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Abstract  The kinetics of thermal dehydration of Mg;(PO4)2 - 8H2,0 was investi-
gated using thermogravimetry at four different heating rates. The activation energies
of the dehydration step of Mg;(POy4)> - 8H,O were calculated through the isoconver-
sional Ozawa and Kissinger-Akahira-Sunose (KAS) methods and iterative methods,
which were found to be consistent and indicate a single mechanism. The possible con-
version function of the dehydration reaction for Mg; (PO4)2 - 8H>O has been estimated
through the Coats and Redfern integral equation, and a better kinetic model such as
random nucleation of the “Avrami-Erofeev equation (A3, model)” was found. The
thermodynamic functions (AH*, AG*, and AS*) of the dehydration reaction are
calculated by the activated complex theory and indicate that it is a non-spontaneous
process when the introduction of heat is not connected.

Keywords Magnesium phosphates - Non-isothermal decomposition kinetics -
Thermodynamic functions

1 Introduction

Thermal decompositions of various compounds are of major importance because they
may turn simple compounds into advanced materials, which relate to hydrolysis and
dehydration reactions at high temperatures [1-4]. Recently, thermal analysis (TA)
methods have been widely used for scientific and practical purposes since they provide
reliable information on the physicochemical parameters characterizing the processes
of isothermal or non-isothermal decompositions [5]. Studies on such processes have
been widely carried out for obtaining fundamental kinetic data, as well as for char-
acterizing the thermodynamic properties of the materials. These data result from the
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great variety of factors with diverse effects (reconstruction of solid-state crystal lat-
tices, formation and growth of new crystallization nuclei, diffusion of gaseous reagents
or reaction products, materials heat conductance, static or dynamic character of the
environment, physical state of the reagents—dispersity, layer thickness, specific area
and porosity, type, amount and distribution of the active centers on solid-state surface,
etc.) [1,4]. The results obtained on these bases can be directly applied in materials
science for the preparation of various metals and alloys, cements, ceramics, glasses,
enamels, glazes, polymers, and composite materials.

Mg;(PO4)2 - 8H,0 and its decomposed product Mg;(PO4)> have been used in
several fields of industry, for example, in agricultural, pharmaceutical, food, and
textile industries because their main properties are insolubility in water, high tem-
perature resistance, chemical stability, and ecologically (toxicologically) harmful ele-
ments [1,2]. Consequently, the thermodynamic (A H*, AS*, AG™*) and kinetic (E, A,
mechanism and model) parameters of the dehydration reaction of Mgz (PO4), - 8H,0
have attracted the interest of thermodynamic and kinetic scientists. In this respect,
the kinetics and thermodynamics of thermal transformation of Mg;(POy4)2 - 8H,O
to Mg;(POy4)2 were investigated in this study using Ozawa [6], Kissinger-Akahira-
Sunose [7,8], and iterative methods [9]. The best possible conversion functions have
been estimated using the Coats and Redfern method which give the best description
of the studied dehydration process and allows the calculation of reliable values of the
kinetic triplet parameter [10]. These types of kinetic and thermodynamic treatments
have never been reported in the literature.

2 Experimental
2.1 Materials and Measurement

Mg;(PO4)2 - 8H20 crystalline powder (34,470-2; 99 mass%) was commercially
obtained from Aldrich Co. Ltd, and was used without further purification. The charac-
terization and identification of Mg; (PO4)> - 8H, O and its final decomposition product
Mg;(PO4), were carried out by X-ray powder diffraction (Siemens D500 diffractom-
eter), an infrared spectrophotometer (Bonen MB-100 FTIR), and a scanning electron
microscope (JEOL JSM-5400) [2]. Thermal analysis measurements [thermogravi-
metry (TG); differential thermogravimetry (DTG); and differential thermal analysis
(DTA)] were carried out on a Pyris Diamond Perkin Elmer apparatus by increasing the
temperature from 303 K to 1273 K with calcined o« — Al,O3 powder as the reference.
The experiments were performed in air atmosphere at heating rates of (5, 10, 15, and
20)K - min~!. The sample mass was kept at about 6.0mg to 10.0mg in an alumina
crucible without pressing.

3 Results and Discussion
3.1 Thermal Analysis

TG-DTG-DTA curves of the thermal decomposition of Mg;(PO4)2 - 8H2O at a
heating rate of 10K - min~! are shown in Fig. 1. The TG curve shows a major
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Fig. 1 TG-DTG-DTA curves
of Mg3(PO4)7 - 8H2O in air at
heating rate of 10K - min~!

TG, % Mass loss
DTA, uV

DTG, pgmin’1

473 673 873 1073 1273
Temperature, K

decomposition step in the range of 373K to 523 K, which relates to the mass loss
of 32.19% (7.28 mol H>O). A minor mass loss is observed in the range of 573 K
to 723 K, which corresponds to a mass loss of 3.00% (0.68 mol H,O). The total
mass loss is 35.19 % (7.96 mol H,O), which agrees with the theoretical value for
Mg;(POy4)2 - 8H20 (36.14 %, 8.00mol H>O). DTA and DTG curves show tempera-
ture peaks at 348 K and 683 K, which closely correspond to the mass loss observed in
the TG trace. The retained mass of about 64.81 % is compatible with the value expected
for the formation of Mg; (PO4)2, which is verified by XRD and FTIR measurements
[2]. The overall reaction is

Mg; (POy), - 8H,0 —> Mg (PO4), 0.68H,0 + 7.28H,0 (1)
Mg; (POy4), - 0.68H,0 —> Mg; (POy), 4 0.68H,0 2)

Therefore, the temperature at which the theoretical mass loss is achieved, can also
determined from the TG curve and is considered to be the minimum temperature
needed for the calcination process. Thus, the Mg; (PO4)> - 8H,O sample was calcined
at 773 K for 2h in the furnace, and its final decomposition product, Mg3 (PO4), was
obtained [2].

3.2 Kinetic Studies
3.2.1 Calculation of the Activation Energy by Isoconversional Methods

Decomposition of crystal hydrates is a solid-state process of the type [11-15]: A
(solid) — B (solid)+C (gas). The kinetics of such reactions is described by various
equations taking into account the special features of their mechanisms. The reaction
can be expressed through the temperatures corresponding to fixed values of the extent
of conversion (o« = (m; —my)/(mj —ms), where mj, m,, and m¢ are the initial, actual,
and final sample masses at time ) from experiments at different heating rates (8);

do
Tl k(T) f (). (3)

@ Springer



Int J Thermophys (2010) 31:416-429 419

The temperature dependence of the rate constant & for the process is described by
the Arrhenius equation:

E
k= Aexp (_ﬁ) (@)

where A is the pre-exponential factor (s~!), E is the apparent activation energy
(kJ - mol™1), T is the absolute temperature (K), and R is the universal gas constant
(8.314 kJ - mol~! . K~1). Substitution of Eq. 4 in Eq. 3 gives

E
- = Aexp (—R—) f(a) o)

When the temperature increases at a constant rate,

do A 6
a = B = const, (6)
Therefore,
da . A E -
d_T_EeXp(_ﬁ)f(a) @)
o “@_A/Tex (L )ar ©
¢ " T "B P\ &r

The conversion function f(«) for a solid-state reaction depends on the reaction
mechanism. The solutions of the left-hand side integral depend on the explicit expres-
sion of the function f(«) and are denoted as g(«). The formal expressions of the
functions g(«) depend on the conversion mechanism and its mathematical model.
The latter usually represents the limiting stage of the reaction—the chemical reactions;
random nucleation and nuclei growth; and phase boundary reaction or diffusion. Alge-
braic expressions of functions of the most common reaction mechanisms operating in
solid-state reactions are presented in Table 1 [11-15].

The activation energy ( E ) can be calculated according to isoconversional methods.
In kinetic studies of Mg;(POy4), - 8H,0, the Ozawa [6] and the Kissinger-Akahira-
Sunose (KAS) [7,8] equations were used to determine the activation energy of the
dehydration reaction in only the first step (Eq. 1). The second dehydration step is a
very fast mass loss over short temperature ranges. The obtained data in this step will
be highly sensitive to non-isothermal kinetics analysis errors.

The equations used for E, calculation are

Ozawa equation:

AE, E,
Ing =1In ( ) —5.3305 — 1.0516 (—) &)
Rg(a) RT
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KAS equation:

B AE Ey
In{—=) =l == (10)
(7), = Gaon) - ()
The Arrhenius parameters, together with the reaction model, are sometimes called the
kinetic triplet. g(o) = foa d(«)/ f (@) is the integral form of f(«), which is the reac-
tion model that depends on the reaction mechanism. According to the Ozawa (9) and
the KAS (10) equations, the activation energies of the different stages do not depend
on the reaction mechanism and the shape of the g(«) function. An iterative procedure
is used to calculate the approximate value of E approach to the exact value, according
to the following equations [5,9,11,12]:
Iterative method I:

(7165) = () (#)
In =1In —5.3305 - 1.0516 { — (11
H(x) Rg(a) RT
Iterative method II:
In (—’3 ):m(AE‘“)— (E‘“) (12)
h(x)T? g(@R RT

where H (x) or h(x) is expressed by the fourth Senum and Yang approximation for-
mulae [5,9,16]:

x* 4+ 18x3 + 88x2 + 96x

H(x)orh(x) =
() orh(x) = G 3 1 120x2 + 240x + 120

13)

where x = E,/RT and E, is the average activation energy from the KAS method.

The iterative procedure is as follows: (i) suppose A (x) = 1 to estimate the initial
value of the activation energy E . The conventional isoconversional methods stop the
calculation at this step; (ii) using E to calculate i (x), then from Eqgs. 11 and 12 to cal-
culate a new value of E, for the activation energy from the plot of In[8/ 1 (x)T?] ver-
sus 1/T'; (iii) repeat step (ii), replacing Ey 1 with Eqo. When Eq1 —Eqy> < 0.1kJ-mol ™!,
the last value of E,; is the exact value of the activation energy of the reaction. The
plot is model independent since the estimation of the apparent activation energy does
not require selection of a particular kinetic model (type of g(«) function), which indi-
cates that the activation energy values are usually regarded as more reliable than these
obtained by a single TG curve.

According to the linear isoconversional method, the basic data of @ and T collected
from the TG curves (Fig. 1) of the decomposition step of Mg5(PO4)» - 8H, O at various
heating rates (5K - min~!, 10K - min~!, 15K - min—!, and 20K - minfl) are plotted
in Fig. 2. According to Eqs. 811, the plots of In8 versus 10007 ! (Ozawa), In 8/ T?
versus 10007 ! (KAS), In(Bh(x)~'T~2) versus 10007 ! (iterative method I), and
In(BH (x)~ 1) versus 10007 ~! (iterative method II) corresponding to different conver-
sions o can be obtained by a linear regression of the least-squares method, respectively.
The activation energies E, and the standard deviations of E values can be calculated
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Fig. 2 Plots of « versus T at 190 - —
four heating rates ((5, 10, 15, #— 5 Kmin |
and 20)K -min~1) 1804 = 10 Kmin 1
& 15 K'min' v
M 1704 e 20 Kmin A .
8 ] "
= 1604 .
s ' :
a 150 4 . 1 o o
g 1409 ° - —
= v .
130 4 i
120 T
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Extent of conversion (0< o> 1.0)

from the slopes of the straight lines with a better linear correlation coefficient (r2) in
the o range of 0.2 to 0.8. As shown in Table 2, the activation energy values calculated
by all methods are close to each other. If E,, values are independent of «, the decompo-
sition may be a simple reaction, while the dependence of E,, on « should be interpreted
in terms of multi-step reaction mechanisms [12—15]. Neglecting the dependence of E
versus o, average values of Eq = (86.61 + 1.14)kJ - mol~! (iterative method I) and
(90.28 £ 1.17)kJ - mol~! (iterative method II) are obtained. It was considered that
the E, values are independent of « if the relative errors of the slopes of Iterative 1
and II equations straight lines were less than 10 % (SD < 3.25). The activation energy
values calculated by all methods are close to each other. Then, it can be concluded
that the activation energy values obtained from different methods are more reliable
and these methods can be used in the determination of the activation energy values
with satisfactory accuracy. For the dehydration reaction of Mg;(POy4)2 - 8H,0, the
activation energy values change little with ¢, so this process could be a single kinetic
mechanism, corresponding to an endothermic peak at 348K on the DTA curve. The
activation energy for the release of the water of crystallization lie in the range of
60kJ - mol~! to 90kJ - mol~!, while the values for coordinately bounded decompo-
sition are within the range of 130kJ - mol~! to 160kJ - mol~! [13-15]. In addition,
the water eliminated at 423 K and below can be considered as water of crystallization,
whereas water eliminated at 573 K and above indicates its co-ordination by the metal
atom. The calculated activation energies from all methods for the dehydration reaction
lie in the range of 80kJ - mol~! to 100kJ - mol~! whereas the decomposition stage
of Mg;(POy4)> - 8H2O is observed in the temperature range of 400K to 523K. On
the basis of these results, the dehydration reaction of the studied compound may be
related with the crystallization of water molecules inside this compound (Eq. 1).

3.2.2 Determination of the Most Probable Mechanism and the Pre-Exponential
Factor

Several authors [10, 13—16] suggested different ways to solve the right-hand side inte-
gral in Eq. 8. For the present study, one calculation procedure was based on the Coats
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and Redfern equation [10]. Data from TG curves (Fig. 2) in the decomposition range
0.2 < o < 0.8 were used to determine the kinetic parameters of the process in all cal-
culation procedures. The integral method of Coats and Redfern has been successfully
used for studying the kinetics of dehydration and decomposition of different solid
substances [13—-16]. The kinetic parameters can be derived using a linear form of the
modified Coats and Redfern equation:

g(@) AR 2RT E, AR E,
In{=—= ) =In 1 - —(— )= ——) (4
( T2 ) (ﬂE)( E, ) (RT) (ﬂE) (RT)

Hence, In (‘g';—‘;)) calculated for the different o values at the single 8 value on 1000/T

must give rise to a single master straight line, so the activation energy and the pre-
exponential factor can be calculated from the slope and intercept through an ordinary
least-squares estimation. The activation energy, pre-exponential factor, and the corre-
lation coefficient can be calculated from the equation of Coats and Redfern combined
with 22 conversion functions (Table 1) [13-16]. Comparing the kinetic parameters
from the Coats and Redfern equation, the probable kinetic model may be selected, for
which the values of E,, and A were calculated with a better linear correlation coefficient
and the activation energies obtained from the Coats and Redfern equation above were
showing good agreement with those obtained from the iterative procedure or KAS
or Ozawa methods with a better correlation coefficient (7). So the pre-exponential
factor A can be obtained by calculating the average value of A (s~!) from Eq. 14 for
different heating rates.

Equation 14 was used to estimate the most correct mechanism, i.e., g(o) and f (o)
functions. The activation energy, pre-exponential factor, and the correlation coefficient
can be calculated from the Coats and Redfern equation combined with 22 conversion
functions (Table 1) [5,9, 11-15]. The most probable mechanism function was assumed
to be the one for which the value of the correlation coefficient was higher and the activa-
tion energies calculated by the Coats and Redfern method were close to the optimized
values from the iterative methods. The optimized values from the Coats and Redfern
method are the data of the activation energy and pre-exponential factor; those were
calculated with the best equation and are shown in Table 3. According to Table 3, it
was seen that the activation energy values calculated by the iterative methods were
close to the optimized values from the Coats and Redfern method, and the respective
correlation coefficients are preferable. This is considered sufficient to conclude that the
non-isothermal kinetic parameters of the dehydration reaction of Mg;(PO4), - 8H,0
can be reliably calculated with correctly chosen g(«) and f(«) functions. Based on
these results, we can draw a conclusion that the obtained possible conversion function
is the A3, model (sigmoidal rate equations or random nucleation and subsequent
growth) for the dehydration of Mg;(POy4)> - 8H20, and the corresponding functions
are f () = (3/2)(1 —a)[—In(1 —)]"/? and g(«) = — In(1 — «)]*/3. The correlated
kinetic parameters are Eq, = (82.1746.51)kJ-mol~'and A = (5.54x1024+23.0) s .
Based on the values of the activation energy and pre-exponential factor, the strengths
of binding of water molecules in the crystal lattice are different and, hence, result
in different dehydration temperatures and kinetic parameters [11-15]. The activation
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Table 3 Kinetics parameters obtained from different f(«) by the Coats—Redfern method at different
heating rates (8=(5, 10, 15, and ZO)K-min*I)

No. Model Coats—Redfern method
Eq (KT - mol™1) A™H r?
Ey +Error A +Error

1 Fi3 32.92 3.27 2.03 x1073 5.31 0.9751
2 F34 12.01 1.64 1.22 x1075 2.84 0.9281
3 F3)2 62.39 5.53 5.63 4.94 0.9660
4 Fy 178.59 14.86 1.76 x1014 3.67 x102 0.9987
5 Fu(n=3) 243.10 19.75 3.37 x10%2 2.23 x103 0.9910
6 P3) 132.79 11.59 1.19 x108 1.08 x102 0.9674
7 P12 39.53 3.97 9.86 x1073 6.75 0.9589
8 P13 23.99 2.70 3.47 x1074 423 0.9503
9 P14 16.87 3.12 7.90 x1073 3.15 0.9387
10 Al 125.84 10.83 5.61 x107 8.50 x10 0.9944
11 Az 82.17 6.51 5.54 x 102 2.30 x10 0.9940
12 Ay 59.37 5.50 2.12 1.04 x10 0.9935

Ay 37.21 3.72 6.34 x1073 3.05 0.9926
13 A4 26.14 2.83 9.09 x10~4 4.46 0.9914
14 R, 86.16 7.78 7.88E+02 2.46 x10 0.9655
15 R, 104.39 9.18 1.32 x 103 243 x10 0.9836
16 R3 111.18 9.71 9.11 x10° 254 x107! 0.9879
17 D, 179.42 15.39 229 x10!3 430 x102 0.9683
18 D, 201.87 17.13 1.43 x 1010 8.15 x 102 0.9791
19 Ds 229.45 19.25 1.28 x 1019 1.78 x103 0.9887
20 Dy 210.98 17.83 6.45 x 1010 1.05 x103 0.4909
21 Ds 54.52 4.89 9.20 x10~! 9.71 0.9425
22 D¢ 11.56 1.65 1.83 x1073 2.82 0.9929

The bold values estimated by the modified coats and Redfern equation were the most probable mechanism
function

energy of the dehydration reaction calculated by using the A3/, model (Table 3) sug-
gests that the hydrates in the studied compound are the crystallization of water in the
structure. The pre-exponential factor (A) values in the Arrhenius equation for solid-
phase reactions are expected to be in a wide range (six or seven orders of magnitude),
even after the effect of the surface area is taken into account [17-19]. The low factors
will often indicate a surface reaction, but if the reactions are not dependent on the
surface area, the low factor may indicate a “tight” complex. The high factors will
usually indicate a “loose” complex [17—19]. Even higher factors (after correction for
the surface area) can be obtained for complexes having free translation on the sur-
face. Since the concentrations in solids are not controllable in many cases, it would
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have been convenient if the magnitude of the pre-exponential factor is indicated for
reaction molecularity. On the basis of these reasons, the thermal dehydration reaction
of Mgz (PO4)> -8H,O may be interpreted as “tight complexes.” This result is consistent
with thermal analysis, which confirms that the decomposition product is magnesium
pyrophosphate (Mg;(PO4)2).

3.3 Determination of the Thermodynamic Functions

From the activated complex theory (transition state) of Eyring [17-19], the following
general equation may be written:

ks T, AS*
A= (eth p)exp( - ) (15)

where A is the pre-exponential factor A obtained from the Coats and Redfern method;
e is 2.7183, the Neper number; x is the transition factor, which is unity for monomo-
lecular reactions; kg is the Boltzmann constant; 4 is the Planck constant; and 7, is
the peak temperature of the DTA curve. The change of the entropy may be calculated
according to the formula:

Ah
AS* =RIn (16)
exksT)
Then
AH* =E*—RTp, (17)

when E* is the activation energy E,, obtained from the Coats and Redfern method. The
changes of the enthalpy A H* and Gibbs free energy AG* for the activated complex
formation from the reagent can be calculated using the well-known thermodynamic
equation:

AG* = AH* — T,AS". (18)

The heat of activation (A H*), entropy of activation (AS*), and free energy of
activation decomposition (AG*) were calculated at T = T}, (T}, is the DTA peak tem-
perature at the corresponding stage), since this temperature characterizes the highest
rate of the process, and therefore, is the important parameter.

The calculated values of AH*, AS*, and AG* for the dehydration step of
Mg (POy);-8H,0 are 78.58 kJ-mol~!, —203.79 J-mol~!-K~!, and 166.56 kJ-mol ',
respectively. The entropy of activation (AS*) value for the dehydration step is neg-
ative. It means that the corresponding activated complexes have a higher degree of
arrangement than the initial state. Since the decomposition of Mgz (PO4)2 - 8H2O pro-
ceeds as a single reaction, the formation of the activated complex passed in situ. In
terms of the activated complex theory (transition theory) [9,17-23], a positive value of
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A S*indicates a malleable activated complex that leads to a large number of degrees of
freedom of rotation and vibration. This result may be interpreted as a “fast” stage. On
the other hand, a negative value of A S indicates a highly ordered activated complex,
and the degrees of freedom of rotation as well as of vibration are less than they are
in the non-activated complex. These results may indicate a “slow” stage. Therefore,
the dehydration reaction of Mg;(PO4)2 - 8H,O may be interpreted as a “slow” stage
[9,17-23]. The positive value of the enthalpy A Hx is in good agreement with endo-
thermic effects in DTA data. The positive values of A H* and A G for the dehydration
stage show that it is connected with the introduction of heat and it is a non-spontaneous
process. These thermodynamic functions are consistent with kinetic parameters and
thermal analysis data.

4 Conclusions

The dehydration reaction of Mg; (PO4)> - 8H, O is important for further treatment. The
kinetics of the thermal decomposition of Mg;(PO4), - 8H20 was studied using non-
isothermal TG applying a model-fitting method. The activation energies calculated
for the dehydration step of Mg3(PO4), - 8H,O by different methods and techniques
were found to be consistent and indicate a single mechanism. This indicates that the
activation energy of dehydration is independent of the process and the nature of non-
isothermal methods as well as of TGA. On the basis of correctly established values
of the apparent activation energy, pre-exponential factor, and the changes of entropy,
enthalpy, and Gibbs free energy, certain conclusions can be made concerning the
mechanisms and characteristics of the processes.
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