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Abstract The thermal decomposition of synthetic ser-

rabrancaite (MnPO4 � H2O) was studied in N2 atmosphere

using TG-DTG-DTA. Thermal analysis results indicate

that the decomposition occurs in two stages, which are

assigned to the dehydration and the reduction processes

and the final product is Mn2P2O7. X-ray powder diffrac-

tion, FT-IR and FT-Raman techniques were used for

identification of the solid decomposition product. The

decomposition kinetics analysis of MnPO4 � H2O was

performed under non-isothermal condition through iso-

conversional methods of Flynn–Wall–Ozawa (FWO) and

Kissinger–Akahira–Sunose (KAS). The dependences of

activation energies on the extent of conversions are

observed in the dehydration and the reduction reactions,

which could be concluded the ‘‘multi-step’’ processes.

Keywords Serrabrancaite � MnPO4 � H2O �
Non-isothermal kinetics � Thermogravimetry

Introduction

Manganese phosphates are of considerable industrial

interesting properties nowadays because of their wide

applications in laser host [1], ceramic [2], dielectric [3],

electric [4], magnetic [5], and catalytic [6] processes.

Additionally, manganese phosphates are among the widest

spread minerals in the class of phosphates [7, 8] such as

MnP3O9 [9], MnPO4 � H2O [10] MnPO4 [11], MnHP2O7

[12] and Mn(PO3)3 [13], MnP4O11 [14], Mn2P2O7 [15], b-

Mn3(PO4)2 [16] and Mn2P2O7 � 2H2O [17], etc.

Mn2P2O7 has been found to have a wide range of appli-

cations such as catalyst and battery cell [6, 7, 15, 17]. In this

respect, in the part few years many works have been under-

taken a series of research studies on different prepara-

tive methods such as the thermal decomposition of

Mn2P2O7 � 2H2O, Mn(H2PO2)2 � 2H2O and MnHPO4 �
3H2O precursors [7, 17]. As part of this effort, we are cur-

rently undertaking a detailed thermal decomposition kinetics

of MnPO4 � H2O, which undergoes dehydration and reduc-

tion reactions [18–20]. This material provides synthetic

challenges, as Mn3? is prone to oxidation or reduction when

heated or in aqueous solution. In many methods of kinetics

estimation, isoconversional method is recommended as

trustworthy way of obtaining reliable and consistent kinetic

information [21, 22]. It is a ‘model-free method’, which

involves measuring the temperatures corresponding to fixed

values of the extent of conversion (a) from experiments at

different heating rates (b). In the present study, the formation

of Mn2P2O7 from MnPO4 � H2O was followed using dif-

ferential thermal analysis-thermogravimetry (TG-DTG-

DTA), X-ray powder diffraction (XRD), Fourier transform-

infrared (FT-IR) and Fourier transform-Raman (FT-Raman)

techniques. The kinetics analysis of the non-isothermal

results for dehydration and reduction steps of MnPO4 � H2O
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in was carried out using the isoconversional methods of

Flynn–Wall–Ozawa (FWO) [23] and Kissinger–Akahira–

Sunose (KAS) [24] and was reported for the first time.

Experimental procedures

Synthetic Serrabancaite, MnPO4 � H2O compound was

prepared by solution precipitation method and character-

ized as previously described by the same authors [25].

Thermal analysis measurements (thermogravimetry, TG;

differential thermogravimetry, DTG; and differential ther-

mal analysis, DTA) were carried out by a Pyris Diamond

Perkin Elmer apparatus by increasing temperature from

373 to 1,073 K with calcined a-Al2O3 powder as the

standard reference. The experiments were performed in

dynamic air at heating rates of 5, 10, 15, and 20 K min-1.

The sample mass was kept of about 8.0 ± 0.3 mg in an

alumina pan without pressing. In accordance with thermal

analysis results, the synthesized sample was thermally

heated in a furnace until the completely dehydrated

Mn2P2O7 (pale pink) was obtained. The X-ray powder

diffraction patterns of the prepared product and the cal-

cined sample were obtained with a Bruker D8-Advanced

model X-ray powder diffractometer with Cu Ka radiation

(k = 0.15406 Å). The room temperature FTIR spectrum of

Mn2P2O7 was recorded in the range of 4,000–370 cm-1

with eight scans on a Perkin-Elmer Spectrum GX FT-IR/

FT-Raman spectrometer with the resolution of 4 cm-1

using KBr pellets (KBr, Jasco, spectroscopy grade). The

FT-Raman spectrum of Mn2P2O7 was recorded with

spectrum 2000R NIR FT-Raman system in a Perkin-Elmer

Spectrum GX model equipped with a HeNe laser

(1,064 nm). The laser power about 500 mW was used for

excitation in the range between 4,000 and 100 cm-1 with

32 scans.

Result and discussion

The TG curves of MnPO4 � H2O at four heating rates (5,

10, 15, and 20 K min-1) are shown in Fig. 1a. All curves

are approximately in the same shape and indicated that the

mass loss is independent of the heating rate. All curves

showed that two thermal decomposition steps of

MnPO4 � H2O below 873 K All peaks in the DTG and

DTA curves (Fig. 1b) closely correspond to the mass loss

observed on the TG traces. Additionally, two decomposi-

tion stages were shifted toward higher temperatures when

the heating rates increase. The mass loss of the first step (at

about 482–617 K) at all four heating rates is between 2.43

and 2.56%, which is close to the mass loss of the release of

0.2–0.3 water molecules [26]. This can be ascribed to the

dehydration of MnPO4 � H2O due to the water of

crystallization.

The second mass loss step of MnPO4 � H2O relates with

the consequent release of oxygen and a water molecule,

which is referred the reduction reaction (Mn(III) to Mn(II))

[19, 20]. The mass loss of this step (at about 618–833 K) is

about 13.02%, which contains 5.15% of O2 and 7.87% of

H2O. The mass loss is accompanied by a change of colour

from gray–green to pale pink. The DTG and DTA curves at

heating rates of 10 K min-1 are shown five peaks at about

481, 505, 551, 765, and 1,001 K and four endothermic

effects at about 483, 511, 558, and 765 K, respectively. The

synthetic MnPO4 � H2O is a very similar mass loss and

transformation reaction, which are also described by Light-

foot et al. [10]. The overall reaction involves the dehydration

and reduction processes as shown in Eqs. 1 and 2:

MnPO4 � nH2O! MnPO4 � n� 0:3ð ÞH2O þ � 0:3H2O

ð1Þ

MnPO4 � n� 0:3ð ÞH2O ! 0:5Mn2P2O7 þ 0:5 O2

þ � 1H2O ð2Þ

(1 \ n \ 1.3)

Fig. 1 TG curves of MnPO4 � H2O in N2 atmosphere at four heating

rates (5, 10, 15 and 20 K min-1) (a); DTG-DTA curves of

MnPO4 � H2O in N2 atmosphere at heating rate 10 K min-1 (b)
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The XRD patterns of synthetic MnPO4 � nH2O and its

decomposition product (Mn2P2O7) are shown in Fig. 2.

The standard XRD patterns of MnPO4 � H2O (PDF

#440071) and Mn2P2O7 (PDF#771243) indicate that both

crystal structures are monoclinic system with space group

C2/c (Z = 4) and C2/m (Z = 2), respectively. The XRD

data has been reported in our previously work [25].

The formation of nanocrystalline Mn2P2O7 sample is

further supported by FTIR and FT-Raman spectra in the

range of 4,000–370 amd 4,000–100 cm-1, respectively

(Fig. 3 a, b). The FTIR and FT-Raman bands are identified

in term of the fundamental vibrating units namely P2O7
4-

anion, which is very similar to this observed in the litera-

tures [27–29]. The observed bands at 3,424 and

1,633 cm-1 of the FTIR spectra are assigned to the

asymmetric stretching (m3) and bending mode (m2) of

absorbed moisture of KBr pellet. The P–O stretching

modes of the [P2O7]4? anion are known to appear in the

1,250–975 cm-1 region [27, 28]. The symmetric PO2

stretching vibrations (msym PO2) for the Mn2P2O7 sample

are observed in the rage of 1,000–1,100 cm-1, while the

asymmetric stretching vibrations (masym PO2) are located at

1,100 and 1,200 cm-1. The asymmetric (masym POP) and

symmetric stretch (msym POP) bridge vibrations for this

samples are observed in 900–1,000 and 400–700 cm-1,

respectively. The PO3 deformation, rocking modes, the

POP deformations, the torsional and external modes are

found in the 400–230 cm-1 region [29].

Decomposition of crystal hydrates is a solid-state pro-

cess of the type [30]: A (solid) ? B (solid) ? C (gas). The

kinetics of such reactions is described by various equations

taking into account the special features of their mecha-

nisms. This is a model-free method, which involves mea-

suring the temperatures corresponding to fixed values of a
from experiments at different heating rates (b). The

activation energies (Ea) can be calculated according to the

isoconventional methods. In kinetic study of MnPO4 �
H2O, FWO [23] and KAS [24] equations were used to

determine the activation energy of the dehydration

reaction.

The equations used for Ea calculation are:

Flynn–Wall–Ozawa equation:

ln b ¼ ln
AEa

R gðaÞ

� �
� 5:3305� 1:0516

Ea

RT

� �
ð3Þ

KAS equation:

ln
b
T2

� �
¼ ln

AEa

R gðaÞ

� �
� Ea

RT

� �
ð4Þ

where A (the pre-exponential factor) and E (the activation

energy) are the Arrhenius parameters and R is the gas

constant (8.314 J mol-1 K-1). The Arrhenius parameters,

together with the reaction model, are sometimes called the
Fig. 2 The XRD patterns of serrabrancaite MnPO4 � H2O (a) and its

dehydration product (Mn2P2O7) (b)

Fig. 3 FT-IR (in the range of 4,000–370 cm-1) (a) and FT-Raman

(in the range of 4,000–100 cm-1) (b) spectra of Mn2P2O7
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kinetic triplet. gðaÞ ¼
Ra
0

da
f ðaÞ is the integral form of f(a),

which is the reaction model that depends on the reaction

mechanism.

At the constant condition of others parameters, the

TG curves for dehydration and reduction process of

MnPO4 � H2O in N2 atmosphere at various heating rates (5,

10, 15 and 20 �C min-1) are shown in Fig. 1a. According

to isoconversional method, the basic data of a and T col-

lected from Fig. 1a are illustrated in Tables 1 and 2,

respectively. According to the above-mentioned equations,

the plots of ln b versus 1,000 T-1 (FWO) and ln b/T-2

versus 1,000 T-1 (KAS) corresponding to different

conversions a can be obtained by a linear regression of

least-square method. The activation energies Ea can be

calculated from the slopes of straight lines with better

linear correlation coefficient (r2). The slopes change

depending on the degree of conversion (a) for the dehy-

dration and reduction reaction of MnPO4 � H2O. The a-

dependences of the apparent Ea values for the dehydration

and reduction reactions of MnPO4 � H2O calculated from

the slopes of Eqs. 3 and 4 at various a are shown in

Tables 3 and 4, respectively. If Ea varies with a, the results

should be interpreted in terms of multi-step reaction

mechanism [21, 22, 30–36]. Unfortunately there is rather

all the information available. Considering different con-

version functions f(a), a series of values for the pre-expo-

nential factor should be obtained, but this is rather a

mathematical exercise but not a kinetic analysis [31–33].

The activation energy values of dehydration process of

MnPO4 � H2O were found between 217.53 and

844.12 kJ mol-1 by using FWO and KAS methods, which

are also higher than those of the dehydration reactions of

some phosphate hydrates (FePO4 � H2O, AlPO4 � H2O

and Mn(H2PO4)2 � 2H2O). The activation energy values

increase largely in the increasing a (0.2–0.8) (Table 3),

so we draw a conclusion that the dehydration of

MnPO4 � H2O may be a multi-step reaction, which is

different from the single step in some metal phosphates

above [22, 37–41].

The activation energy values of reduction step were

calculated between 1919.67 and 5687.03 kJ mol-1 by

using FWO method and close to the calculated by the KAS

method but higher than the other reactions [30–33]. It is

clear in Table 4, that the activation energy assumes a value

of 1919.67 kJ mol-1 at the beginning of the decomposition

reaction and, with increasing mass loss, ups to a value

of 5418.94 kJ mol-1 (FWO) method). This increasing

Table 1 The a - S data at different heating rates, b (K min-1) for

the dehydration step of MnPO4 � H2O (453.15–523.15 K)

a Temperature/K

b = 5 b = 10 b = 15 b = 20

0.2 485.91 492.79 495.92 497.93

0.3 490.47 497.18 500.27 502.58

0.4 494.90 500.95 503.93 505.97

0.5 499.34 504.42 507.44 509.21

0.6 504.20 507.92 510.50 512.02

0.7 509.29 511.64 513.62 515.01

0.8 514.29 515.49 516.94 517.77

Table 2 The a and S data at different heating rates, b (J min-1) for

the reduction step of MnPO4 � H2O (673.15–873.15 K)

a Temperature/K

b = 5 b = 10 b = 15 b = 20

0.2 646.02 647.07 647.13 647.47

0.3 654.78 656.22 656.62 657.28

0.4 661.66 663.12 663.89 664.52

0.5 667.52 668.75 669.38 670.18

0.6 672.69 673.67 674.40 675.12

0.7 677.41 678.27 678.79 679.38

0.8 681.73 682.32 682.78 683.24

Table 3 Activation energies Ea and correlation coefficient (r2) cal-

culated by FWO and KAS methods for the dehydration step of

MnPO4 � H2O (453.15–523.15 K)

a FWO method KAS method

Ea/kJ mol-1 r2 Ea/kJ mol-1 r2

0.2 217.53 0.9926 220.57 0.9921

0.3 221.99 0.9957 225.19 0.9954

0.4 246.31 0.9967 250.71 0.9965

0.5 279.44 0.9989 285.47 0.9988

0.6 358.48 0.9990 368.54 0.9989

0.7 499.13 0.9912 516.37 0.9909

0.8 810.90 0.9727 844.12 0.9722

Table 4 Activation energies Ea and correlation coefficient (r2) cal-

culated by FWO and KAS methods for the reduction step of

MnPO4 � H2O (673.15–873.15 K)

a FWO method KAS method

Ea/kJ mol-1 r2 Ea/kJ mol-1 r2

0.2 1919.67 0.9844 2007.83 0.9843

0.3 1694.26 0.9996 1770.63 0.9996

0.4 1882.16 0.9901 1968.09 0.9900

0.5 2059.11 0.9854 2154.16 0.9853

0.6 2597.06 0.9886 2719.84 0.9885

0.7 3402.24 0.9811 3566.37 0.9810

0.8 5418.94 0.9502 5687.03 0.9500
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dependence of Ea on a indicates that the overall reaction

contains a least two steps, and the kinetics scheme of which

corresponds top a reversible reaction followed by an irre-

versible one [33–35]. The larger activation energy at the

beginning of the reaction may be due to the additional

destruction of crystal structure, which is related to reduc-

tion of Mn3? to Mn2? and then the consequent release of

oxygen while the smaller activation energy at the end of

the reaction due to the weight loss of about one water

molecule[18]. The reduction step (2nd) exhibits higher

activation energy in comparison with the dehydration step

(1st), and this is understandable because this step corre-

sponds to a reduction of Mn3? to Mn2, in connection with

polycondensation reaction [10, 18–20]. This result con-

firmed that the decomposition product (Mn2P2O7) was

obtained. The activation energies calculated in N2 atmo-

sphere for two decomposition of MnPO4 � H2O is higher

than those reported previously for the decomposition of

MnHPO4 � H2O, FePO4 � 3H2O, Mn(H2PO4)2 � 2H2O

under air atmosphere [37–41]. However, the activation

energies of the two decomposition reactions of the studied

compound are close to those observed in the decomposition

of Mn(H2PO2)2 � 2H2O [42] under N2 atmosphere. The

activation energies and the multi-step processes of two

reactions for the studied compound may be its character-

istic; the strong effect of water of crystallization within this

structure and metal reduction process before polyconden-

sation reaction. Additionally, these results indicate that the

atmosphere for thermal transformation of MnPO4 � H2O

have the strong effect on the activation energies. In this

respect, these data will be important for further studies of

the studied compounds, which include studies under care-

fully controlled reaction conditions.

Conclusion

The synthetic serrabrancaite (MnPO4 � H2O) decomposes

in two steps, which undergoes dehydration and reduction

reactions. The dehydration is the elimination of a little

amount water, while the reduction step is due to the

reduction of Mn3? to Mn2? and the consequent release of

oxygen and water molecules, respectively. For the dehy-

dration and reduction reactions of synthetic MnPO4 � H2O,

the activation energy values calculated by using FWO

method are close to those by KAS method, and the

respective correlation coefficients are preference, which

were reported for the first time. On the basis of correctly

established values of the apparent activation energy, cer-

tain conclusions can be made concerning the mechanisms

and characteristics of the processes. The data of kinetics

play an important role in theoretical study, application

development and industrial production of a compound as a

basis of theoretical. Additionally, various scientific and

practical problems involving the participation of solid

phases can be solved.
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