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Abstract: Mn, 3Coy ;Mg ;P,0;-2H,0 was synthesized via hydrothermal method and the thermal dehydration product was confirmed
to be Mn;3Coy Mg, P,0;. The thermogravimetry/differential thermogravimetry/differential thermal analysis, Fourier transform
infrared, atomic absorption spectrophotometry, X-ray diffraction and scanning electron microscopy techniques were employed for
sample characterization. Non-isothermal kinetics was studied under air atmosphere at four heating rates and the single thermal
dehydration process was observed. Iterative Kissinger—Akahira—Sunose equation was used to calculate the apparent activation
energy E, values. Dehydration process was confirmed to be a single-step kinetic process with the unique kinetic triplets. Malek’s
equations were used to determine the kinetic model f{a)) and pre-exponential factor 4. Sestdk—Berggren model was suggested to be
the mechanism function for the dehydration process. The best fit led to the kinetic triplets of £,=(79.97+6.51) kJ/mol, In A=16.83 and
Aay=a""*(1-a)"** (« is the extent of conversion). The thermodynamic functions of activation were calculated using activated

complex theory together with 4 value.
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1 Introduction

Synthesis, structural, vibrational and thermal
behavior studies of divalent-metal pyrophosphate
hydrates M,P,07nH,0O were reported in the literature
such as the structure studies of Mg (n=1, 2, 3.5, 6) [1-3],
Mn (n=2) [4] and Co (n=2) [5] compounds. The
thermal properties were investigated for Ni (n=6, 8)
compounds [6], whereas the vibrational spectroscopy of
Ca (n=2) compound was studied [7]. The -crystal
structure, vibrational spectra and thermal decomposition
of dipyrophosphate hydrates Zng(P,07),-10H,O were
reported [8]. In addition, the cobalt-pyrophosphates were
reported to exist in four phases, namely a-Co,P,0; at
low temperature [9], f-Co,P,0; at high temperature [10],
y-Co,P,0; at high pressure [11] and the hydrate
form Co,P,0;2H,0 [5]. Crystalline and amorphous
anhydrous forms of M,P,0; were used in many fields
such as waste water purification systems, ferroelectrics
and batteries [12—14]. These forms of M,P,O, were
interested in the catalytic activity such as the conversion
of butane to maleic anhydride [15] and the oxidative
decarboxylation [16]. Mn,P,0; can be used as laser hosts,

ion exchangers, catalysts, ionic conductors, reactants in
conditions, pigments, intercalation
reactions and fertilizers [17—19]. Moreover, Mn,P,0;
showed the electrode property [20], but the property
exhibited significant capacity fading upon cycling.
However, the substitution by Co could overcome this
disadvantage [21]. Cobalt can be a good doping
candidate for Mn,P,0; such as Mn, ,Co,P,0,. It has
been reported that proper doping can perturb the
crystalline growth process and the morphology [21].
Besides, the Co,_,MgP,O; was used as blue-violet
ceramic pigments [22]. Mg is not only justified for its
lower economical cost and less harmful to environment,
but also for the high chemical and thermal
stability [23,24]. Furthermore, the previous studies of
M, Mg P,O; system (M=Cr, Mn, Fe, Co, Ni and
Cu) [24] reported that Mn—Mg crystallized with the
thortveitite (f$-Sc,Si,O;) structure (isostructure between
S-Mg,P,0; and Mn,P,05).

Recently, the tertiary metal NH4CoggZny Mng -
PO4H,O was reported about the synthesis and kinetic
study [25]. The final thermal decomposition products
of the above tri-metal phosphates as well as
NH4MHPO4'H20 [26], NH4MH0'5Mgo‘5PO4'H20 [27] and

ionic ceramic
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NH4Co(5sMg,sPO4 H,0 [27] compounds were confirmed
to be metal pyrophosphates M,P,0,. They can be used as
the precursors to synthesize the lithium single- or
multi-metal phosphates (LiMPO,), which are used as the
cathode materials in the Li-ion batteries. Metal doping is
an effective approach to increase the electrochemical
performance of LiMPO,. Most efforts have focused on
the Mn-site doping [28—31]. In the previous studies, the
multi-ions co-doping was carried out to improve the
electrochemical performance of LiMnPO, [28—31]. The
hydrothermal method was used to synthesize various
compounds, which is used to control the size and
morphology with several other advantages [32].

Various mathematical models of the thermal
decomposition kinetics were used to estimate the kinetic
parameters, namely activation energy E,, pre-exponential
factor A and reaction mechanism f{a) [33,34]. The
kinetic studies were carried out by simultaneous
least-square analysis of the results from thermo-
gravimetry/differential thermogravimetry/differential
thermal analysis (TG/DTG/DTA) at different heating
rates. The kinetic mechanism was achieved by Malek’s
equations to confirm the correctness of the reaction
model [35]. The relationship between kinetic parameters
and thermodynamic functions using isoconversional
model is also reported based on the thermal analysis
techniques. Therefore, the motivation of this work is to
synthesize, characterize as well as study the kinetics and
thermodynamics of the new tertiary metals Co and
Mg co-doped Mn,P,0;,2H,0 as the Mn,;gCog Mgy ;-
P,072H,0 compound. This synthesized sample can be
used as the precursor in the future to synthesize the
cathode material of LiMngg9Co0¢osMgposPO4 with the
improved performance.

2 Method

Chemical reagents were purchased from Carlo Erba.
The tertiary metal compound Mn, sCoy ;Mg ;P,07-2H,0
was synthesized via the low-temperature hydrothermal
method using MnCl,-4H,0, CoCl,-6H,0, MgCl,-6H,0
and K4P,0; separately dissolved in deionized (DI) water.
In the typical synthesis, the mixture solution of 25 mL of
0.9 mol/L Mn*", 25 mL of 0.05 mol/L Co*" and 25 mL of
0.05 mol/L Mg”" was added into 25 mL of 0.5 mol/L
P,07  solution with the mole ratio of total metals
(Mn+Co+Mg) to pyrophosphate PZO‘;’ of 2:1. This
mixture was promptly transferred to a 100 mL
Teflon-lined stainless steel autoclave and heated at 85 °C
for 5 h. After the completion of hydrothermal reaction,
the pink precipitates were obtained followed by filtering,
washing with DI water and ethanol several times to
remove ions possibly remaining in the final products.
Then, the samples were dried in a desiccator for further

investigation. The preparation of the title compound was
carried out according to the following hydrothermal
synthesis equation:

1.8Mn** +0.1Co** +0.1Mg** + P,07” +2H,0 —
Mn, 3Co, Mg, ,P,0; -2H,0 (1)

Water contents in the synthesized hydrate were
determined by TG/DTG/DTA methods on a Pyris
Diamond Perkin-Elmer. The Mn, Co and Mg contents
were confirmed by atomic absorption spectrophotometry
(AAS, Perkin Elmer, Analyst 100). Fourier transform
infrared (FTIR) spectra were recorded in the
wavenumber range of 4000370 cm ™' using KBr pellet
technique (KBr spectroscopy grade, Merck) on a Perkin
Elmer spectrum GX FTIR/FT Raman spectrophotometer
with 32 scans and the resolution of 4 cm™'. The crystal
structures were determined by using X-ray powder
diffraction (XRD) method and compared with the
standard powder diffraction file (PDF) database of the
International Center for Diffraction Data (ICDD). The 26
angles were in the range of 5°—70° with 0.02° increment
and 1 s/step scan speed using a D8 advanced powder
diffractometer (Bruker AXS, Karlsruhe, Germany) with
Cu K, radiation. The lattice parameters and cell volumes
can be obtained from a least square refinement of the
XRD data with the aid of a computer program corrected
for systematic experimental errors. The Scherrer
equation, Eq. (2), can be used to calculate the crystallite
size (D)

k2
pcosb

2)

where / is the wavelength of X-ray radiation (0.15406 A),
k is a constant taken as 0.89, 6 is the diffraction angle
and p is the full width at half maximum XRD
intensity [36]. The morphologies were investigated by
scanning electron microscopy (SEM) using LEO
VP1450 SEM after gold coating technique. The thermal
kinetic experiments were carried out using TG/DTG/
DTA at four heating rates of 5, 10, 15 and 20 °C/min
over the temperature range of 90—150 °C in air with the
air flow rate of 100 mL/min. The sample mass of about
8.5 mg was filled into an alumina pan without pressing
and without a lid, and the TG/DTG/DTA curves were
recorded by using a-Al,O; as the reference material.

3 Theoretical background

The isoconversional kinetic theory treatment
of the solid state reaction of type A(solid)—B(solid) +
C(gas) or Y Ai(solid)—) B,(solid)+) Ci(gas) [25-27,38]
frequently expresses the reaction rate function of two
variables (temperature 7/K and extent of conversion o)
by the following well-known equation [37—46]:
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da -E
— = Af (@) exp(— 3
m If (e) exp( RT) 3)
when 4 is the pre-exponential factor, R is the molar gas
constant (8.314 J/(mol'K) and fla) is the differential
form of the mechanism function or conversion function.
The o value from TG analysis is defined as the ratio of
mass losses in the investigated process
g ="M (4)
my —mg
where m;, is the mass of the sample at time ¢, m, and m;
are the masses of the sample at the beginning and the
ending of mass loss in the TG curve, respectively.
Equation (3) can be modified based on a heating
rate f=dT/d¢ [25] to be Eq. (5).

da 4,
fl@) B

The solution of the left hand side of Eq. (5)
represented by g(a), which is referred to as the integral
form of the mechanism function:

« daa 4
O fla) B

Function g(a) depends on the explicit expression of
function fla). Various scientists suggested different ways
of solving Eq. (6). Thus, the kinetics of solid state
reactions can be described by various equations

depending on their assumptions and the mechanism
involved.

xp%)dr 5)

T —-FE
gla)=| [ exp(dT (6)

3.1 Apparent E, value determination

In the present work, the non-isothermal kinetic was
studied using model-free or isoconversional method
(such as KAS method). The apparent E, value was

evaluated by the iterative KAS method [47—49]
according to the equation:
E
n p > =1In AR Eq (7
z(x)T g(a)E, RT

where x=FE,/(RT) and =(x) is expressed by the
eighth-order rational equation of Pérez-Maqueda and
Criado [50] approximation formula:

7(x) = (x" +70x® +1886x> +24920x* +170136x° +

577584x% +844560x +357120) / (x® +72x" +
2024x° +28560x° +216720x* +880320x° +
1794240x% +1572480x +403200) (8)

The iterative procedure was performed in three
following steps: 1) Assume z(x)=1 to estimate the initial
value E,;. The isoconversional method stops the
calculation at this step. 2) Using evaluated E,; to
calculate a new activation energy value or E,, from the

plot of In [/(zx(x)T*)] vs 1/T. 3) Repeat step 2), replacing
E,1 by E,p. When E,—E,;1 <0.1 kJ/mol, the last E,;
value will be considered to be the reliable apparent E,
value of the reaction.

3.2 Mechanism function determination

The isoconversional (model-free) method can be
applied without knowing the true reaction mechanism
function, but this function must be invariant for all
experimental heating rates. The invariance can be
examined according to the procedure proposed by
VYAZOVKIN et al [34] and MALEK [35,51]. This
procedure suggests that the mechanism function is
proportional to two special functions y(a) and z(a), that
can basically be obtained by a simple transformation of
the TG data. In the present work, Malek equations were
used to choose an appropriate kinetic model. According
to Eq. (3), this equation can be rearranged to obtain
Eq. (9) for further determination of the special function
y(a) [34,35,38].

V(@) = (_)a exp( - ) Af (@) €))

T -E
hile the temperature integral exp(—)dT in
w peratu gral [ exp(_)
Eq. (6) can be solved as follows [34]:

AE,, m(x

gl@) = Lexp(-n ™ (10)
BR

After that, multiply Egs. (9) and (10), followed by

some rearrangements. The z(a) function is introduced to

formulate as

(@)= f(@)g(a) = ( jT [’;ﬁ)] (11)

As evidenced from Egs. (9) and (11), it is necessary
to know the E, value in non-isothermal conditions. By
plotting the y(a) and z(a) dependence, normalized with
the values of 0—1. Therefore, the type of reaction model
can be recognized by determining the maximal values
including @,, @, and a;’ observed from the plots
between do/dt, y(a) and z(a) functions vs a, respectively.
The mathematical properties of the y(a) and z(a)
functions for basic kinetic models are summarized in
Table 1 [51].

4 Results and discussion

4.1 Characterization

Thermal analysis measurement of the synthesized
hydrate compound, Mn;3Coy ;Mg P,O07:2H,0, was
carried out at a heating rate of 10 °C/min. The
typical TG/DTG/DTA  curves recorded under
flowing air atmosphere are shown in Fig. 1. The single
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Table 1 Summary of kinetic mechanism determinations [51]

1019

Reaction model Symbol Aa) y(a) z(ar)
Reaction nth order model IR (1-a)" n<l: Convex n>1: @, depending
" —a
(Nucleation/Decay) 0 Concave on exponents
Phase boundary controlled reaction
(contracting area, i.e., bidimensional R, 2(1-a)'? Convex 0.750
shape or one-half order kinetics)
Phase boundary controlled reaction
(contracting area, i.e., tridimensional Ry 3(1-a)*? Convex 0.704
shape or two-thirds order kinetics)
<1: C
Johnson Mehl Avrami general —Un " olncave
. . JMA n(1-a)[~In(1-a)] n=1: Linear 0.632
equation (Growth of nuclei)
n>1:0<a,<a,
One-dimensional diffusion D, 1/2a) - -
Two-dimensional diffusion D, —1/In(1-a) Concave 0.834
Three-dimensional diffusion 3(1-a)”
. D; a5, Concave 0.704
(Jander’s equation) A1-(1-a)""]
Three-dimensional diffusion 3
L . Dy -3 Concave 0.776
(Ginstling equation) Al-a) " -1]
Sestak—Berggren SB(m. n) (1= 0<a<a a;f depending on
(Autocatalytic model) ’ " exponents
160 [ 0 120 °C 4 (90_150 OC), there exists
~ 10, -8 Mn, 5Coy, Mg P05 - 2H,0(s) —=——
= 120+ -2
& 100 L2 ~4FMass loss: . 6 Mn, 5Coy Mgy 1P,0;(s) +2H,0(g) (12)
S % | mew z FTIR £ th hesized  hyd
S sol 2 1920 3 spectra of the synthesize ydrate
& 2 ly 1204 = Mn, 3Cog Mgy P,0;-2H,0 and its thermal dehydration
B 60 = L 1-28 é} product Mn, Cop Mgy P,O; are shown in Fig. 3. The
g 40 8r 5 | 32 broad bands in the region of 3600—3000 cm | are
= 20 1ol 1236 assigned to the O—H stretching vibrations of both
ol 121 5C ~40 asymmetric v3;B,(H,O) (higher energy) and symmetric
) 90 100 110 120 130 140 150 viA1(H,0) (lower energy) modes, while the single band
Temperature/°C observed at 1650 cm ' is assigned to H—O—H bending

Fig. 1 Single thermal dehydration process of Mn; gCog Mgy -
P,07-2H,0 obtained from TG/DTG/DTA techniques at heating
rate of 10 °C/min
decomposition step was observed over the
experimentally temperature range of 90 and 150 °C
according to the maximum temperature of DTG and
endothermic DTA peaks at 120 and 121 °C, respectively.
A single mass loss of the process is about 11.19%
(theoretical value, 11.36%), which corresponds to the
elimination of 2 mol crystallization water to form the
anhydrous Mn, 3Coy Mgy P,O;. The non-isothermal
TG/DTG/DTA curves of the title hydrate at four heating
rates are shown in Fig. 2. According to the results from
Figs. 1 and 2, the thermal dehydration process of the title
hydrate can be suggested as follows.

In the single thermal dehydration process

vibration of v,A;(H,O) mode of water molecule. The
FTIR spectra (Figs. 3(a) and (b)) of the hydrate and its
anhydrous forms are interpreted according to the
vibrating units of H,O molecule and P,03  anion,
respectively. The asymmetric vuqm(PO,) and symmetric
Veym(PO>) stretching vibrational modes of PZO;F anion
are observed in the regions of 1255—1140 and 1150—
950 cm ' [26,37,52], respectively. While the asymmetric
Vasym(P——O—P) and symmetric vymu(P—0O—P) modes
of P—O—P bridges are observed in the ranges of
1015-940 and 760—400 cm ', respectively.

XRD patterns of the synthesized hydrate and its
thermal dehydration product are presented in Fig. 4. The
very strong intensities and obviously smooth baselines of
diffraction patterns of both hydrate and anhydrous
compounds indicate the high crystallinity and excellent
purity. All diffraction peaks in Fig. 4(a) are indexed as
the monoclinic phase Mn; gCoy Mgy ;P,07-2H,0 with
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Fig. 2 TG (a), DTG (b) and DTA (c) curves of single thermal
dehydration process of Mn;gCoy Mg 1P,0,-2H,0 at heating
rates of 5, 10, 15 and 20 °C/min

the space group of P21/b(Cgh , No. 14) according to the

PDF No. 71-0760 (standard Mn,P,0;-:2H,0O compound)
with standard cell parameters a=6.461 A, b=14.320 A
and ¢=7.570 A. The calculated cell parameters in this
work are ¢=6.473 A, b=14.342 A and ¢=7.558 A with
o=y=90° 7 5. While the corresponding calculated cell
volume and crystallite size are 701.65 A* and 48.2 nm,
respectively. On the other hand, a diffraction pattern
in Fig. 4(b) observed after the completion of the thermal

(®)

420

) ) ©
o~ S <5
o (=) wvy
)

4000 3560 30b0 25|00 20b0 1560 IOIOO 560
Wavenumber/cm™!

Fig. 3 FTIR spectra of Mn; 3Cop1MgqP,072H,0 (a) and its

thermal dehydration product Mn, gCog Mg P,0; (b) by KBr

pellet technique at room temperature in wavenumber range of
4000-370 cm''

b H H[ [T T T o 11
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Fig. 4 XRD patterns of Mn;3Cog Mg, P,0,2H,0 (a)
compared with PDF No. 71-0760 (standard Mn,P,0,-2H,0
compound) and its thermal dehydration  product
Mn; 3Coy 1 Mg, P07 (b) compared with PDF No. 77-1243
(standard Mn,P,0; compound)

dehydration of the hydrate precursor is indexed as the
well-crystalline phase Mn, 3Co, Mgy P,0; according to
the PDF No. 77-1243 (standard Mn,P,0; compound),
which crystallizes in the monoclinic system and the
space group of Cy/m (Cgh, No. 12). The standard cell
parameters are a=6.633 A, »=8.584 A and ¢=4.646 A,
compared with the calculated cell parameters in this
work of a=6.649 A, »=8.598 A and ¢=4.635 A and
0=y=90° # f5. The corresponding cell volume and
crystallite size are 264.97 A* and 37.8 nm, respectively.
SEM image of the synthesized hydrate in Fig. 5(a)
illustrates the plate-like crystals having sizes of 4—6 um
in width and 7—8 pum in length together with smaller size
irregular particles of 2—3 um. While the final thermal
dehydration product in Fig. 5(b) shows the irregular
shape having sizes of 0.3—0.5 pum together with larger
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irregular particles with the sizes of 0.5-1 pum. The
anhydrous product exhibiting significantly different
morphologies is suggested to be due to the temperature
effect upon dehydration process. The mole numbers of
the divalent metals (Mn, Co, Mg) per chemical formula
of both hydrate and anhydrous compounds were
determined and confirmed by AAS method, while the
mole number of the water in the hydrate was determined
and confirmed from the mass loss in TG curve. The
results confirmed that the formula of the synthesized
hydrate is Mn; 3Co, Mg, P,07-:2H,0, while the final
thermal dehydration product is Mn; gCo, Mgy 1 P,04.

Fig. 5 SEM images after gold coating technique of
Mn, gCoy Mgy 1P,O72H,0 (plate-like crystals) (a) and its
thermal dehydration product Mn,; gCoy;MgyP,O; (irregular
shape) (b)

4.2 Kinetics, mechanism and thermodynamics
4.2.1 Apparent E, value

Thermal analysis measurement of the synthesized
hydrate, Mn,; 3Co, Mg, P,0;-2H,0, was carried out
under non-isothermal conditions. The TG/DTG/DTA
results of the synthesized hydrate at four heating rates f
of 5, 10, 15 and 20 °C/min over the experimentally
temperature range of 90—150 °C are shown in Fig. 2. The
peak temperatures of TG/DTG/DTA curves increase as
the heating rate increases accompanied by shifting to a
higher temperature. The isoconversional iterative KAS
equation was used to evaluate the apparent £, value with
the reliable value. The E, values of the single thermal
dehydration process corresponding to  different
conversions o values ranging from 0.10 to 0.90 with a
0.02 increment are obtained. The variation of E, and 4
values for a<0.10 and ¢>0.90 is not automatically a

major concern, because those parameters can be
affected greatly by possible minor errors in baseline
determination [34]. In this work, the relations between
the values of E, and a of the dehydration process are
shown in Fig. 6. If E, values are roughly constant over
the entire o range and if no shoulders are observed in the
reaction process curve such as de/dt vs T curve, it is
likely that the process is dominated by a single step
process and can be adequately described by a single-step
kinetic model [34]. However, it is more common that the
reaction parameters vary significantly with o. If the
reaction process curve has multiple peaks and/or
shoulders, the E, and A values at appropriate levels of a
can be used for the input to multi-step model fitting
computations [34,53]. In addition, it can be also
considered as the single-step kinetics, if the £, values are
independent of a values, by which the changes of the
maximum E,,x or minimum E, ., values from the
average one E,,, must be less than 10% [34]. In this
work, E, values of the system tend to increase as a
values increase (Fig. 6). The average apparent E,,, value
of the dehydration process was determined to be
(79.97+6.51) kJ/mol with the corresponding average
correlation coefficient (+°) of 0.9996 obtained from the
iterative KAS equation plots In [8/A(x)T*] vs 1/T). The
TG/DTG/DTA curves in Fig. 2 exhibited neither multiple
peaks nor shoulders and the relative errors between the
maximum £, ,x or minimum £, i, and the average E,,y
values displayed in Fig. 6 are 8.91% (£, max VS E,4v) and
8.75% (Eumin VS Eqay), respectively, which are less than
10%. Therefore, the single thermal dehydration process
of the studied hydrate was considered to be the
single-step kinetic process and can be adequately
described by the unique kinetic triplet (£,, 4 and f{a)).

88
"
86+ "
gal  Eaa=79.97 ki/mol
E, max=87.10 kJ/mol Junt
= 82t Ey min=72.97 kJ/mol ="
S "
g 80r -
= -
< 78r .l-
a 76 -l...
II..
T4t o .
TTL] Relative error of E,, ,,,=8.91%
72F Relative error of E, ;,=8.75%
70 : ' : : s : s
0.1 02 03 04 05 06 07 0.8 09
a

Fig. 6 E, values for single thermal dehydration process of
Mn, gCog 1 Mgp 1P,07:2H,0 with relative errors less than 10%

4.2.2Kinetic mechanism and pre-exponential factor 4
Reaction mechanism is the most important
information to identify the physical meaning from the
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kinetic triplets of the thermal dehydration. According to
the thermogravimetric experimental results and the
average apparent E,,, value obtained from the iterative
isoconversional KAS equation in Eq. (7), the variations
of a vs T and da/d¢t vs T for the thermal dehydration of
the synthesized hydrate Mn;3Co, Mg, P,07-:2H,0 can
be determined and shown in Fig. 7. After that, the
reaction rate da/d¢ as well as the mentioned Malek
equations (Egs. (9) and (11)) will be used to generate the
experimental plots between normalized y(a) vs a and
normalized z(a) vs a. The variations of the normalized
y(a) and z(a) functions on the conversion « are illustrated
in Fig. 8. The shapes of the plots are practically
unchanged with respect to heating rate . For the
calculation of the above functions (y(a) and z(a)), the
average E,,, value of 79.97 kJ/mol evaluated from
iterative KAS method was used. Figure 8 illustrates the
variations of da/df vs a, y(a) vs a and z(a) vs a at a
heating rate of 5 °C/min. The results of the experimental
plots for other three heating rates of 10, 15 and
20°C/min  do not exhibit significant
Subsequently, the determination of the most probable
reaction mechanism function for the dehydration process
is established. The reaction mechanism function to
describe the experimental data was determined by the
isoconversional Malek equations. The data in Table 2
extracted from Fig. 8 lead to the maximum peaks for the
plots of da/dt vs a, y(a) vs a and z(a) vs a and are
denoted as a,, a,, and a;’, respectively. The results are
summarized in Table 2. The maximum values of the
curves da/dt vs o obtained from four different heating
rates are observed in the a range of 0.541-0.543,
whereas the maximum values in the cases of y(a) vs a
and z(a) vs a are found in the a ranges of 0.217—0.221
and 0.758-0.761, respectively. That means 0<a,,(0.219)<
2,(0.542) and @, =0.76070.632 (see Table 1, JMA
model for a;" ). According to the decision standard of
the Malek equations together with the consideration from
Table 1, two-parameters in Sestik—Berggren model
(m, n) or SB (m, n) [35,51,54] can be used to fit the
non-isothermal dehydration kinetic process of the studied
system. The autocatalytic SB (m, n) model [54,55] in
which fla)=a"(1—a)", where m and n represent the
reaction orders or kinetic exponents, seems to be the
most suitable for the dehydration process of the title

variation.

Table 2 Values of a,,, @, «? ,n, m and In 4 at four heating rates
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thermal dehydration process of Mn; 3Coy Mg P,0,2H,0 at
heating rate of 5 °C/min

synthesized hydrate. The mechanical reaction is
autocatalytic chemical reaction when a concentration of
product vs time plot exhibits an S-shaped profile [56].
According to the obtained result in this work, the
reaction progress or extent of conversion a vs time ¢ or
temperature 7 shows the S-shaped curve (a vs T plot,
Fig. 7). This type chemical reaction, the chemical rate
increases as the materials react. The most important
factor in predicting the effects is the temperature. It is
clear that the temperature changes leads to the change of

B/(°C-min") a, (da/dt vs a) a, (V(a) vs a) a;, (2(a) vs a) n m In 4
5 0.542 0.221 0.759 1.257 0.520 16.84

10 0.543 0.219 0.760 1.257 0.518 16.85

15 0.541 0.220 0.761 1.251 0.520 16.81

20 0.542 0.217 0.758 1.255 0.521 16.83
Average 0.542 0.219 0.760 1.255 0.520 16.83
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reaction rate [57]. If one of the reaction products is also a
reactant, it behaves as a catalyst in the same or a coupled
reaction. Common autocatalytic rate curve is like
umbrella [57], which agrees with the autocatalytic curve
of da/dt vs T, as shown in Fig 7. The reaction rate
increases with the increase of temperature in the
autocatalytic curve until it reaches a maximum and then
decreases [57]. By applying the SB (m, n) model, the
simulation of TG curve using non-linear regression
method leads to the kinetic parameters. The SB (m, n)
model can be expressed by the following equation:

da -E

— =Adexp(—)a" (1-a)" 13

& p( z T) (I-a) (13)
Equation (13) was obtained from the substitution

according to fla)=a"(1-a)" from the SB (m, n) model,

into Eq. (3). By logarithmic transformation, Eq. (13) will

be

d_O! i _ min
h{(dt)exp(RT)} InA+nn[a™"(1-a)] (14)

where m/n can be replaced by a,/(1—a,,) [35]. Then, the
special kinetic parameters, 7, In 4 and m can be obtained.
For instance, the variations of the plots between

In {(d—a)exp(i)}vs In [ (1-a)] for 0.1<a<0.9 at
dr RT

a heating rate of 5 °C/min are shown in Fig. 9 with the
corresponding correlation coefficient () in the plots of
0.9998, 0.9997, 0.9997 and 0.9996 for the heating rates
of 5, 10, 15 and 20 °C/min, respectively. The n and In 4
values can be determined from the slope and intercept of
the fitted lines, respectively. Then, m value can be
obtained by multiplying » and a,/(1-a,,). The results for
other three heating rates (10, 15 and 20 °C/min) in the
studied system are also presented in Table 2. According
to the results from this method, the substitution of the
calculated kinetic parameters in both kinetic triplets (£,,
A and f{a)) and special kinetic parameters (» and m) into
Eq. (3) leads to an explicit rate equation for predicting
the studied non-isothermal dehydration reaction as
follows:

da

o 2.038x107 exp(_79‘97

0.520 1.255
RT ya " (1-a) (15)

The experimental and simulated curves between
da/dt vs T at four heating rates £ are compared, as shown
in Fig. 10. The initial condition for solving Eq. (15) was
set at a=0.005 [39] and 7=90 °C to cover the overall
reaction of the thermal decomposition of studied
system in this work. According to Fig. 10, Eq. (15)
can appropriately  describe the non-isothermal
dehydration process of the synthesized hydrate
Mn;, 5Cog.1Mgo.1P207-2H,0.
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4.2.3 Thermodynamic functions

According to the transition state complex theory of
Eyring [58], the entropy change of transition state
complex or entropy of activation AS® is related to the
pre-exponential factor or frequency factor A as
follows [59]:

Ah
eykgTh

AS® =RIn

(16)

where e is the Neper number (2.7183), y is the transition
factor (=1 for the complete reaction), kg and #
are the Boltzmann (1.3806x10> J/K) and Planck
(6.6261x 10** I-s) constants, respectively, T is the peak
temperature (393.60 K) from DTG curve at =5 °C/min
and R is the mole gas constant.

The enthalpy change or heat of activation AH® and
Gibbs free energy change of activation or Gibbs free
energy of activation AG® can be calculated according to
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Egs. (17) and (18), respectively [60]:

AH®=E,~RT (17)
AG®=AH°-TAS® (18)

The calculated entropy of activation AS® for
dehydration process is —115.61 J/(K'mol), while the
corresponding enthalpy of activation AH® and the
Gibbs free energy of activation AG® are 75.82 and
107.81 kJ/mol, respectively. The negative AS® value
reveals that the activated state is less disordered
compared with the initial state, which suggests a small
number of degrees of freedom due to rotation and
vibration. This may be interpreted as a “slow” stage [61].
The endothermic peak in DTA curve agrees well with the
positive sign of AH® value. The positive AG® value
confirms that the studied thermal dehydration reaction is
a non-spontaneous process.

5 Conclusions

The single-step of the thermal dehydration process
of monoclinic crystal system, Mn; sCo, Mg, ;P,07-2H,0,
was observed and the final product was confirmed to be
Mn; 3Coy Mg 1P,O;. The kinetics of the non-isothermal
dehydration process was accurately determined from a
series of thermo-analytical experiments at four heating
rates. The isoconversional kinetic study was carried out
using the iterative KAS method and found that the
calculated apparent E, tends to increase as the o values
increase. The average apparent E, value as well as the
absence of shoulder in the reaction process curve (do/df)
indicates the single-step kinetic process and can be
adequately described by the unique kinetic triplets (E,, A
and f{a)). The reaction model was suggested using two
special functions from Malek’s equations. The shapes of
(@) and z(a) indicate that the autocatalytic
Sestdk—Berggren model is the reaction model for
describing the dehydration process. The related
thermodynamic functions of the transition state
complexes were calculated through the kinetic
parameters and found to agree well with the thermal
analysis data.
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