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The thermal transformation of Co(H2PO4)2 ·2H2O was studied under a dry air atmosphere using
TG-DTG-DTA. The TG-DTG-DTA curves show that the transformation occurs in three steps, which
are dehydration processes. Co(H2PO4)2 ·2H2O and its thermal transformation product were characterized by
scanning electron microscopy (SEM), X-ray powder diffraction (XRD), Fourier transform infrared (FTIR),
and UV-vis near-IR techniques. The nonisothermal kinetics of Co(H2PO4)2 ·2H2O was studied by means
of the Kissinger method. The specificity of the thermal transformation was characterized by identification
of the bonds to be selectively activated because of energy absorption at the vibrational level, which are
confirmed by the comparison of calculated wavenumbers and observed wavenumbers of the FTIR spectra.
The activated complex theory has been applied to each step of the reactions, and the thermodynamic functions
∆H *, ∆G*, and ∆S* are calculated. These values for three stages showed that they are connected with the
introduction of heat and are nonspontaneous processes.

1. Introduction

Currently, the acid phosphates of some bivalent metals have
been reported to be important inorganic compounds.1-5 They
are generally known to possess optical, electrical, and magnetic
properties of practical importance, which are determined by the
presence of very strong hydrogen bonds in their crystal lattices.5

In particular, manganese, iron, cobalt, nickel, and zinc dihy-
drogen phosphates are components of antiproof corrosion
compositions.2 Calcium, manganese, and iron dihydrogen
phosphates are appropriate sources of macro- and micronutrients
(P, Ca, Mn, Fe) because of their solubility in soil.2 The dihydrate
belongs to the well-known series of isostructural crystallohy-
drates M(H2PO4)2 ·2H2O (M ) Mg, Mn, Co, Ni, Fe, Zn), which
have similar X-ray diffraction patterns and close unit cell
parameters. (They crystallize in the monoclinic space group
P21/n with Z ) 2.)1-5 M(H2PO4)2 ·2H2O can be synthesized
from metal(II) carbonate and phosphoric acid at low tem-
perature ((40 to 80) °C) over long time periods (> 8 h).1

So far, only the crystal structure and thermal analysis of
M(H2PO4)2 ·2H2O have been reported.6,9,13,14 Most recently,
Koleva et al. reported the crystal structure and magnetic
properties of M(H2PO4)2 ·2H2O (M ) Mg, Mn, Fe, Co, Ni, Zn,
Cd).1,5The final decomposition products of metal dihydro-
genphosphates were found to be metal cyclotetraphosphates,
which are used as pigments, catalysts, and luminophore-
supporting matrices.6-9 Therefore, thermal treatments of these
dihydrogen phosphate hydrates have a great synthetic po-
tential, which relates to the hydrate in the conventional crystal
form. The presence of water molecules influences the
intermolecular interactions (affecting the internal energy and
enthalpy) as well as the crystalline disorder (entropy) and,

hence, influences the Gibbs energy, thermodynamic activity,
solubility, stability, electrochemical, and catalytic activity.10-14

To control the state of hydration of the active ingredient, it
is therefore important and necessary to understand the kinetics
and thermodynamics of dehydration and decomposition
processes under appropriate conditions. In many methods of
kinetics estimation, the model-free method is recommended
to be a trustworthy way of obtaining reliable and consistent
kinetic information,10 which involves measuring the temper-
atures corresponding to fixed values of the extent of
conversion (R) from experiments at different heating rates
(�). The results obtained on this basis can be directly applied
to materials science for the preparation of various metals and
alloys, ceramics, glasses, enamels, glazes, and polymer and
composite materials.

In this respect, the formation of Co2P4O12 from Co(H2PO4)2 ·
2H2O was followed using differential thermal analysis-ther-
mogravimetry (TG-DTG-DTA), X-ray powder diffraction
(XRD), scanning electron microscopy (SEM), Fourier trans-
form-infrared (FT-IR), and UV-vis near-IR techniques.
Thermal transformation of Co(H2PO4)2 ·2H2O was studied by
means of nonisothermal kinetics (the Kissinger method)15 in
which a correlation among the temperature, activation energy,
and the wavenumbers assigned to the bond is responsible for
the thermal decomposition steps of the compound. The relation-
ship between kinetic parameters (E and A) and thermodynamic
functions (∆H *, ∆G*, and ∆S*) via the Kissinger method is
reported on the basis of thermal analysis techniques. This is an
alternative method for the prediction of these parameters. The
advantage of the Kissinger equation is that the values of E and
A can be calculated on the basis of multiple thermogravimetric
curves and do not require the selection of a particular kinetic
model (type g(R) or f(R) function).16,17 The thermodynamic
(∆H *, ∆S*, ∆G*) and kinetic (E and A) parameters of three
decomposition steps of Co(H2PO4)2 ·2H2O are discussed for the
first time.

* Corresponding author. Tel: +66-43-202222 to 9 ext. 12243. Fax: +66-
43-202373. E-mail: chanai@kku.ac.th.
† Chumphon Campus, King Mongkut’s Institute of Technology Ladkrabang.
‡ Department of Chemistry, Faculty of Science, King Mongkut’s Institute
of Technology Ladkrabang.
§ Khon Kaen University.

J. Chem. Eng. Data 2009, 54, 1225–1230 1225

10.1021/je800576w CCC: $40.75  2009 American Chemical Society
Published on Web 03/24/2009



2. Experimental Procedures

2.1. Preparation. The compound Co(H2PO4)2 ·2H2O was
prepared by a solution precipitation method using cobalt
carbonate (CoCO3, 99.99 %, Merck) and phosphoric acid (86.4
% w/w H3PO4, Merck) as starting materials. About 1.2g of
CoCO3was dissolved in 70 % H3PO4 (86.4 % w/w H3PO4

dissolved in DI water) with continuous stirring at 40 °C on a
hot plate. The resulting solution was stirred until CO2(g) was
completely evolved ((15 to 30) min) and the precipitates were
obtained. A nearly dry sample was obtained, and then 10 mL
of acetone was added to allow a highly crystalline product to
be developed. The prepared solid was filtered by a suction pump,
washed with acetone, and dried in air.

2.2. Characterization Methods. The water content was
analyzed by TG data. Thermal properties of Co(H2PO4)2 ·2H2O
were investigated on a TG-DTG-DTA apparatus (Pyris
Diamond Perkin-Elmer Instruments). The experiments were
performed under dynamic air at heating rates of (5, 10, 15, and
20) K ·min-1 over the temperature range from (303 to 873) K
and the air flow rate of 100 mL ·min-1. A sample mass of about
(6.0 to 10.0) mg was added to an alumina crucible without
pressing. The thermogram of a sample was recorded in an open
alumina crucible using R-Al2O3 as the reference material. The
synthesized Co(H2PO4)2 ·2H2O was calcined in a box furnace
at 773 K under air, and the thermal transformation products
were further investigated. The structure and crystallite size of
the prepared Co(H2PO4)2 ·2H2O and its thermal transformation
product (Co2P4O12) were studied by XRD using X-ray diffrac-
tometry (Phillips PW3040, The Netherlands) with Cu KR
radiation (λ ) 0.1546 nm). The Scherrer method was used to
evaluate the crystallite size (i.e., D ) Kλ/� cos θ, where λ is
the wavelength of X-ray radiation, K is a constant taken to be
0.89, θ is the diffraction angle, and � is the full width at half-
maximum (fwhm)).18 The morphologies of the selected resulting
samples were examined by scanning electron microscope using
a LEO SEM VP1450 after gold coating. The room temperature
FTIR spectra were recorded in the range of (4000 to 370) cm-1

with eight scans on a Perkin-Elmer Spectrum GX FT-IR/FT-
Raman spectrometer with a resolution of 4 cm-1 using KBr
pellets (spectroscopy grade, Merck).

3. Result and Discussion

3.1. Thermal Stability of Co(H2PO4)2 ·2H2O. The TG-DTG-
DTA curves of Co(H2PO4)2 ·2H2O are shown in Figure 1. The
TG curve of Co(H2PO4)2 ·2H2O shows the weight loss in the
range of (353 to 873) K. The observed increasing mass loss at
the beginning of the TG curve may be due to the partial adsorbed
moisture on the surface of the studied sample. The elimination
of water was observed in three areas: (353 to 473) K, (473 to
573) K, and (573 to 703) K. The corresponding observed weight

losses are (10.70, 7.27, and 4.76) % by mass, which correspond
to (1.72, 1.17, and 0.76) mol of water, respectively. Three
endothermic effects on the DTA are observed at (408, 523, and
634) K, which correspond to the DTG peaks at (404, 520, and
657) K, respectively. The thermal decomposition of Co(H2PO4)2 ·
2H2O is a complex process, that involves the dehydration of
the coordinated water molecules (∼2 mol H2O) in the first step
and an intramolecular dehydration of the protonated phosphate
groups (∼2 mol H2O) in the last two steps. The processes can
be formally presented as

A large number of intermediate compounds, such as acid
polyphosphate, Co(H2PO4)2, acid condensed phosphate,
CoH2P2O7, and mixtures of intermediates of both have been
registered. Cobalt cyclotetraphosphate, Co2P4O12, was found
to be the final product of the thermal transformation in the
range of (673 to 873) K, as revealed by the TG curve. The
total mass loss is 22.73 % (3.64 mol H2O), which is close to
the theoretical value (24.92 % (4 mol H2O) and is also in
agreement with those values reported in the literature to be
in the range of 1 to 4).1-5 To gain the complete dehydration
of synthesized Co(H2PO4)2 · 2H2O, the sample of Co(H2PO4)2 ·
2H2O was heated in the furnace at 773 K for 3 h, and the
dehydrated product was found to be cobalt cyclotetraphos-
phate, Co2P4O12.

The specificity of the thermal decomposition was character-
ized by identification of the bonds to be selectively activated
because of energy absorption at the vibrational level.13 We
assigned these bonds by comparing the calculated wavenumbers
with the observed wavenumbers in the IR spectra. The specific-
ity of decomposition under nonisothermal conditions is due to
a selective vibrational energy accumulation on a certain bond.
This breaking bond is assimilated with a Morse oscillator19

coupled nonlinear to the harmonic oscillators of the thermic
field. Following a theoretical treatment developed by Vlase et
al.,13 the relationship between the isokinetic temperature (Ti)
and the wavenumber of the activated bond is

kB and h are, respectively, the Boltzmann and Planck constants,
and c is the light velocity. Because the breaking bond has an
unharmonic behavior, the specific activation is possible due to
more than one quanta or a higher harmonic. Here, ωcalcd is
calculated by eq 4, which is assigned to the spectroscopic
wavenumber for the bond supposed to break. ωsp is the
frequency band of a particular vibrational mode and is calculated
by ωsp ) qωcalcd, q ∈ N ) 1, 2, 3, ... (quanta number).
Additionally, the ωcalcd values with the ωsp values determined
from the DTG data, together with the assignments of the
corresponding oscillations, are compared. In this article, we
suggested the maximum peak temperature, Tp, in the DTG curve
for the calculated wavenumbers (ωsp) according to eq 4. To
corroborate the calculated data with the spectroscopic data, we
drew up the FTIR spectra of the studied compound. Table 1

Figure 1. TG-DTG-DTA curves of Co(H2PO4)2 ·2H2O at a heating rate
of 10 K ·min-1 in air. Co(H2PO4)2 ·2H2O f Co(H2PO4)2 + ∼ 2H2O (1)

Co(H2PO4)2 f CoH2P2O7 + ∼ H2O (2)

CoH2P2O7 f
1/2Co2P4O12 + ∼ H2O (3)

ωcalcd )
kB

hc
Ti ) 0.695Ti (4)
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shows the comparison of the ωcalcd values with the ωsp values
determined from this compound, together with the assignments
of the corresponding vibrational modes in the literature.19,20

These thermal decomposition kinetics were studied in three mass
loss steps, which correspond to the loss of coordinated water
(the first step), followed by a continuous intermolecular poly-
condensation and elimination of water (two last steps). The
studied compound exhibited a very good agreement between
the calculated wavenumbers from average Tp (DTG) and the
observed wavenumbers from IR spectra for the bonds suggested
to be broken. Therefore, the use of Tp (DTG) will be an
alternative method for calculating the wavenumbers for iden-
tification in each thermal transition step of interesting materials.

3.2. Characterization Results. 3.2.1. X-ray Powder Dif-
fraction. The XRD patterns of Co(H2PO4)2 ·2H2O and its
decomposition product Co2P4O12 are shown in Figure 2. All
detectable peaks of the Co(H2PO4)2 ·2H2O and Co2P4O12 are
indexed as Co(H2PO4)2 ·2H2O and Co2P4O12 structures, which
are identified using the standard data of PDF nos. 390698 and
842208, respectively. These results indicated that the two crystal
structures are in the monoclinic system with space group P21/n
(Z ) 2) for Co(H2PO4)2 ·2H2O and C2/c (Z ) 4) for Co2P4O12.
The average crystallite sizes and lattice parameters of
Co(H2PO4)2 ·2H2O and Co2P4O12 were calculated from X-ray
spectra and are tabulated in Table 2. The lattice parameters of
Co(H2PO4)2 ·2H2O and Co2P4O12 are compared with those of
the standard data of PDF nos. 390698 and 842208, respectively.

3.2.2. Vibrational Spectroscopy. The FTIR spectra of
Co(H2PO4)2 ·2H2O and Co2P4O12 are shown in Figure 3 and are
very similar to those of M(H2PO4)2 ·2H2O and M2P4O12 (where
M ) Mn, Co, Ni).1-6 Vibrational bands are identified in relation
to the crystal structure in terms of the fundamental vibrating
units, namely, H2PO4

- and H2O for Co(H2PO4)2 ·2H2O and the
[P4O12]4- ion for Co2P4O12, which are assigned according to
the literature.21,22 Vibrational bands of the H2PO4

- ion are

observed in the regions of (300 to 500) cm-1, (700 to 900) cm-1,
(1160 to 900) cm-1, (840 to 930) cm-1, (1000 to 1200) cm-1,
and (2400 to 3300) cm-1. These bands are assigned to the
δ(O2PO2), γ(POH), δ(POH), ν(PO2(H2)), ν(PO2), and νOH of
H2O molecules and H2PO4

- ions, respectively. The observed
bands in the (1600 to 1700) cm-1 and (3000 to 3500) cm-1

region are attributed to the water bending/C band and stretching
vibrations/A band, respectively. Vibrational bands of the
[P4O12]4- ion are observed in the ranges of (1350 to 1220) cm-1,
(1150 to 1100) cm-1, (1080 to 950) cm-1, and (780 to 400)
cm-1. These bands can be assigned to νasOPO-, νsOPO-,
νasPOP, and νsPOP vibrations, respectively.21 The observation
of a strong νsPOP band is known to be the most striking feature
of the cyclotetraphosphate spectra, along with the presence of
the νasOPO- band. The FTIR results are consistent with the
XRD data (Figure 2).

3.2.3. Scanning Electron Microscopy. The SEM micro-
graphs of the synthetic Co(H2PO4)2 ·2H2O and its decomposition
product Co2P4O12 show the nonuniform morphological features
(Figure 4). The SEM micrograph of Co(H2PO4)2 ·2H2O consists
of nonuniform spherical grains, which contain microparticles
having a distribution of small particles ((2 to 8) µm) and large
particles ((> 10 to 100) µm) (Figure 4a). The SEM micrograph
of Co2P4O12 shows a porous structure and agglomeration; the

Table 1. Kinetic Parameters and FTIR Band Assignments

temp (K) in four heating rates �/K ·min-1 average Tp Ea nω

step 5 10 15 20 K kJ ·mol-1 r2 q cm-1 FTIR band assignments

1 393.15 398.15 401.15 403.45 398.98 171.43 ( 1.63 0.99991 6 1663 ν2 (H2O)
12 3327 ν1 (H2O)
13 3604 ν3 (H2O)

2 505.36 512.39 516.97 520.03 513.69 197.24 ( 2.52 0.99984 2 714 γOH (H2PO4
-)

3 1071 ν(PO2)
5 1785 band C (H2PO4

-

7 2499 band B (H2PO4
-)

9 3213 band A (H2PO4
-)

3 621.15 635.99 647.65 654.15 639.74 129.24 ( 5.20 0.99839 1 444 δ (O2PO2)
2 889 ν (PO2(H2)
4 1778 band C (H2PO4

-

Figure 2. XRD patterns of (a) Co(H2PO4)2 ·2H2O and (b) its dehydration
product Co2P4O12.

Table 2. Average Crystallite Sizes and Lattice Parameters of
Co(H2PO4)2 ·2H2O and Co2P4O12 Calculated from XRD Data

compd method a/Å b/Å c/Å �/deg

average
crystallite
sizes/nm

Co(H2PO4)2 ·2H2O PDF no.
390698

7.27 9.88 5.33 94.86

This work 7.21(3) 9.91(1) 5.29(5) 94.88(6) 26 ( 2
Co2P4O12 PDF no.

842208
11.8 8.28 9.92 118.72

this work 11.83(8) 8.22(6) 9.94(0) 118.51(1) 40 ( 10

Figure 3. FTIR spectra of (a) Co(H2PO4)2 ·2H2O and (b) its dehydration
product Co2P4O12.
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appearance of micropores ((100 to 400) nm) and macropores
((500 to 2000) nm) is due to the process of thermal decomposi-
tion (Figure 4b). The different porous sizes of Co2P4O12 are
primarily caused by dehydration processes, which relate to an
intermolecular dehydration of the protonated dihydrogen phos-
phate groups. The results may be potentially useful for catalyst
application because the catalytic activity of Co2P4O12 signifi-
cantly varies with the method of precipitation, thermal treatment,
and porous structure on the surface.

3.2.4. UltraWiolet-Visible Near-Infrared Spectroscopy. The
UV-vis near-IR absorption spectrum of Co(H2PO4)2 ·2H2O is
shown in Figure 5a and shows that the dominant feature of
Co2+ in octahedral sites is too weak to be observed because it
involves spin-forbidden transitions. The absorption bands of

Co(H2PO4)2 ·2H2O powder are observed and labeled as 1, 2, 3,
and 4 around wavelengths of (472, 563, 696, and 1200 to 1400)
nm, respectively. The results indicate that Co2+ exists in a
distorted octahedral site in the structure (Jahn-Teller effect;
extensively discussed previously).5,8,23,24 The band around 255
nm is too strong to be a d-d transition, lying in the UV region;
it is assigned to a charge-transfer band. In six-coordinate, high-
spin Co(II) complexes, a band near (1440 to 1000) nm can be
assigned to the 4T1g f 4T2g transition. In addition, a multiple
structured band, assigned to 4T1gf 4T1g(P), is seen in the visible
region near 500 nm, which is split into two components ((472
and 563) nm). The weak absorption at 696 nm is due to the
4T1g f 4A2g transition. Figure 5b shows the UV-vis near-IR
spectra of the Co2P4O12 compound. Co(II) in octahedral sites is
present in this structure.24 The spectral feature of the octahedral
site in Co2P4O12 appears at (513 (1), 563 (2), 753 (3), and 1328
(4)) nm (peak numbers are given in parentheses). These
absorption bands are assigned to 4T1gf 4T2g(P) transition for a
multiple structure band ((513 and 563) nm), whereas the
observed absorption bands at ca. (753 and 1328) nm are
attributed to the 4T1g f 4A2g and 4T1g f 4T2g transitions,
respectively.5,8,23,24

3.3. Kinetic and Thermodynamic Studies. The activation
energies for the thermal transformation steps of Co(H2PO4)2 ·
2H2O were calculated from three endothermic DTG peaks
(Figure 6). Several nonisothermal techniques have been pro-
posed that are quicker and less sensitive to previous and next
transformations.10-15 In addition, they can provide the more
accurate activation energy and crystal growth mode. Noniso-
thermal data are typically interpreted using the Kissinger
equation15

Here � is the heating rate of the TG curve (K ·min-1), and the
DTG curve is the differential form of the TG curve. Ea is the
activation energy for the phase transformation (kJ ·mol-1), R is
the gas constant (8.314 J ·mol-1 ·K -1), and Tp is the average
phase transformation temperature peak in the DTG curve (K).
In previous work, it is common for the Tp values for various
heating to be precisely evaluated from nonisothermal data (DTA,
DTG, or DSC curves) conferred to the Kissinger method to
evaluate the kinetic parameters.10-17 In this present work, plots
of ln(�/T2) versus 1/Tp should give straight lines with the values
of the activation energy and pre-exponential factor given by
the slope and the intercept for the different decomposition stages
of Co(H2PO4)2 ·2H2O. Figure 7 shows the Kissinger plots of
the three decomposition steps of the prepared Co(H2PO4)2 ·2H2O
sample. From the slopes of the curves, the activation energy

Figure 4. SEM micrographs of (a) Co(H2PO4)2 ·2H2O and (b) its dehydration
product Co2P4O12.

Figure 5. UV-vis near-IR spectra of (a) Co(H2PO4)2 ·2H2O and (b) its
dehydration product Co2P4O12.

Figure 6. DTG curves of Co(H2PO4)2 ·2H2O at four different heating rates
in air (5, 10, 15, and 20 K ·min-1).

ln( �
Tp

2) ) ln( E
RA) - ( E

RTp
) (5)
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values of the prepared Co(H2PO4)2 ·2H2O sample in the three
steps were calculated to be (171.43 ( 1.63, 197.24 ( 2.52,
and 129.24 ( 5.20) kJ ·mol-1, respectively (Table 1). The water
in the crystalline hydrate may be considered to be either water
of crystallization (crystal water) or coordinated water. The
activation energy for the release of the water of crystallization
lies in the range of (60 to 80) kJ ·mol-1, whereas the values for
coordinately bound water activation energy are within the range
of (120 to 160) kJ ·mol-1.14 In addition, the water eliminated at
423 K and below can be considered to be water of crystallization,
whereas water eliminated at 473 K and above indicates its
coordination by the metal atom.11-14 The calculated activation
energies from the Kissinger method for the three dehydration
reactions suggest that the water molecules are coordinated for all
decomposition steps. These activation energies are related to the
vibrational frequencies and are an indication of the energy of the
bond breaking of intermediate species. The second step exhibits
higher activation energy in comparison with other steps, and this
is understandable because this step corresponds to a true P-OH
bond breaking, in connection with a polycondensation reaction.4

The lowest activation energy in the last step indicates the instability
of the intermediate compounds (Co(H2PO4)2, CoH2P2O7, and
mixtures of both intermediates) before transformation to Co2P4O12.
This result is inconsistent with TG-DTG-DTA data, as shown
in eqs 2 and 3.

The pre-exponential factor (A) values can be estimated
from the intercept of the plots of eq 5. The pre-exponential
factor (A) values in the Arrhenius equation for solid-phase
reactions are expected over a wide range (six or seven orders
of magnitude), even after the effect of surface area is taken
into account.25-28 Low factors will often indicate a surface
reaction, but if the reactions are not dependent on surface
area, then the low factor may indicate a “tight” complex.
High factors will usually indicate a “loose” complex.25 Even
higher factors (after correction for surface area) can be
obtained for complexes having free translation on the surface.
Because concentrations in solids are not controllable in many
cases, it would have been convenient if the magnitude of
the pre-exponential factor indicated reaction molecularity.
On the basis of these reasons, three steps of the thermal
decomposition of Co(H2PO4)2 · 2H2O may be interpreted to
be loose complexes. The last step exhibits a lower pre-
exponential factor (A) in comparison with that of the other
steps, and this is consistent with the results of the activation
energy value and TG-DTG-DTA.

From the activated complex theory (transition state) of
Eyring,25-28 the following general equation may be written

where e ) 2.7183 is the Neper number, � is the transition factor,
which is unity for monomolecular reactions, kB is the Boltzmann
constant, h is the Planck constant, and Tp is the average peak
temperature of four DTG curves at four heating rates (Table
1). The change of the entropy may be calculated according to
the formula

because

when E* is the activation energy from the Kissinger method.
The enthalpy ∆H * and Gibbs energy ∆G* for the activated
complex formation from the reagent can be calculated using
the well-known thermodynamics equation

On the basis of the values of activation energy (E) and pre-
exponential factor (A) for different stages of decomposition
calculated, the values of ∆S*, ∆H *, and ∆G* for the formation
of the activated complex from the reagent calculated according
eqs 6, 7, 8, and 9 are presented in Table 3.

As can be seen from Table 3, the entropy of activation (∆S*)
values for the first and second steps are positive. This means
that the corresponding activated complexes have a lower degree
of arrangement (higher entropy) than the initial state, whereas,
for the third stage, this is vice versa. Because the decomposition
of Co(H2PO4)2 ·2H2O proceeds as three consecutive reactions,
the formation of the second and third activated complexes passed
in situ. Obviously, the entropy of the third activated complex
was lower than that of the preceding complex (indicated by the
negative value of ∆S*), whereas that of the second complex
was higher and the value of ∆S* was positive. In terms of the
activated complex theory (transition theory),25-28 a positive
value of ∆S* indicates a malleable activated complex that leads
to a large number of degrees of freedom of rotation and
vibration. A result may be interpreted to be a “fast” stage.
However, a negative value of ∆S* indicates a highly ordered
activated complex, and the degrees of freedom of rotation as
well as of vibration are less than they are in the nonactivated
complex. The result may indicate a “slow” stage.25 On the basis
of these results, the first and second stages of the thermal
decomposition of Co(H2PO4)2 ·2H2O may be interpreted to be
“fast” stages, whereas the third stage can interpreted to be a
“slow” stage. The highest values of ∆H * and ∆G* in the second
step confirm the breaking of strong hydrogen-bonded P-OH
groups in this structure. These results are consistent with the
estimated activation energy and DTG and DTA data. The
positive values of the enthalpy, ∆H * and ∆G*, for all stages
are in good agreement with three endothermic effects in the

Figure 7. KAS analysis of three decomposition steps of Co(H2PO4)2 ·2H2O
at four different heating rates in air [(5, 10, 15, and 20) K ·min-1].

A ) (e�kBTp

h ) exp(∆S*

R ) (6)

Table 3. Values of ∆S*, ∆H *, and ∆G* for Three Decomposition
Steps of Co(H2PO2)4 ·2H2O

parameter 1st step 2nd step 3rd step

A (s-1) 1.71 ·1022 6.42 ·1019 3.67 ·109

∆S* (J ·mol-1 ·K-1) 169.98 121.44 -76.47
∆H * (kJ ·mol-1) 168.13 192.97 123.92
∆G* (kJ ·mol-1) 100.31 130.59 172.85

∆S* ) R ln( Ah
e�kBTp

) (7)

∆H * ) E* - RTp (8)

∆G* ) ∆H * - Tp∆S* (9)
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DTA data, which indicate that they are connected to the
introduction of heat and they are nonspontaneous processes.

4. Conclusions

Co(H2PO4)2 ·2H2O decomposes in three steps, which relate
the dehydration reactions of crystal water and deprotonated
hydrogen phosphate groups, and its decomposition product
is cobalt cyclo-tetraphosphate (Co2P4O12). The XRD, FTIR,
and UV-vis-near-IR results confirmed the formation of
Co(H2PO4)2 ·2H2O and Co2P4O12 compounds. Thermal kinetic
study results indicate the activation energies, which are related
to vibrational frequencies of breaking bond of thermal trans-
formation of Co(H2PO4)2 ·2H2O. The thermal behavior, mor-
phologies, and particle sizes of Co(H2PO4)2 ·2H2O and its
thermal transformation product, (Co2P4O12), show interesting
features of some physical and chemical properties. These
materials may be useful for many potential applications includ-
ing catalytic, ceramic dye pigment, and magnetic materials. The
values of the apparent activation energy and pre-exponential
factor and the changes of entropy, enthalpy, and Gibbs energy
can be calculated using DTG data based on the Kissinger
method, of which certain conclusions can be made concerning
the mechanisms and characteristics of the processes. The data
of kinetics and thermodynamics play an important role in
theoretical study, application development, and industrial pro-
duction of the studied compound. Therefore, these data will be
important for further studies of the studied compounds, which
can solve various scientific and practical problems involving
the participation of solid phases.
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