
Introduction

Being similar in chemical composition and structure

to the biological bone, calcium phosphates have dem-

onstrated excellent biocompatibility and the ability to

form a continuous interface with the natural tissue.

The aim of the present paper was to perform a ki-

netic study on the thermal decomposition of

Ca(H2PO4)2·H2O, the expected advantage comparing

with other precursors for bone-implant materials be-

ing the formation of the P–O–P bond due to inter-

molecular dehydrations. In some previous papers

[1–4] the possibilities to characterize different precur-

sors for pharmaceuticals, food additives and biomate-

rials type products using the thermal analysis and

non-isothermal kinetics methods were demonstrated.

The literature presents data on thermal decompo-

sition of calcium phosphate structures, namely: ther-

mal analysis of apatitic structure [5] and kinetic as-

pects of the thermal decomposition of natural phos-

phate and its kerogen [6], but nothing about the ki-

netic of formation of pyro- and polyphosphates by

means of thermal treatment of an adequate precursor,

so the need to perform a kinetic analysis on phos-

phatic samples under non-isothermal conditions is un-

derstood.

Experimental

The substance used was monohydrated monocalcium

orthophosphate Ca(H2PO4)2·H2O, 97.07%, Obrotu

Odczynnikami Gliwice.

The thermal decomposition was performed on a

Perkin-Elmer TGA7 Thermobalance under nitrogen

atmosphere, using a Pt crucible. Five heating rates

were used, namely: 5, 7, 10, 12, 20 K min
–1

, from

ambiental temperature to 500°C.

Results and discussion

The TG and DTG curves are depicted in Fig. 1.

In all cases three processes take place, processes

that were called A, B and C. While for a low heating

rate the three processes were well defined, for higher

heating rates they tend to unify (A and B) or differen-

tiate into two new processes (C).

Table 1 presents, for every heating rate, the tem-

peratures of the beginning (Ti) and end (Tf) of each pro-

cess respectively, the temperature of the maximum de-

composition rate (Tmax) and the mass loss Δm (%). Av-

erage values of the mass loss were calculated for each

process and also a total value of 16.32 was calculated.

A mechanism for this decomposition was sug-

gested, based on the following chemical reaction:
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Based on this mechanism, a formula for the mass

loss was obtained [4]:

Δm
n

n

=
−

⋅
( )2 1 18

234

100 (1)

where n is the number of phosphate ions binded to-

gether in the polycondensate chain, and Δm is the

mass loss.

Figure 2 is the representation of the water loss

(Δm) as a function of n, based on Eq. (1).

It is observed that for n→∞, Δm→15.4%, value

which is in good agreement with the practical value

obtained for the mass loss, of 16.32%.

It was also noticed that Δm for the processes A

and B sums 6.97%, comparing to the value of the the-

oretical Δm for n=1, which is 7.14%. This leads to the

conclusion that processes A and B represent the loss

of the crystallization water, which happens quicker

for higher heating rates.
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Fig. 1 Curves of monohydrated monocalcium phosphate, heating rates of a – 5, b – 7, c – 10, d – 12, e – 20 K min
–1

Table 1 The characteristics of the thermal behavior of Ca(H2PO4)2·H2O

Heating

rate/

K min
–1

Process A Process B Process C

Ti Tmax Tf Δm/% Ti Tmax Tf Δm/% Ti Tmax Tf Δm/%

5 90 124 138 5.10 138 148 172 2.04 214 268 304 9.54

7 92 130 142 5.31 141 152 174 1.70 224 270 304 8.80

10 98 122 142 4.99 144 154 178 1.74 226 274 308 8.83

12 102 142 156 5.93 156 160 180 1.08 228 280 318 9.56

20 104 148 162 5.94 162 166 184 1.03 232 262 364 10.03
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Fig. 2 Mass loss as a function of the polycondensation degree

(Eq. (1))



It was so concluded that an initial crystallization

water loss process (A and B steps in the curves) takes

place, followed by intermolecular dehydrations

(polycondensations).

Kinetic analysis

Based on the three decomposition steps observed, a

kinetic study was performed.

First the differential isoconversional method of

Friedman was used [7], based on equation:
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where α – the conversion degree, β – the heating rate,

A – the preexponential factor, E – activation energy.

For a constant conversion, the slope and the in-

tercept of the graphical representation of dα/dt vs. 1/T

give the activation energy value (E), and the Af(α)

value respectively.

The values of the activation energy with Fried-

man method are presented in Table 2.

For all the three processes a significant variation

of the activation energy vs. the conversion degree was

observed.

This is a sign of the existence of more than one

process in the case of the dehydration – polyconden-

sation reaction. Therefore more sophisticated data

processing should be used.

The first suggested is the method of Budrugeac

and Segal [8, 9] which takes into account a depend-

ence of E vs. α in the form of:

E E E= + −
0 1

1ln( )α (4)

where E0 and E1 are constants. Indeed, the data in

Table 2 are in good agreement with Eq. (4), as pre-

sented in Fig. 3.

Another important hypothesis of the B–S

method is the existence of a compensation effect, i.e.:

ln A aE b= + (5)

In Fig. 4 the existence of the compensation effect

is proved for all the three dehydration steps, using the

data of Friedman processing:

With Eqs (4) and (5), considering a conversion

function

f ( ) ( )α α= −1
n

(6)

the Eq. (3) became:
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The correct value of n will be the one that gives

the correlation coefficient closest to 1.

The values obtained by processing with the B–S

method are systematized in Table 3.

The values of E0 for both A and B steps are very

near, an argument for considering these steps to corre-

spond to the same process, i.e. the loss of the crystalli-
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Table 2 Activation energy with Friedman’s method

Conversion % 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

EA/J mol
–1

153.8

±0.52

136.2

±0.44

121.4

±0.57

101.8

±0.35

82.6

±0.25

73.7

±0.21

64.4

±0.17

52.7

±0.09

26.4

±0.03

EB/J mol
–1

141.4

±0.068

132.3

±0.061

119.3

±0.047

109.8

±0.048

103.1

±0.069

97.3

±0.082

96.4

±0.1

108.7

±0.14

74.4

±0.11

EC/J mol
–1

145.8

±0.53

165.8

±0.51

165

±0.42

142.9

±0.44

124

±0.37

104.9

±0.33

81.9

±0.34

Fig. 3 The dependence of the activation energy vs. ln(1–α)



zation water. A smaller E1 value for B step in compar-

ison with A explains the tendency to unify at higher

heating rates (a higher thermal ‘sensitivity’ of step B).

Taking into account some previous results on ki-

netic analysis of thermal decomposition of alkaline

phosphates [10], the study was continued with the

non-parametric kinetic [11–13] method.

The experimental data are represented in a 3D

space (dα/dt, T, α) and interpolated to generate a con-

tinuous surface of the reaction rate:

d

d

α
α

t

f T g= ( ) ( ) (8)

Such a surface is depicted in Fig. 5.

This surface is discretized as a square i×j matrix

M, where the rows correspond to different degrees of

conversion α1–αi and the columns to different tem-

peratures T1–Tj.

The NPK method uses the single value decompo-

sition (SVD) algorithm [14] to decompose matrix M.
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Fig. 4 Diagramatic description of the compensation effect as ln(Af(α)) vs. E

Table 3 Budrugeac–Segal parameters

Process E0/J mol
–1

·10
–8

E1/J mol
–1

·10
–7

a·10
4
/mol J

–1
b Correlation coefficient n

A 1.5215±0.1542 8.2532±1.0169 3.1100±0.0139 –6.8921±0.3412 0.99995 0.1

B 1.3031±0.090 2.39532±0.5961 2.76571±0.0033 –4.2269±0.0815 1 1.0

C 1.75168±0.20376 7.36959±1.3438 2.225564±0.0068 –5.8413±0.1929 0.999979 0.6

Fig. 5 The reaction rate surface in a 3D space

Table 4 Kinetic parameters with NPK method

Reaction step
Explained variance

of the process/λ%

E/

kJ mol
–1

A/

min
–1 M n Corr.

A 82.8

15.6

36.6±8.6

53.6±6.3

1.3·10
4
±1.3·10

3

3.1·10
6

1

0

1

1/4

0.9760

0.9960

B 95

5

104.0±1.5

589.0±76.9

6.8·10
11

±3.12

2.2·10
68

0

0

1

1

0.9999

0.9999

C 80

19

84.2±6.6

52.3±12.4

2.6·10
7
±61

7.0·10
4

0

3/2

3/2

3/2

0.9996

0.9997



M=U(diag.D)V
T

(9)

The vector u1, given by the first column of the

matrix U, is analysed vs. α to determine the kinetic

model, whereas v1, the first column of matrix V, is

analysed vs. T.

For temperature dependence, the Arrhenius

equation was checked, and for the kinetic model the

�esták–Berggren equation [15] was suggested:

g( ) ( )α α α= −
m n

1 (10)

The singular value vector s takes into account

the number of steps of the reaction. If

M=M1+M2 (11)

it means that the reaction step has two elementary

processes and the discrimination between them de-

pends on the values of the corresponding explained

variance λ1 and λ2 (λ1+λ2=100).

The data of the NPK analysis are systematized in

Table 4.

The kinetics of step A is described by a prepon-

derant and a secondary process. This preponderant

process is a first order chemical process (n=1), ac-

companied by diffusion (m=1). The secondary pro-

cess can not be totally neglected as the E value is not

quite different from that of the preponderant process.

In case of step B, there is practically a single

step. The value is too high in comparison with step A

and this is again an explanation of the tendency to

unify steps A and B at higher heating rates.

Step C exhibits a higher activation energy in

comparison with step A, and this is understandable

because step C corresponds to a true P–OH bond

breaking, in connection with the polycondensation re-

action. Also the appearance of a physical factor in the

secondary process can be ascribed to the diffusional

limitations by water elimination at high polyconden-

sation degrees.

Conclusions

• By thermal treatment of Ca(H2PO4)2·H2O under

non-isothermal conditions, three mass loss steps

were evidenced. These correspond to the loss of

crystallization water (the first two), respectively to

a continuous intermolecular polycondensation and

elimination of water.

• For a deeper understanding of these steps a care-

fully kinetic analysis is necessary. This analysis re-

veals an important dependence of the activation en-

ergy on the degree of conversion and also the

existence of a compensation effect.

• From the three utilized methods for kinetic analy-

sis, the NPK is able to offer kinetic parameters and

details on the reaction mechanism in a less specula-

tive manner. A diffusional limitation (due to the

water elimination) towards the last part of the

polycondensation was observed.
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