 200°C and the heat-treated product 

was Mg3(PO4)2, significant for its optical and electrical 

applications. Dehydration process was studied using Coats-

Redfern non-isothermal kinetic method and activation 

energies determined for the different mechanism models. 

Mechanism models of chemical reaction order (1st, 2nd and 

3rd), diffusion (one dimensional and two dimensional) and 

phase interfacial reaction (shrinkage geometrical column 

and shrinkage geometrical spherical) were applied. 

According to the higher linearity in thermal calculations 

correlation, reaction mechanism can be explained with the 

3rd order chemical reaction (F3) for the one-step 

dehydration reaction of Mg3(PO4)2·22H2O. The 

thermodynamic functions (ΔH, ΔG and ΔS) of the 

dehydration reaction were calculated by the activated 

complex theory and found that the process was 

endothermic, non-spontaneous and fast.  
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