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Abstract Thermal dehydration kinetics of potassium
manganese phosphate monohydrate (KMnPO,4-H,O) was
studied using alternative procedure, including the combi-
nation between DSC data and Origin Lab program. The
results revealed that this convenient method is a suitable
tool for the determination of reliable kinetic parameters.
The peak area at current temperature can be calculated
using the Origin Lab program. Consequently, the kinetic
parameters by non-isothermal equations can be calculated.
The apparent activation energies were found to be 101.26
and 101.45 kJ mol™! using KAS and iterative methods,
respectively. The natural logarithms of pre-exponential
factor (InA) were found to be 12.2775 and 12.4157,
respectively based on mechanism function of g(o) = (1—
(1 — x)*?). The experimental enthalpy change of the
dehydration process of the studied compound was about
290 J g '. All detectable peaks from XRD patterns of this
compound are indexed as the formula KMnPO,-H,O
according to the standard data file PDF#802360. The SEM
micrograph exhibits the loose agglomeration phenomenon
among the thin plate, which supports the existence of the
layered structure compound.
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Introduction

The KMnPO4-H>O is known to be isostructural with Dit-
tmaite compound (NH4;MgPO,4-H,0) [1], which is used in
various applications such as fireproof material, fertilizer,
pigment for paints, furnishes for protection of metals, and
for extraction of divalent cations from seawater [2—4]. Now
a days, this compound can be used as the important pre-
cursor for the synthesis of LiMnPO, [LiMPO, (M = Fe,
Mn, Co, Ni), Olivine compounds] via cation exchange
pathway [5]. These compounds are being actively investi-
gated and have been considered as one of the most prom-
ising cathode materials for lithium ion batteries because of
their properties of low cost, environmental benign, higher
thermal stability, abundant availability, and high theoreti-
cal specific capacity [6-8]. Unfortunately, little publica-
tions are available about the title compound such as
studying about pathway of synthesis process [9], vibra-
tional properties [10], and magnetic properties [11].
Therefore, this compound is of current interested. Espe-
cially, the development of new synthetic route of nano-
crystalline KMnPO,4-H,O for using as the precursor for the
synthesized LiMnPO,. Moreover, the kinetic property is
also of great importance. The main goal of the kinetic study
is to determine the process involved in the transformation,
interested reaction rate and reaction mechanism in order to
understand the structure and property relationship [12].
Both differential scanning calorimetry (DSC) and
thermo gravimetric analysis (TG) are known to be excel-
lent methods to study kinetics of solid state reaction under
non-isothermal condition [6, 13-18]. Especially, DSC
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instrument possesses various advantages such as (i) the
DSC cell can be performed as a mini reactor with negli-
gible heat dissipation, able to evaluate with high accuracy
both degree of conversion and the reaction rate. (ii) the
DSC method provides the variables needed for the solving
the heat/mass transfer problems of real processes—heat
flow and heat accumulation [16]. Small sample masses are
needed as well as the method is simple, versatile, and easy
to evaluate the data. However, the DSC instrument is
limited for not being used to study the kinetic behavior by
various methods except Kissinger method [19], if the peak
area at current temperature program cannot be evaluated,
which is the weak point of the DSC instrument. Therefore,
the search for the alternative tool for solving this problem
is of great interest. Hence, this work presents the method
by combining the Orgin Lab program and DSC data to
study the dehydration kinetics of KMnPO,4-H,0 in a more
advantageous way.

In this work, we demonstrate a modified method
(combination of Orgin Lab program and DSC methods) to
evaluate the kinetic parameters of the dehydration of
KMnPO,4-H,O using Kissinger—Akahira—Sunose (KAS)
[19, 20] method due to its simple approach to calculate the
exact value of activation energy for the single-step dehy-
dration process. However, the iterative method is necessary
to determine the reliable or exact activation energy values
and the mechanism function. In addition, the synthesized
compound was characterized by TG/DTG/DTA, Fourier
transform infrared spectroscopy (FTIR), Atomic absorp-
tion/Atomic emission spectroscopy (AAS/AES), and X-ray
diffraction (XRD). Besides, the morphology was studied by
scanning electron microscope (SEM).

Experimental
Preparation and characterization

The KMnPO,4-H,O was synthesized using modified method
from the literature [21]. An excess amount of saturated
K,HPO, (15-20 M) as a potassium and phosphate source was
added into 25 mL of 0.5 M MnCl,-4H,0 and 10 mL of ace-
tone mixture, then digested for 24 h. The metal and water
contents of synthesized hydrate samples were confirmed using
atomic absorption spectrophotometry (AAS/AES, Perkin
Elmer, Analyst 100) and TG/DTG/DTA (Perkin Elmer, Pyris
Diamond), respectively. The title compound was character-
ized by FTIR (FTIR/FT Raman spectrophotometer, Perkin
Elmer Spectrum GX) and XRD techniques (D8 Advanced
powder diffractometer, Bruker AXS, Karlsruhe, Germany)
with Cu Ko radiation (4 = 0.15406 A) at a current of 30 mA
and a voltage of 40 kV and the 20 value range of 10-70". The
Scherrer equation was used to evaluate the crystallite sizes
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(i.e., D = KA/fcosl, where 1 is the wavelength of X-ray
radiation, K is a constant taken as 0.89, 0 is the diffraction
angle, and f is the full width at half maximum). The mor-
phology was studied by SEM instrument (Leo 1450VP) after
gold coating.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC, Perkin Elmer
Pyris 1) was used for kinetic studies under non-isothermal
condition. The instrument was calibrated for the tempera-
ture and enthalpy using an indium prior to perform the
investigations. The heating rates were 5, 10, 15, 20, and
25 K min~' and the samples were weighed accurately and
sealed in aluminum pans. The sample weight was kept in
the range of 4.4—4.6 mg. These DSC scans were recorded
from 60 to 350 °C under nitrogen atmosphere with the
constant pressure of 20 psi.

Kinetic study by non-isothermal method using Origin
Lab Program

Non-isothermal kinetic study using the reaction rate of
solid state reaction can be described as the functions of k(T)
and f(o):
do
— =k(T)f (« 1
= k(T (2), (1)
where a function f(o) depends on the particular decompo-
sition mechanism, k is the rate constant, ¢ is time, and « is
degree of conversion:

(m; — my)

x (m,‘ — mf) ’ (2)
where m;, m,, and my¢ are the initial, current at temperature
T, and final mass temperature at which the mass loss is
approximately unchanged, respectively.

Upon the substitution of Arrhenius’ equation as Eq. 3
into Eq. 1 leads to Eq. 4.

k(T) = Ae =, (3)
do _E
4 = M(@e. (4)

When f is the heating rate (f = d7/dt, K min~"), Eq. 4
may be written as

doo  dT do do £
E=Eﬁ=ﬁﬁ=flf(a)e KT (5)
The pre-exponential factor A (min~"), which is assumed to
be independent of temperature (7/K), E is the activation
energy (kJmol™'), and R is the gas constant
(8.314 ] mol ™! K_l). The degree of conversion o those col-
lected from the DSC data can be generally expressed as
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AHr

= () ©
where AHr is the peak area equivalent to the heat involved
in heating up to the temperature 7. AH, is the total peak
area equivalent to the heat of transformation and can be
determined by combining DSC data and Origin Lab pro-
gram. The procedure will be described in the results and
discussion part.

The KAS equation as one of the most important equa-
tion has been used extensively due to its convenient
property. This equation was used to determine the activa-
tion energy relating to o, E as shown in Eq. 7. All
parameters are the same as given in Eq. 5.

B AE E

The Arrhenius parameters, together with the reaction
model, are sometimes called the kinetic triplet. As a con-
sequence of the rearrangement of Eq. 5 followed by inte-
gration, obtain g(o) = [ j%, is the integral form of the
fle), which is the reaction model that depends on the
reaction mechanism. According to Eq. 7, the slopes of the
plots of 1n(/3/T2) versus 1,000/T with better linear correla-
tion coefficient (+*) lead to the calculation of activation
energy values E and pre-exponential factor A. The activa-
tion energy values were calculated at the heating rates of 5,
10, 15, 20, and 25 K min~ . The A values were calculated
based on the F,;3 model of the mechanism upon dehydra-
tion of the title compound [22].

Results and discussion
TG/DTG/DTA, FTIR, XRD and SEM

The Mn** and K™ contents of the studied compound were
determined by AAS and AES methods, respectively, and
the results confirmed 1 mol of metals per formula. TG/
DTG/DTA curves of KMnPO,4-H,O (Fig. 1) exhibit only
one step of mass loss which corresponds to the dehy-
dration process over the temperature range 100-220 °C
with the maximum at 197.6 °C. This result agrees with
those reported in the literatures [5, 9, 22]. The corre-
sponding observed mass loss is 10.03 %, which agrees
with the theoretical mass loss of 8.74 %. The difference
% mass loss was due to using high heating rate of
20 K min~', which is usually 10 K min~'. The DTA
curve illustrates the dehydration process with endother-
mic peak at 201.5 °C. The water molecules, those were
eliminated at about 200 °C and above indicate their
coordination by the metal cations, while those eliminated
at lower temperatures can be either coordinately linked
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Fig. 1 TG (a), DTG (b), DTA (c¢) curves of the synthesized
KMnPO4-H,O at the heating rates of 20 K min~' in dried air
atmosphere

water or water of crystallization [23]. The water mole-
cules in the studied hydrate can be considered to be
coordinately linked water as well as water of
crystallization.

The broad band in the 3,481-3,223 cm™! region (Fig. 2)
can be assigned to symmetric (v;) and asymmetric (v;) OH
stretching vibration of water. The band due to bending
vibration v, mode of water molecule was observed around
1,652 cm™". An interesting observation is the new band at
around 1,422 cm™! [24-26]. The lowering of the water
bending frequency can be suggested to be due to water—
cation interactions with a tendency to be more pronounced
when the cation size is small and its charge density is high.
This reason was suggested by Falk [27]. The phosphate ion
vibrations are found in the ranges of 1,008-931, 500-375,
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Fig. 2 FTIR spectrum of the synthesized KMnPO,-H,O using KBr
press technique
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1,176-1,015, and 630-510 cm™ ! those are assigned to
symmetric stretching (v;), symmetric bending (v,), asym-
metric stretching (v3), and asymmetric bending (vg),
respectively.

All detectable peaks of the XRD pattern in Fig. 3a are
indexed as the formula KMnPO,4-H,O structure, those are
identified using the standard data of PDF# 802360
(Fig. 3b) and indicate the high crystallinity, which crys-
tallizes in the orthothombic space group Pmn2,
(a = 5.676, b = 8.335, ¢ =4.905 10\). The calculated
average crystallite size from Scherrer equation was found
to be 34.57 nm. The SEM micrograph of this compound is
shown in Fig. 4, which shows the thin plate-like mor-
phologies as observed by Koleva [5] and having sizes of
about 1.00-2.00 pm in width and 3.00—4.50 um in length.
There is loose agglomeration phenomenon among the thin
plate particles, which is considered to indicate the exis-
tence of layered structure [9, 10].

DSC and kinetic study

Figure 5 shows the DSC curves at the heating rates of 5,
10, 15, 20, and 25 K min~!. The maximum of the curves
shifted to higher temperature as the heating rate increased.
The DSC data were evaluated using the Origin Lab pro-
gram. The determination of the kinetic parameters was
carried out according to the following processes: (i) the o
values at the heating rate of 5 K min~"' were collected from
the DSC data in order to calculate the AH; and AH, as
described in Eq. 5 by Origin Lab program. (ii) Repeat step
(i), but using DSC data at the heating rates of 10, 15, 20,
and 25 K min~" instead of those from 5 K min~". The o—
T relation is obtained as shown in Fig. 6 for the heating rate
of 5 K min~". (iii) Using data at step (ii) to calculate the
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Fig. 3 XRD patterns of the synthesized KMnPO4-H,O (a) and
standard file PDF#802360 (b)
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Fig. 4 SEM micrograph of the synthesized KMnPO,-H,O
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Fig. 5 DSC curves of the synthesized KMnPO4-H,O at different
heating rates: 5 (a), 10 (b), 15 (¢), 20 (d), and 25 (f) K min~!
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Fig. 6 Degree of conversions o versus 7 for the dehydration of
synthesized KMnPO,-H,O at the heating rate of 5 K min~"
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Table 1 The peak temperature (7,) and enthalpy of dehydration of x* + 18x3 + 86x2 + 96x
KMnPO,4-H,O at various heating rates h(x) (9)

1

Heating rates/K min— Peak temperature/K AH/Jg™!

5 468.15 297.29

10 481.27 282.15

15 489.62 289.90

20 493.02 285.35

25 496.85 287.01
Average 485.78 288.34 £ 5.74

apparent activation energies using KAS and iterative KAS
equations as mentioned before. Figure 6 indicates the
tentative probable mechanism models of the dehydration
process to be the types of order-based (F), geometrical
contraction (R), and Avrami-Erofeev (A) models [28].

Table 1 illustrates the peak temperature (7;) and
enthalpy changes (AH) of the dehydration reaction of
KMnPO,-H,O confirm an endothermic process. The results
in Table 2 reveal that the activation energy (E, or E) is
approximately independent on alpha (o). In fact, if E values
are independent on «, it means that the process is a single-
step reaction [29, 30]. Hence, this dehydration process can
be interpreted to be the single-step reaction. The iterative
procedure was carried out to calculate the apparent E
approximating the exact value according to the following
equation [31, 32].

B AE E
h(x)T? B 1ng(o:)R RT’ ®)

In

where x = E/RT and h(x) is suggested by the fourth Senum
and Yang [33] approximation formulae

T 12003 + 12002 + 240x + 120°

Based on the data in Fig. 5, the calculated apparent E
approximating the exact values at various degrees of con-
version o of the dehydration process of KMnPO4-H,O by
KAS and iterative methods were evaluated. The results
were presented in Fig. 7. The average activation energies
from both methods were found to be 101.26 and
101.45 kJ mol ™", respectively. The results agree well with
the our previous work [22]. The A values were found to be
based on the mechanism function of g(x) = (1—(1—0()2/ 3)
or differential form of f(o) = (3/2)(1—x)'”* and having the
A values of 2.1481 x 10° (KAS) and 2.4664 x 10° s~
(iterative). These values were obtained by the simple
method as well as presented in wide publications [31, 34].
Equation 10 was used to confirm the mechanism function
for the single-step reaction. The results are tabulated in
Table 3 and confirmed the best mechanism function to be
F;3 model, which agree with Fig. 6.

AE X
Ing(a) = ln?—klnex—z—i—lnh(x) —Inp. (10)
According to the mentioned mechanism model including
this experimental data, the kinetic equation is suggested to be:
1— (1—a)??= ke (11)

Hence, the differential rate law can be expressed as
follows

d 3 _
d—f:2.1481 x 10° x E(pa)‘/%ﬁ% (KAS). (12)
do 5 3 1/3  —loLds . .

P 2.4664 x 10° x E(l—ac) e R’ (iterative KAS).

(13)

Table 2 Activation energy values (E,), pre-exponential factor (A), and correlation coefficient (+°) calculated by KAS and iterative methods for

the dehydration of KMnPO,4-H,O in nitrogen atmosphere

o KAS method Iterative method (KAS)
E,/kJ mol™! r” InA* E,/kJ mol ™! P InA*

0.1 107.16 0.9950 13.6398 107.40 0.9951 13.7689
0.2 102.90 0.9941 12.6629 103.15 0.9941 12.7959
0.3 101.51 0.9930 12.3556 101.77 0.9931 12.4905
04 101.19 0.9923 12.2923 101.45 0.9923 12.4290
0.5 100.70 0.9924 12.1733 101.24 0.9925 12.3079
0.6 100.97 0.9919 12.2329 100.37 0.9919 12.3810
0.7 100.09 0.9933 12.0077 100.37 0.9934 12.1486
0.8 99.75 0.9935 11.9090 100.04 0.9936 12.0543
0.9 97.02 0.9966 11.2244 97.31 0.9966 11.3652
Average 101.26 £ 2.73 0.9936 12.2775 101.45 + 2.74 0.9936 12.4157

* Based on the mechanism function of Fy,;: g(o) = (1—(1-)*?)
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Fig. 7 Dependence of E, on o (o = 0.1-0.9) obtained from KAS and
iterative methods

Table 3 The most probable mechanism functions g(«), slopes and
the correlation coefficients of linear regression (r2) calculated from
Eq. 10

2

Temperature/K Mechanism model r Slope
463 Fis 0.99748 —1.05375
F3 0.99682 —1.14541
R, 0.99728 —0.98536
Ry 0.99734 —1.08958
Ay 0.99598 —1.20375
Asp 0.99598 —0.8025
468 Fis 0.99774 —1.00235
Fs4 0.99461 —1.13575
R, 0.99872 —0.90671
R, 0.99672 —1.05383
Ay 0.99188 —1.22339
Asp 0.99188 —0.81559
473 Fis 0.99722 —0.95924
Fs 0.99192 —1.16519
R, 0.99684 —0.82278
Ry 0.99581 —1.03668
Ay 0.98621 —1.30914
Asp 0.98621 —0.87276

Equations 12 and 13 express that the dehydration rate

equation. The rate of reaction (%) depends on o and 7. At

a constant degree of conversion o, the reaction rate
increases with increasing 7. When 7T is kept constant, then
the rate decreases with increasing o values. In the range of
0.1 < o < 0.3, the effect of T on the rate is dominant, while
in the range of 0.3 < a < 0.9, the value of o is dominant on
affecting the rate.
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Conclusions

The alternative evaluation methodology by combining the DSC
data and the Origin Lab program is presented. This method is
suitable for the evaluation of the peak area at a current tem-
perature from DSC data, in the case of the DSC instrument
lacks of the internal software for the calculation of the peak
area. The title compound was characterized by standard
methods and the morphologies were found to be plate-like in
micro-scalesize. The kinetic studies of thermal decomposition
of the title compound were carried out by KAS and iterative
methods. The relationship between the degree of conversions o
and temperature supports the most probable mechanism func-
tion of type F;3. Complete kinetic study including the exact
value of activation energy of KMnPO,4-H,O is first reported.
Since, the synthesized compound is an alternative precursor for
the preparation of LiMnPQ,, that used as a cathode in lithium
ion batteries. Therefore, the exact kinetic and thermodynamic
data obtained from this work are important information for the
production process development of LiMnPOy,.
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