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Abstract The binary manganese and calcium dihydrogen

phosphate monohydrate Mn0.5Ca0.5(H2PO4)2 � H2O was

synthesized by a rapid and simple co-precipitation method

using phosphoric acid, manganese metal, and calcium

carbonate at ambient temperature. Thermal transformation

shows complex processes and the final decomposed prod-

uct was the binary manganese calcium cyclotetraphosphate

MnCaP4O12. The activation energies of some decomposed

steps were calculated by Kissinger method. Activated

complex theory has been applied to each step of the reac-

tions and the thermodynamic functions are calculated.

These values for transformation stages showed that they

are non-spontaneous processes without the introduction of

heat. The differences of physical and chemical properties

of the synthesized compound and its decomposed product

are compared with M(H2PO4)2 � H2O and M2P4O12

(M = Mn and Ca), which indicate the effects of the pres-

ence of Ca ions in substitution of Mn ions and confirm the

formation of solid solution.

Keywords Kinetics � Thermodynamics �
Manganese and calcium dihydrogen phosphate �
A rapid co-precipitation

Introduction

Binary metal (II) dihydrogen phosphates have been con-

tinuously reported to be the important inorganic compounds

because they have been widely applied as fertilizers, pig-

ments for paint finishes for protection of metal, and fire

retardants in paints or plastics [1–6]. Many binary metal (II)

dihydrogen phosphates (M1-xAx(H2PO4)2 � xH2O; where

M and A = Ca, Mg, Mn, Fe, Co, Ni, Cu, or Zn) were

reported on the thermal analysis (TA) under quasi-isother-

mal and quasi-isobaric conditions to follow the mechanism

of dehydration [7–12]. They are transformed to binary

metal (II) cyclo-tetraphosphates (M1-xAxP4O12 where

0 \ x \ 2) by decomposition and dehydration reactions at

high temperatures [6, 10–13]. All compounds are a good

source for macro- (P) and micronutrients (Ca, Mg, Fe, Mn,

Co, and Ni) fertilizers due to their solubility in soils.

Additionally, M1-xAxP4O12 compounds have been widely

applied as pigments, catalysts, and luminophore-supporting

matrices [13–17]. Both M1-xAx(H2PO4)2 � xH2O and

M1-xAxP4O12 compounds are isostructural with the singles

of the corresponding metal dihydrogen phosphates and the

corresponding metal (II) cyclo-tetraphosphates, respec-

tively. Consequently, they have similar X-ray diffraction

patterns and close unit cell parameters, which crystallize in

monoclinic space group P21/n (Z = 2) for the dihydrogen

phosphate group and C2/c (Z = 4) for cyclo-tetraphosphate

group [18].

So far, single or binary metal dihydrogen phosphates

were synthesized from corresponding metal (II) carbonate
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and phosphoric acid at low temperature (313–353 K) with

long time periods (2 = 60 h) [6, 18]. Brandová et al. reported

the thermal transformation of Mn0.5Ca0.5(H2PO4)2 � xH2O to

MnCaP4O12 [9, 13] but the synthetic route was not repor-

ted. In this respect, the goal of this work was to synthesize

Mn0.5Ca0.5(H2PO4)2 � H2O by a rapid co-precipitation

method at ambient temperature, which is a simple and cost

effective route. Thermal transformation of Mn0.5Ca0.5

(H2PO4)2 � H2O relates to the role of the water of crystal-

lization and influences the intermolecular interactions

(affecting the internal energy and enthalpy) and the crys-

talline disorder (entropy) [19–22], which influences the

free energy, thermodynamic activity, solubility, stability,

electrochemical and catalytic activity. Therefore, kinetic

(E, A) and thermodynamic (DH*, DS*, DG*) parameters of

thermal transformation steps of studied compound were

calculated by isoconversional kinetics of Kissinger method

and the activated complex theory, respectively. The phys-

ical meanings of kinetic and thermodynamic parameters

were discussed for the first time.

Experimental

Synthesis and characterization

The binary manganese and calcium dihydrogen phosphate

monohydrate Mn0.5Ca0.5(H2PO4)2 � H2O compound was

prepared by solution co-precipitation method using the

corresponding metal sources (Mn(c; complexometric),

99.99%, Merck and CaCO3, 99.99%, Merck) and phos-

phoric acid (86.4 wt% H3PO4, Merck) as starting materials.

Following the procedure, about 0.5494 of Mn(c) and

1.0080 g of CaCO3 (a mole ratio corresponding to the

nominal composition of Mn:Ca ratio of 1.0:1.0) were dis-

solved in 70% H3PO4 (86.4 wt% H3PO4 dissolved in DI

water) with continuous mechanical stirring at ambient

temperature. The resulting solution was stirred until CO2(g)

and H2(g) were completely evolved (15–30 min) and the

nearly dry precipitate was obtained. Then 10 mL of acetone

was added to allow highly crystalline product to be devel-

oped. The pale gray solid of Mn0.5Ca0.5(H2PO4)2 � H2O

product was filtered by suction pump, washed with acetone

until free from phosphate ion and dried in air. Thermal

analysis measurements (thermogravimetry, TG; differential

thermogravimetry, DTG; and differential thermal analysis,

DTA) were carried out by a Pyris Diamond Perkin-Elmer

apparatus by increasing the temperature from 303 to 773 K

with calcined a-Al2O3 powder as the standard reference.

The retained mass found to be occurred at temperatures

above 673 K, so the prepared solid was consequently cal-

cined in a box-furnace at 773 K for 2 h in air. The final

product was obtained as white pink solid of MnCaP4O12.

The manganese and calcium contents of the synthesized

Mn0.5Ca0.5(H2PO4)2 � H2O and the decomposed product

MnCaP4O12 were determined by atomic absorption spec-

trophotometer (AAS, Perkin-Elmer, Analyst100). The

phosphorus content was determined by colorimetric anal-

ysis of the molybdophosphate complex. The structure of the

prepared product and the calcined sample were studied by

X-ray powder diffraction using a D8 Advanced powder

diffractometer (Bruker AXS, Karlsruhe, Germany) with Cu

Ka radiation (k = 0.15406 Å). The room temperature FTIR

spectra were recorded in the range of 4000–370 cm-1 with

eight scans on a Perkin-Elmer Spectrum GX FTIR/FT-

Raman spectrometer with a resolution of 4 cm-1 using KBr

pellets (spectroscopy grade, Merck). The particle sizes

and external morphologies of the prepared sample and its

decomposed powders were characterized by scanning

electron microscope (SEM) using LEO SEM VP1450 after

gold coating.

Kinetic and thermodynamic functions

To evaluate the activation energies for the thermal decom-

position of Mn0.5Ca0.5(H2PO4)2 � H2O, a TG–DTG–DTA

Pyris Diamond Perkin-Elmer Instrument was used. The

experiments were performed in air atmosphere at heating

rates of 5, 10, 15, and 20 K min-1 over the temperature

range from 303 to 873 K and the O2 flow rate of

100 mL min-1. The activation energies for the thermal

transformation steps of Mn0.5Ca0.5(H2PO4)2 � H2O were

calculated from peaks on the DTA curves using the Kissinger

equation [23]:

ln
b
T2

p

 !
¼ � Ea

RTp

þ ln
AR

Ea

� �
: ð1Þ

Here, b is the DTA scan rate (K min-1), Ea is the activation

energy for the phase transformation (kJmol-1), R is the gas

constant (8.314 Jmol-1 K-1) and Tp is the phase transfor-

mation temperature peak in the DTA curve (K). The fact

that the Tp values for various heating rates can be precisely

evaluated from non-isothermal data (DTA, DTG or DSC

curves) conferred to the Kissinger method to evaluate the

kinetic parameters a high popularity. The plots of ln (b/T2)

versus 1/Tp should give the straight lines with the best

correlation coefficients of the linear regression (R2),

which have been proved to give the values of activation

energy and pre-exponential factor by the slope and the

intercept for the different thermal transformation stages of

Mn0.5Ca0.5(H2PO4)2 � H2O. The advantage of Kissinger

equation is that the values of E and A can be calculated on

the basis of multiple thermogravimetric curves, which does

not require selection of particular kinetic model (type of

g(a) or f(a) functions) [24–27]. In addition, the E and A
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values obtained by this method are usually regarded as

more reliable than those obtained by a single thermo-

gravimetric curve.

From the activated complex theory (transition state) of

Eyring [11, 12, 19–21, 26, 27], the following general

equation may be written:

A ¼ evkBTAp

h

� �
exp

DS�

R

� �
ð2Þ

where A is the pre-exponential factor A obtained from the

Kissinger method; e = 2.7183 is the Neper number; v:

transition factor, which is unity for monomolecular

reactions; kB: Boltzmann constant; h: Plank constant, and

TAp is the average phase transformation temperature peak

in four DTA curves (K). The change of the entropy may be

calculated according to the formula:

DS� ¼ R ln
Ah

evkBTAp

� �
ð3Þ

Since

DH� ¼ E� � RTAp; ð4Þ

DG� ¼ DH� � TApDS� ð5Þ

when E*is the activation energy Ea obtained from the

Kissinger method. The changes of the enthalpy DH* and

Gibbs free energy DG* for the activated complex formation

from the reagent can be calculated using the well-known

thermodynamic equation. In this article we suggested the

relation between kinetic (E and A) and thermodynamic

(DH*, DS*, and DG*) parameters of the thermal transfor-

mation of Mn0.5Ca0.5(H2PO4)2 � H2O based on Kissinger

method, which was attracted the interesting of thermody-

namic and kinetic scientists.

Results and discussion

Characterization results

The chemical analysis results of the synthesized sample

and its decomposed product found to be wt% of Mntotal:

Catotal:Ptotal; 9.58:7.13:21.87 and 12.33:9.68:27.98, respec-

tively. These results give rise the mole ratio of Mntotal:

Catotal:Ptotal = 1.00:1.02:4.05 for the synthesized sample

and 1.00:1.08:4.02 for its decomposition product. The

water content of the synthesized sample was analyzed by

TG data and was about of 20.02 wt% (3.08 mol) H2O.

These results indicate that the general formula of the syn-

thesized sample and its decomposition product would be

Mn0.5Ca0.5(H2PO4)2 � H2O and MnCaP4O12.

The results of simultaneous TG–DTG–DTA analyses of

the prepared Mn0.5Ca0.5(H2PO4)2 � H2O are shown in

Fig. 1. The TG curve of Mn0.5Ca0.5(H2PO4)2 � H2O shows

seven stages of the mass loss in the range of 323–873 K,

which appear in the respective DTG and DTA as: 368, 381,

400, 465, 505, 527, and 621 K. A shoulder peak at 368 K

on DTG and DTA curves (first step) corresponds to a minor

mass loss in TG trace, which related to the loss of moisture for

Mn0.5Ca0.5(H2PO4)2 � H2O. The total mass loss is 20.02%

(3.08 mol H2O), which is close to the theoretical values

(21.42% (3.00 mol H2O) for Ca(H2PO4)2 � H2O, 25.27%

(4.00 mol H2O) for Mn(H2PO4)2 � 2H2O and 20.81%

(3.00 mol H2O) for Mn0.5Ca0.5(H2PO4)2 � H2O). This result

is in agreement with other binary metal dihydrogen phos-

phate hydrates (isostructural compounds) in literatures,

which reported the mole of water in the range of 1–4

[6–10]. The thermal decomposition of Mn0.5Ca0.5(H2PO4)2 �
H2O is a complex process, which involves the dehydration

of the coordinated water molecules (1 mol H2O) and an

intramolecular dehydration of the protonated phosphate

groups (2 mol H2O), these processes could formally be

presented as:

Mn0:5Ca0:5ðH2PO4Þ2 � H2O! Mn0:5Ca0:5ðH2PO4Þ2
� 0:50H2Oþ � 0:50H2O

ð6Þ

Mn0:5Ca0:5ðH2PO4Þ2 � 0:50H2O! Mn0:5Ca0:5ðH2PO4Þ2
þ � 0:50H2O

ð7Þ

Mn0:5Ca0:5ðH2PO4Þ2 ! 1=2ðMnH2P2O7 � CaH2P2O7Þ
þ �H2O ð8Þ

ðMnH2P2O7 � CaH2P2O7Þ ! ð1=2Mn2P4O12Þ
� CaH2P2O7 þ 0:50H2O

ð9Þ

Fig. 1 TG–DTA–DTG curves of Mn0.5Ca0.5H2PO4)2 � H2O in the

heating rate of 10 K min-1
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ð1=2Mn2P4O12Þ � CaH2P2O7 ! ð1=2Mn2P4O12Þ
� CaðPO3Þ2� þ 0:50H2O

ð10Þ
ð1=2Mn2P4O12Þ � CaðPO3Þ2 ! 1=2MnCaP4O12 ð11Þ

The intermediate compounds; Mn0.5Ca0.5(H2PO4)2 � 0.50

H2O, Mn0.5Ca0.5(H2PO4)2, MnH2P2O7 � CaH2P2O7 (Mn0.5

Ca0.5H2P2O7), (Mn2P4O12) � CaH2P2O7, (Mn2P4O12) � Ca

(PO3)2 and mixing intermediates of all have been regis-

tered. The decomposed processes and the presented inter-

mediates were similarly observed with other binary

dihydrogen phosphates [8–12]. The binary manganese cal-

cium cyclotetraphosphate, MnCaP4O12 is found to be the

final product of the thermal decomposition at T [ 673 K.

The different thermal behavior between the synthesized

Mn0.5Ca0.5(H2PO4)2 � H2O and the individual Mn(H2PO4)2 �
2H2O [6, 9, 19] or Ca(H2PO4)2 � H2O [9] confirms the

formation of a binary Mn0.5Ca0.5(H2PO4)2 � H2O. Addi-

tionally, this synthesized compound shows different thermal

behavior from that of the Brandová research [9], which this

may be the differences of water content and preparation

methods. Based on these results, we can conclude that the

different thermal behavior is affected by the incorporation of

Mn and Ca metals in the skeleton, which the conclusion was

confirmed by XRD and FTIR data (Figs. 2, 3).

The XRD patterns of Mn0.5Ca0.5(H2PO4)2 � H2O and

MnCaP4O12 are similar to those of Mn(H2PO4)2 � 2H2O and

Mn2P4O12, respectively (Fig. 2) [6, 19]. In the systems of

binary manganese calcium solid solutions and individual

metal dihydrogen phosphate (or metal cyclotetraphosphate),

the electric charges of cations are equivalent, and the radii of

cations are close to each other, so the spectrum peaks are

quite similar [6, 18, 19]. However, the XRD peaks of

Mn0.5Ca0.5(H2PO4)2 � H2O and MnCaP4O12 exhibit lower

intensity and broader peaks than those of Mn(H2PO4)2 �
2H2O and Mn2P4O12, which indicate poor crystallinity after

obtaining the mixed binary products. Based on the above

analysis, we can draw a conclusion that the synthesized

Mn0.5Ca0.5(H2PO4)2 � H2O and its decomposed product

MnCaP4O12 are solid solutions that are not a mixture of

single phase of Mn and Ca. XRD results confirm that a

binary Mn0.5Ca0.5(H2PO4)2 � H2O and MnCaP4O12 are

isostructural with the type series of M(H2PO4)2 � 2H2O and

M2P4O12 (M = Mg, Mn, Co, Ni, Fe, and Zn), respectively.

Consequently, all reflections can be distinctly indexed based

on a pure monoclinic of single phase with space group P21/n

(Z = 2) for Mn0.5Ca0.5(H2PO4)2 � H2O and C2/c (Z = 4)

for MnCaP4O12, which note to be similar to those of the

standard XRD patterns of Mn(H2PO4)2 � 2H2O (PDF#3500

10) and Mn2P4O12 (PDF#380314), respectively. The aver-

age crystallite sizes and lattice parameters of Mn0.5Ca0.5

(H2PO4)2 � H2O and MnCaP4O12 samples were calculated

from XRD line broadening and tabulated in Table 1. Their

lattice parameters are comparable to those of the standard

data as M(H2PO4)2 � nH2O, (PDF#350010 for Mn and

PDF#0903047 for Ca), Mn2P4O12 (PDF#380314) and

Ca(PO3)2 (PDF#500584), respectively.

The FTIR spectra of Mn0.5Ca0.5(H2PO4)2 � H2O and

MnCaP4O12 are shown in Fig. 3, which are very similar to

those of Mn(H2PO4)2 � 2H2O and Mn2P4O12 [19, 28].

Vibrational bands are identified in relation to the crystal

structure in terms of the fundamental vibrating units namely

H2PO4
- and H2O for Mn0.5Ca0.5(H2PO4)2 � H2O and

[P4O12]4- ion for MnCaP4O12, which are assigned according

to the literatures [19, 24, 25, 28, 29]. Vibrational bands of

H2PO4
-2 ion are observed in the regions of 300–500, 700–

900, 1160–900, 840–930, 1000–1200, 2300–2400, 2800–

3120, and 3200–3500 cm-1. These bands are assigned to

the d(PO3), c(POH), d(POH), m(PO2(OH)), m(PO3), B band

(mOH HPO4
-2), A band (mOH HPO4

-2) and mOH (m1 and m3

H2O), respectively. The observed bands in 1600–1700 cm-1
Fig. 2 XRD patterns of Mn0.5Ca0.5H2PO4)2 � H2O and MnCaP4O12

Fig. 3 FTIR spectra of Mn0.5Ca0.5H2PO4)2 � H2O and MnCaP4O12
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region are attributed to the water bending/C band. The P–O

stretching modes of the [P4O12]4- anion are known to appear

in the 1150–960 cm-1 region [19, 28]. The one of the most

noteworthy features of the spectra is the presence of strong

bands in the ranges of 1350–1220, 1150–1100, 1080–950,

and 780–400 cm-1. These bands can be assigned to

masOPO-, msOPO-, masPOP, and msPOP vibrations, respec-

tively [19, 28]. The two doublet bands around 720 (ca. 734

and 717 cm-1) and 1280 (ca. 1306 and 1269 cm-1) cm-1 are

observed in the FTIR spectra of Mn2P4O12 and MnCaP4O12

and assigned to msPOP vibrations. The observation of a

strong msPOP band is known to be the most striking feature of

cyclotetraphosphate spectra, along with the presence of the

masOPO- band, which is different from that of polyphos-

phate. From X-ray diffraction data [30], it was shown that the

crystal structure is monoclinic (space group C2/c) with a

cyclic structure of the [P4O12]4- anion, which was confirmed

by the FTIR measurements.

The scanning electron micrographs of Mn0.5Ca0.5

(H2PO4)2 � H2O and their final decomposition product

MnCa P4O12 show different morphological features and high

aggregates (Fig. 4). The SEM micrograph of Mn0.5Ca0.5

(H2PO4)2 � H2O shows roughness of many small and some

large boundary surfaces, which indicate amorphous mor-

phology by inferring from XRD evidence to be poorly-

crystalline Mn0.5Ca0.5(H2PO4)2 � H2O. In addition, MnCaP4

O12 shows similarly morphological feature to that of

Ca(PO3)2, which illustrates more aggregate of small particles

and large spherical particles. Based on the SEM results,

the SEM micrographs of Mn0.5Ca0.5(H2PO4)2 � H2O and

MnCaP4O12 powders appear to be highly agglomerated

caused primarily by the process of dissolution, a rapid

precipitation and decomposition process, respectively.

The particles sizes of Mn0.5Ca0.5(H2PO4)2 � H2O and

MnCa P4O12 appear smaller than those of the individual

M(H2PO4)2 � 2H2O and M2P4O12, which are well consistent

with the results of XRD [19, 28].

Kinetic and thermodynamic results

According to Kissinger method, the basic data of T

collected from the DTA curves of the decomposition of

Mn0.5Ca0.5(H2PO4)2 � H2O at various heating rates of 5,

10, 15, and 20 K min-1. Kinetics studies of Mn0.5Ca0.5

(H2PO4)2 � H2O were only analyzed five steps (1st, 2nd,

3rd, 4th, and 6th) because the 5th step were not observed in

the heating rates of 15 and 20 K min-1. According to the

Kissinger Eq. 1, the plots of ln b/T2 versus 1000/T can be

obtained by a linear regression of least-square method.

Non-isothermal DTA method is desirable to analyze the

reaction mechanism and calculates the activation energy of

the solid state transformations [23, 31–33]. Several non-

isothermal techniques have been proposed which are

quicker and less sensitive to previous and next transfor-

mations. In addition, they can provide the more accurate

activation energy and crystal growth mode. From the

slopes of the Kissinger plots, the activation energy values in

five decomposed steps of the prepared Mn0.5Ca0.5(H2PO4)2 �
H2O were determined as shown in Table 2. These activation

energies are consistent with the former hypothesis that the

intermediate nucleate and crystallize as metastable phase

with adequate growth kinetics before the stable phase

MnCaP4O12. The last and third steps exhibit higher and

lower activation energies in comparison with the other ones,

respectively. The reason may be relevant to the strengths of

binding of water molecules in the crystal lattice. Hence,

different dehydration temperatures and kinetic parameters

are expected. The activation energy for the release of crystal

water lie in the range of 50–130 kJ mol-1, while the value

for coordinately bounded one are higher than this range

[20–22]. The energy of activation found in the range of

89–236 kJ mol-1 for the five decomposition reactions

Table 1 Average crystallite sizes and lattice parameters of Mn0.5Ca0.5H2PO4)2 � H2O and MnCaP4O12 calculated from XRD data

Compound Method a (Å) b (Å) c (Å) b (�) Average crystallite

sizes (nm)

Mn(H2PO4)2 � 2H2O PDF#350010 7.31 10.08 5.37 94.75 –

MnCa(H2PO4)2 � H2O This work 7.92 (0) 10.62 (4) 5.79 (4) 94.68 (6) 27 ± 8

Ca(H2PO4)2 � H2O PDF#0903047 6.25 11.89 5.63 114.20

Mn2P4O12 PDF#380314 11.88 8.59 10.14 119.21 –

MnCaP4O12 This work 12.27 (9) 8.87 (2) 10.49 (8) 120.00 (2) 30 ± 9

Ca(PO3)2 PDF#500584 9.56 9.50 10.37 93.47

Fig. 4 SEM micrographs of Mn0.5Ca0.5H2PO4)2 � H2O (a) and

MnCaP4O12 (b)
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suggest that the water molecules are coordinately linked

water as well as crystal one. The five mass loss steps cor-

respond to the loss of water of coordinated-water in the first

two steps, subsequently to a continuous intermolecular

polycondensation and the elimination of water of constitu-

ent in anion in the last three steps [19, 22].

The pre-exponential factor (A) can be estimated from

the intercept of the plots of Eq. 1 (Table 2). All calcula-

tions were performed using a programs complied by our-

selves. The pre-exponential factor (A) values in 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 surface area is taken into account [24, 25]. The

low factors will often indicate a surface reaction, but if the

reactions are not dependent on surface area, the low factor

may indicate a ‘‘tight’’ complex. The high factors will usu-

ally indicate a ‘‘loose’’ complex. Even higher factors (after

correction for surface area) can be obtained for complexes

having free translation on the surface. Since in many cases

the concentrations in solids are not controllable, it would

have been convenient if the magnitude of the pre-exponen-

tial factor can provide the information for the reaction

molecularity. Such a bulk decomposition, any molecule is as

likely as to react with any others; and no preference is shown

toward corners, edges, surface, defects or sites of previous

decomposition. On the basis of these reasons, the thermal

decomposition reaction of Mn0.5Ca0.5 (H2PO4)2 � H2O may

be interpreted as ‘‘loose complexes’’ for 1st, 2nd, 4th and 6th

step and ‘‘tight complexes’’ for 3rd step, which correspond to

the proposed reaction in (Eqs. 1–4 and 6).

As can be seen from Table 2, the entropy of activation

(DS*) values for all steps are positive values. It means that

the corresponding activated complexes had lower degrees of

arrangement than the initial state. Since the decomposition of

Mn0.5Ca0.5(H2PO4)2 � H2O proceeds as five consecutive

reactions, the formation of the 2nd, 3rd, 4th, and 6th activated

complex passed in situ. In the terms of the activated complex

theory (transition theory), [11, 12, 19–21, 26, 27, 29] a

positive value of DS* indicates a malleable activated

complex that leads to a large number of degrees of freedom

of rotation and vibration. A result may be interpreted as a

‘‘fast’’ stage. On the other hand, a negative value of DS*

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 [19–21]. In respect of

these results, 1st, 2nd, 4th and 6th decomposed steps of

Mn0.5Ca0.5(H2PO4)2 � H2O may be interpreted as ‘‘fast’’

stages whereas 3rd decomposed step may be interpreted as

‘‘slow’’ stage. The positive values of the enthalpy DH* are in

good agreement with five endothermic effects in DTA data.

The positive values of DH* and DG* for all stages show that

they are connected with the introduction of heat and are non-

spontaneous processes.

Conclusions

Mn0.5Ca0.5(H2PO4)2 � H2O was successfully synthesized

by a rapid and simple precipitation using phosphoric acid,

manganese metal, and calcium carbonate at ambient

temperature. The different chemical and physical properties

of binary compounds (Mn0.5Ca0.5(H2PO4)2 � H2O and MnCa

P4O12) and the individual ones (M(H2PO4)2 � nH2O (M =

Mn and Ca) and Mn2P4O12 or Ca(PO3)2) were revealed by

FTIR, XRD, and SEM techniques. Kinetic analysis from non-

isothermal DTA applying KAS method results exhibits the

activation energies (E) in five decomposition steps, which

correspond to the loss of water of crystallization (the first two

steps), subsequently to a continuous intermolecular polycon-

densation and elimination of water of constituent in anion (the

last three steps). 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. Thus, various scientific and

practical problems involving the participation of solid phases

can be solved.

Table 2 Values of DS*, DH* and DG* for five decomposition steps of Mn0.5Ca0.5(H2PO2)4 � H2O

Parameter 1st step 2nd step 3rd step 4th step 6th step

R2 0.9929 0.9942 0.9996 0.9995 0.9567

Ea (kJmol-1) 147.85 ± 13 129.70 ± 10 89.41 ± 2 152.94 ± 4 236.97 ± 51

A (s-1) 1.41 9 1020 6.55 9 1016 4.48 9 109 4.04 9 1015 1.01 9 1020

DS* (J mol-1 K-1) 130.34 66.18 -72.26 41.10 123.73

DH* (kJmol-1) 144.65 126.35 85.50 148.71 231.85

DG* (kJmol-1) 94.38 99.64 119.53 127.80 155.59

Fifth step was not observed in the heating rates of 15 and 20 K min-1
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9. Brandová D, Trojan M, Paulik F, Paulik J, Arnold M. Study of

the thermal dehydration of Mn1/2Ca1/2(H2PO4)2�2H2O. J Therm

Anal Calorim. 1990;36:881–9.
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