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Abstract The DSC and TG data showed the dehydration

process occurring over the range of 160–300 �C. The XRD

patterns of the synthesized KNiPO4�H2O and the calcined

product at 350 �C with exposing in the air over 8 h are

indexed as the KNiPO4�H2O structure, whereas at 600 �C

is indexed as KNiPO4 structure. Hence, these data con-

firmed that the water molecule was eliminated from the

structure at 300 �C, after that the spontaneously reversible

hydration–rehydration process was observed. The activa-

tion energy and pre-exponential factor were calculated by

Kissinger, Ozawa, and KAS equations. According to the

DSC curves, the enthalpy change (DH) of dehydration

process can be calculated and was found to be 100.12

kJ mol-1. Besides, we suggested another new method to

determine the isokinetic temperature value using spectro-

scopic data. The surface area of synthesized hydrate and its

calcined product at 350 �C with exposing in the air at over

8 h were found to be 21.48 and 134.3 m2 g-1, respectively.

The reversible hydration–rehydration process was observed,

and the surface area of final product at 350 �C (aging time

over 8 h) is higher than that of the synthesized compound.

This behavior is important to develop alternative desiccant

materials or other process based on the rehydration mecha-

nism with increasing the surface area.

Keywords KNiPO4�H2O � Kinetics �
Reversible reaction � Thermodynamics

Introduction

The metal phosphate of dittmarite series MIMIIPO4�H2O

(MI = K?, NH4
?, MII = Mn2?, Mg2? Fe2?, Co2?, Ni2?,

Zn2?) is a biomineral found in urinary calculi [1]. They

have widely attracted due to their potential to form

framework structures (having a layer structure with meta-

l(II) phosphate sheets separated by K? or NH4
? ions) [2]

and can be applied as complex fertilizers [3–6] containing

three nutrient elements: the corresponding mono valence

cation (nitrogen or potassium), phosphorus, and the cor-

responding metal (magnesium, iron, manganese, zinc,

cobalt, nickel, copper, etc.). Some of them are used as

pigments in artist’s paints [6, 7] and to extract cations from

sea water [6]. In the fact, the atomic sizes of divalent cation

Mn, Fe, Ni, and Co are very close to each other. Therefore,

the mixed metal in these series can be generated, such as

NH4Mn0.5Fe0.5PO4�H2O, NH4Ni0.5Co0.5PO4�H2O, KMn0.5

Fe0.5PO4�H2O, and KNi0.5Co0.5PO4�H2O. The resulted

compounds can improve the efficiency for an extraction of

bivalent cations from sea water. Therefore, these com-

pounds are attracted for studying the simple synthetic route

and the physical as well as chemical properties. Despite the

vibrational behavior of dittmarite series was widely studied

in the literature [8–10], unfortunately, the thermal analysis

of this series has received little attention. Recently, the

thermal analysis (TG/DTG/DTA and DSC) methods have
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been widely used for scientific and practical purposes [11–

16]. The results obtained from these methods can be

directly applied in materials science for the preparation of

various metal alloys, cements, ceramics, glasses, enamels,

glazes, polymer, and composite materials [11]. Non-iso-

thermal methods are becoming more widely used because

they are more convenient than the classical isothermal

methods. In our previous papers [17–19], the kinetic and

thermodynamic properties of manganese hypophosphite

compound, KMnPO4�H2O and NH4MnPO4�H2O, were

studied by non-isothermal method using various equations.

In this respect, they are of great interest to be selected for

studying their kinetic and thermodynamic properties of

thermal decomposition. A part from that, the kinetic

compensation effect (KCE) describes a linear relationship

between the activation energy (E) and the logarithm of the

pre-exponential factor (lnA) with the following equation

will be considered:

ln A ¼ aE þ b ð1Þ

where a and b are the kinetic compensation constant values

and the isokinetic temperature (Ti) calculated from the

equation,

Ti ¼ 1=a R ð2Þ

where R is a gas constant (8.314 J K-1 mol-1). The authors

demonstrated [20] based on the equation suggested by Vlase

et al. [21] that the specificity of non-isothermal decomposi

tion is due to the vibrational energy on a certain bond, which

based on anharmonic oscillation. Consequently, the wave

number of the activated bond can be calculated from the

isokinetic temperature Ti using [20, 21]:

xcalc ¼
kB

hc
Ti ¼ 0:695 Ti ð3Þ

and

xsp ¼ qxcalc ð4Þ

xcalc ¼ xsp=q ð5Þ

where kB and h are the Boltzmann and Planck constants,

respectively, c is the light velocity, q is the number of quanta

(q 2 N), and xsp is the assigned spectroscopic wavenumber for

the bond supposed to be broken. Ti is the isokinetic tempera-

ture as related to the activation energy and preexponetial factor

[22–24]. The calculation of this value is complicated; there-

fore, the calculation of isokinetic temperature Ti is suggested to

be calculated from spectroscopic data as an alternative way.

The aims of this work are to present the study of kinetic

properties of KNiPO4�H2O from DSC data using the Kis-

singer method. In addition, the new procedure to determine

the isokinetic temperature value from spectroscopic data is

suggested. The enthalpy of the dehydration (DH) of the

title compound can be calculated for the first time.

Experimental

Preparation and characterization

The KNiPO4�H2O was synthesized according to the Basset

and Bedwell [25] methods. In typical synthesis, 20 mL of

0.5 M nickel chloride hexahydrate (NiCl2�6H2O, Ajax

Finechem Pty Ltd.) was added by 60 mL of saturated

dipotassium hydrogen phosphate ((K2HPO4), 99%, Carlo

erba) and digested at 85 ± 5 �C for 3 days. After that the

pale green precipitation was obtained followed by filtered

and washed by DI water and kept in the desiccator. The

metal and water contents of the synthesized hydrates were

confirmed using atomic absorption spectrophotometry

(AAS, Perkin Elmer, Analyst 100) and TG/DTG/DTA

(Perkin-Elmer, Pyris Diamond). Differential scanning cal-

orimetry (DSC, Perkin Elmer, Pyris One) was carried out

using ca 5.0–10.0 mg (accurate) of sample in an aluminum

crucible. The curves of both TG/DTG/DTA and DSC were

recorded over the temperature range of 60–500 �C with

four heating rates of 10, 15, 20, and 25 �C min-1. The

dehydration and the thermal transformation products

obtained from the calcinations in air atmosphere were

further characterized. The FTIR spectra of the synthesized

compound and its calcined samples were recorded in the

range of 4,000–370 cm-1 using KBr pellet technique (KBr,

Merck, spectroscopy grade) on a Perkin Elmer spectrum

GX FTIR/FT Raman spectrophotometer with eight scans

and the resolution of 4 cm-1.

The structures of the prepared hydrate and its calcined

products were characterized using XRD (D8 Advanced

powder diffractometer, Bruker AXS, Karlsruhe, Germany)

with Cu Ka radiation (k = 0.15406 Å). The Scherrer

method was used to evaluate the crystallite sizes (i.e.,

D = Kk/bcosh, where k is the wavelength of X-ray radia-

tion, K is a constant taken as 0.89, h is the diffraction angle

and b is the full width at half maximum (FWHM)). [26].

Kinetics studies

The kinetics of thermal decomposition reaction can be

described by various equations taking into account the

special features of their mechanisms. The kinetic treatment

of the non-isothermal decomposition for the dehydration of

crystalline hydrates is considered as solid-state process of

the type: A (solid) ? B (solid) ? C (gas) [27–30]. The

solutions of kinetic equations have been reported in the

literatures [31–35]. The kinetic analyses can be carried out

by various methods such as Kissinger [36], Ozawa [37],

Kissiger–Akahira and Sunose (KAS) [38], Coats–Redfern

[39], Van Krevelens [40], etc. The model-free or isocon-

versional method involves measuring temperatures corre-

sponding to the fix value of extent of conversion (a) at
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different heating rates (b). The interest in these methods

(e.g., Kissinger, Ozawa, and KAS) has increased recently

due to the ability to calculate the activation energy values

without modelistic assumptions. In addition, the Kissinger

method can be applied to calculate the pre-exponential

factor, while the Ozawa and KAS methods can be used

only to calculate the activation energy E values without

modelistic appropriation. However, Ozawa and KAS

methods can be used to determine the pre-exponential

factor, if the mechanism process is known. The Kissinger

equation (Eq. 6) is the simple determination of kinetic

parameters (the activation energy (E) and pre-exponential

factor (A)) and widely used in the literature [31, 41]. In

addition, Ozawa [37] and KAS [38] equations are model-

free method that is also well described and widely used in

the literatures. Therefore, these equations are selected for

the kinetic analysis of the dehydration for the studied

compound.

Kissinger equation:

ln
b
T2

P

� �
¼ ln

AR

E

� �
� Ea

RTP
ð6Þ

Ozawa equation:

lnb ¼ ln
0:0048AE

gðaÞR

� �
� 1:0516

E

RT

� �
ð7Þ

KAS equation:

ln
b
T2
¼ ln

AR

gðaÞE �
E

RT
ð8Þ

where A is the pre-exponential factor (min-1) and is

assumed to be independent of temperature, a is the extent

of conversion, gðaÞ is a kinetic function depending on the

reaction mechanism and is referred to as the integral form,

E is the activation energy (kJ mol-1), b is the heating rate

(�C min-1), and R is the gas constant. According to the

above-mentioned equations, the plots of ln b=T2
p

� �
versus

1000=Tp (Eq. 6), ln b versus 1000=T (Eq. 7), and ln b=T2ð Þ
versus 1000=T (Eq. 8) can be obtained by a linear

regression of least-square method. The activation energies

E and pre-exponential factor A can be evaluated from the

slopes and interceptions of the straight lines with better

linear correlation coefficient (R2), respectively.

Results and discussion

TG/DTG/DTA and DSC

The TG/DTG/DTA curves of studied compounds are pre-

sented in Fig. 1. This compound is stable in the range of

temperature below 160 �C. The percentage of mass loss is

8.31% which corresponds to 0.97 mol of water. The

dehydration process starts at about 160 �C and finished at

about 300 �C (maximum temperature peak is 233.40 �C).

The DSC curves of the studied compound were recorded at

the four heating rates of 10, 15, 20, and 25 �C min-1 and

presented in Fig. 2. The endothermic peak was observed in

the DSC curve of KNiPO4�H2O for the heating rate of

10 �C min-1 (Fig. 2a), which corresponds to the dehy-

dration process. The DSC curve shows the single peak

which is in good agreement with DTG and DTA curves as

shown in Fig. 1.

FTIR spectra

The FTIR spectra of the title compound and its thermal

decomposition products at 350 �C (aging time over 8 h)

and 600 �C in air atmosphere are presented in Fig. 3a–c,

respectively. The FTIR spectrum of the studied compound
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Fig. 1 TG/DTG/DTA curves of the synthesized KNiPO4�H2O at the

heating rate of 10 �C min-1 in air atmosphere
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Fig. 2 DSC curves of the synthesized KNiPO4�H2O at the heating

rates of (a) 10, (b) 15, (c) 20, and (d) 25 �C min-1
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is similar to its calcined product at 350 �C (aging time in

the air over 8 h). The band at 3,343 cm-1 in Fig. 3a and b

is assigned to O–H stretching vibration (m1(H2O)), and the

band at 1,651 and 1,477 cm-1 is assigned to the bending

and very low bending (m2(H2O)) of water molecule, while

the strong bands in the range of 1,145–917 cm-1 and the

two bands in the range of 620–565 cm-1 are assigned to

the P–O stretching or m3(F2) and OPO bending or m4(F2)

vibrations of PO4
3- anion, respectively. The identification

of the decomposition products at each calcined temperature

was supported by the results from FTIR spectra. Figure 3b

confirmed that the water molecule was eliminated from the

structure at 350 �C, after that the rehydration process

occurred when exposed to the air. Figure 3c illustrates that

the P–O stretching or m3(F2) mode of [PO4]3- anion is

known to appear in the 1,100–950 cm-1 region [2, 8]. The

calcined product at 600 �C (Fig. 3c) exhibits the same

characteristic as that of KNiPO4. The detail of vibrational

wavenumbers was explained by comparing with those

observed in our previous work and reference [10, 19].

Therefore, the mechanism of mass loss and the rehydration

process can be suggested as the following:

KNiPO4 � H2O sð Þ� H2O gð Þ þ KNiPO4 sð Þ ð9Þ
This study presents the method to determine isokinetic

temperature value from spectroscopic data. The observed

vibrational energy in terms of xsp of water molecule in the

water of crystallization molecules appear in three positions:

3,343, 1,651, and 1,477 cm-1 (Fig. 3a). Therefore, the

calculated wavenumber (xcalc) values were obtained using

Eq. 5 for different number of quanta (q) and the xsp values

are presented in Table 1. We selected the xcalc values those

that are closest to three vibrational FTIR band positions

according to the vibrational energy of the same molecule.

These data reveal that the quanta numbers of the O–H

stretching, bending, and very low bending of water of

crystallization molecule are 10, 5, and 4, respectively. The

average xcalc value and calculated Ti from Eq. 3 are tab-

ulated in Table 1, which illustrate the new method of is-

okinetic temperature calculation from spectroscopic data.

X-ray powder diffraction

The XRD patterns of the synthesized KNiPO4�H2O and its

calcined products at 350 �C with exposing in the air over

8 h and 600 �C in air atmosphere are shown in Fig. 4. All

detectable peaks of the KNiPO4�H2O and the calcined
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Fig. 3 FTIR spectra of the synthesized KNiPO4�H2O (a), its calcined

product at 350 �C (aging time over 8 h) (b), and its calcined product

at 600 �C (c) in air atmosphere

Table 1 Calculated isokinetic temperature (Ti) from spectroscopic data and KCEs study

xsp/cm-1 Observed in

FTIR spectra

q xcalc/cm-1 Assignment The selected

xcalc/cm-1
Average

xcalc/cm-1
Ti/K Ti/K

KCEs study

Ozawa KAS

3,343 2 1,672 O–H stretching of water of

crystallization molecules

334

4 836

6 557

8 418

10 334

1,651 1 1,651 H–O–H bending of water of

crystallization molecules

330 344.33 495.44 481.56 475.39

3 550

5 330

7 236

1,477 2 738 H–O–H very low bending

of water of crystallization

molecules

369

4 369

6 246

8 184
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product at 350 �C exposing in the air are indexed as the

synthesized KNiPO4�H2O structure (PDF #860593),

whereas the calcined product at 600 �C is indexed as

KNiPO4 structure (PDF #860573). The results indicate that

both KNiPO4�H2O and KNiPO4 crystallize in an ortho-

rhombic crystal system with the space group Pmn21 (C7
2v)

and Pna21 (C9
2v), respectively. The lattice parameters of the

synthesized compound and its calcined products are com-

pared with those reported in the standard data and found to

agree well as presented in Table 2. The results confirmed

the reversible hydration–rehydration process in the studied

compound. This behavior can be applied for the develop-

ment of alternative desiccant materials or other processes

related to the rehydration mechanism.

SEM and BET

The SEM micrographs of the KNiPO4�H2O and its calcined

product at 350 �C (aging time over 8 h) are shown in

Fig. 5. The SEM micrograph of KNiPO4�H2O (Fig. 5a)

illustrates the thin plated coalescence and irregular plates.

Whereas, its calcined product at 350 �C (aging time over

8 h) shows the agglomeration of sheet and the morpholo-

gies with smaller size than that of KNiPO4�H2O. The sur-

face area of synthesized hydrate and its final product at
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Fig. 4 XRD patterns of the synthesized (a) KNiPO4�H2O, (b) the

calcined product at 350 �C (aging time over 8 h), and (c) 600 �C in

air atmosphere

Table 2 Average particle sizes and lattice parameters of KNiPO4�H2O and its calcined products at 350 (aging time over 8 h) and 600 �C in air

atmosphere calculated from XRD data

Compound Method a/Å b/Å c/Å Average particle

sizes/nm

KNiPO4�H2O PDF#860593 5.537 8.216 4.744 44.80 ± 16

This work 5.564 8.197 4.730

DIF. PDF-this work -0.027 0.019 0.014

KNiPO4�H2O (KNiPO4�H2O

calcined at 350 �C)

PDF#860593 5.537 8.216 4.744 37.83 ± 10

This work 5.515 8.158 4.714

DIF. PDF-this work 0.022 0.058 0.030

KNiPO4 PDF#860573 8.633 9.256 4.906 84.42 ± 19

This work 8.804 9.594 4.937

DIF. PDF-this work -0.171 -0.238 -0.031

Fig. 5 SEM micrographs of the synthesized KNiPO4�H2O (a) and its

calcined product at 350 �C (aging time over 8 h) (b)
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350 �C with exposing in the air at over 8 h were measured

by nitrogen adsorption according to Brunaner, Emmett, and

Teller (BET) method and found to be 21.48 and 134.3

m2 g-1, respectively. It was found that the surface area of

final product at 350 �C (aging time over 8 h) followed by

rehydration of the new rehydration product is higher than

that of the starting synthesized compound.

Kinetic and thermodynamic studies from DSC data

The maximum peak temperature of DSC curves at various

heating rates was used to determine the activation energy

(E) and pre-exponential factor (A) using Kissinger equa-

tion, and the results are presented in Table 3. According to

the DSC curves at the four heating rates of 10, 15, 20, and

25 �C min-1, the enthalpy changes (DH) of dehydration

process can be calculated and were found to be 476.913

J g-1 (100.53 kJ mol-1), 482.836 J g-1 (101.78 kJ mol-1),

483.900 J g-1 (102.01 kJ mol-1), and 456.230 J g-1 (96.17

kJ mol-1), respectively. The mean of this value is 100.12 ±

2.71 kJ mol-1. The studied compound shows the reversible

dehydration–rehydration process; therefore at the peak

temperature (Tp), the Gibbs free energy (DG) change is

0 kJ mol-1. The dehydration is endothermic (DH is posi-

tive) and reversible process (DG is zero).

The kinetic study from TG data

The calculated activation energy and pre-exponential factor

from the Kissinger equation are 111.21 kJ mol-1 and

1.27 9 1011 min-1, respectively. While the same parame-

ters determined from Ozawa and KAS equations are pre-

sented in Table 4 and found to decrease slightly with the

increasing of the extent of conversion function (a). The

results in Table 4 reveal that the activation energy (E) is

independent on the extent of conversion (a) which indicate

the single step reaction. Thus, the following equation can

be used to estimate the most probable reaction mechanism:

lngðaÞ ¼ ln
AE

R
þ ln

e�x

x2
þ lnhðxÞ

� �
� lnb ð10Þ

where x is E/RT and h(x) is expressed by the fourth Senum

and Yang approximation as described in references [42]

and [43]. The plots of ln(g(a)) versus ln(b) can be carried

out using a linear regression of least square method. To

determine the most probable mechanism function, the

degree of conversion a corresponding to four heating rates

taken at the same temperature (we selected at maximum

temperature in each decomposition process) was

substituted into the left-hand side of Eq. 10 for all 26

types of mechanism functions as presented in the literature

Table 3 The maximum peak temperatures at four heating rates, the activation energy (E), pre-exponential factor (A), and correlation coefficient

(R2) calculated from DSC and TG data

b/�C min-1 Tp/K E/kJ mol-1 A/min-1 R2

DSC/TG DSC/TG DSC/TG DSC/TG

10 542.06/510.16 114.24/111.21 4.90 9 1010/1.27 9 1011 0.9936/0.9979

15 548.88/516.91

20 555.51/522.7

25 560.66/527.19

Table 4 Activation energy values (E), pre-exponential factor (A), and correlation coefficient (R2) calculated by Ozawa and KAS methods for the

dehydration process of KNiPO4�H2O in N2 atmosphere from TG data

A Ozawa KAS

E/kJ mol-1 R2 A E/kJ mol-1 R2 A/min-1

0.2 139.16 ± 13.91 0.9804 6.68 9 1014 138.45 ± 14.64 0.9781 7.78 9 1014

0.3 132.02 ± 11.75 0.9844 1.45 9 1014 130.86 ± 12.37 0.9824 1.02 9 1014

0.4 125.46 ± 10.06 0.9873 2.62 9 1013 123.90 ± 10.61 0.9855 1.64 9 1013

0.5 122.99 ± 10.48 0.9857 1.36 9 1013 121.24 ± 11.04 0.9837 8.03 9 1012

0.6 120.87 ± 10.70 0.9846 7.81 9 1012 118.96 ± 11.27 0.9994 4.39 9 1012

0.7 117.30 ± 9.18 0.9879 3.18 9 1012 115.15 ± 9.68 0.9823 1.66 9 1012

0.8 116.05 ± 9.05 0.9880 2.34 9 1012 113.79 ± 9.54 0.9861 1.18 9 1012

Average 124.84 ± 9.39 0.9855 1.67 9 1014 123.19 ± 11.31 0.9835 1.30 9 1014
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[19]. If the mechanism function g(a) according to Eq. 10

exhibits the slope and the linear correlation coefficient R2

closest to -1.0000 and unity, respectively, then the

function g(a) is the most probable mechanism function.

After that the pre-exponential factor can be evaluated from

the interceptions in Eqs. 7 and 8. The calculated results

from Eq. 10 are presented in Table 5. Consequently, it can

be stated that the most probable mechanism function with

the integral form g(a) = 1 - (1 - a)2/3 and differential

form f(a) = 3/2(1 - a)1/3 belong to the mechanism of one-

third order reaction (F1/3) [33]. The rate law equation based

on calculated kinetic data from KAS method can be

suggested to be as following:

1� ð1� aÞ2=3 ¼ 1:30 � 1014e�123:19=RT ð11Þ

The isokinetic temperature Ti was calculated through the

KCEs method and found to be close to the calculated one

from the spectroscopic data (Table 1). Therefore, this

procedure can be an alternative method to calculate the

isokinetic temperature.

Conclusions

The dehydration of KNiPO4�H2O occurs over the temper-

ature range 160–300 �C without destruction of the layered

structure, which was confirmed by its decomposition

product at 350 �C (aging time on the air is over 8 h)

exhibiting the spontaneous rehydration process to form the

same compound as the initial one. This phenomenon can be

confirmed by FTIR and XRD measurements. In addition,

the surface area of the reversible hydration product is

higher than that of the initial synthesized one. This finding

is important to the development of alternative desiccant

materials as well as the catalysts of high-surface area or

other processes based on the rehydration mechanism. This

study suggests the new procedure to determine the isoki-

netic temperature value from spectroscopic data, instead of

the complicated relationship between activation energy and

pre-exponential factor. The average enthalpy change of this

process was found to be 100.12 kJ mol-1, whereas the

Gibbs-free energy change was assumed to be 0 kJ mol-1

according to the reversible process in the studied com-

pound. The activation energy and pre-exponential factor of

dehydration process were calculated from Kissinger equa-

tion using both TG/DTG/DTA and DSC data. The results

found to agree well with each other. In addition, the acti-

vation energy values were calculated by Ozawa and KAS

methods from TG/DTG/DTA data and found to confirm of

single step dehydration. The calculated activation energy

values from three methods are not significantly different.

This study reports the mean enthalpy change (DH) of

dehydration of studied compound from the DSC mea-

surements for the first time.
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