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Abstract The thermal decomposition kinetics of nickel

ferrite (NiFe2O4) precursor prepared using egg white

solution route in dynamical air atmosphere was studied by

means of TG with different heating rates. The activation

energy (Ea) values of one reaction process were estimated

using the methods of Flynn–Wall–Ozawa (FWO) and

Kissinger–Akahira–Sunose (KAS), which were found to be

consistent. The dependent activation energies on extent of

conversions of the decomposition reaction indicate ‘‘multi-

step’’ processes. XRD, SEM and FTIR showed that the

synthesized NiFe2O4 precursor after calcination at 773 K

has a pure spinel phase, having particle sizes of

*54 ± 29 nm.

Keywords Thermal decomposition � Kinetic study �
Characterization � Growth from solutions �
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Introduction

Nickel ferrite (NiFe2O4) is one of the most important spinel

ferrites. It has an inverse spinel structure showing ferri-

magnetism that originates from magnetic moment of anti-

parrallel spins between Fe3? ions at tetrahedral sites and

Ni2? ions at octahedral sites [1]. This material is techno-

logically important and has been used in many applications

including magnetic recording media and magnetic fluids

for the storage and/or retrieval of information, magnetic

resonance imaging (MRI) enhancement, catalysis, mag-

netically guided drug delivery, sensors, pigments, etc. [2].

Various methods have been developed to synthesize

nanocrystalline NiFe2O4, including sonochemical process

[3], citrate precursor techniques [4], co-precipitation [5],

mechanical alloying [6], sol–gel [7], pulsed wire discharge

[1], shock wave [8], reverse micelle [9], hydrothermal [10],

and ultrasonically assisted hydrothermal process[11].

Among these established synthesis methods, it is still

critical to find simple and cost effective routes to synthe-

size nanocrystalline NiFe2O4 by utilization of cheap, non-

toxic and environmentally benign precursors. Most

recently, our group reported the synthesis of NiFe2O4

nanoparticles by a simple method using Ni and Fe nitrates

and freshly extracted egg white (ovalbumin) in an aqueous

medium [12]. However, detailed thermal decomposition

kinetics of the prepared NiFe2O4 precursor which is of

interest for better under standing on the formation of

NiFe2O4 by this method had not been investigated.

Decomposition of solids is the subject of many kinetics

studies. In many methods of kinetics estimation, isocon-

versional method is recommended as trustworthy way of

obtaining reliable and consistent kinetic information [13,

14]. It is a ‘model-free method’, which involves measuring

the temperatures corresponding to fixed values of the
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extent of conversion (a) from experiments at different

heating rates (b).

In the present study, we report on the thermal decom-

position kinetics of the egg-white synthesized NiFe2O4

precursor. The formation of NiFe2O4 nanoparticles from

the prepared NiFe2O4 precursor was followed by differ-

ential thermal analysis-thermogravimetry (TG-DTG/DTA),

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

red (FT-IR) spectroscopy, and scanning electron micros-

copy (SEM). The kinetics analysis of the non-isothermal

results for decomposition process of the prepared NiFe2O4

precursor was carried out using the isoconversional meth-

ods of Flynn–Wall–Ozawa (FWO) [15, 16] and Kissinger–

Akahira–Sunose (KAS) [17–19], which was reported for

the first time.

Experimental

Precursor and nanoparticles of NiFe2O4 were prepared

using egg white solution route of which the detail is

reported elsewhere [12]. This simple route has been pre-

viously used to prepare a plate-like clusters of CeO2

nanocrystalline particles with particle size of 6–30 nm

[20]. Thermal analysis measurements (thermogravimetry,

TG; differential thermogravimetry, DTG; and differential

thermal analysis, DTA) were carried out by a Pyris Dia-

mond Perkin Elmer apparatus by increasing temperature

from 323 to 873 K with the use of calcined a-Al2O3

powder as the standard reference. The experiments were

performed in static air, at heating rates of 5, 10, 15, 20 and

25 K min-1. The sample mass was kept 6.0–10.0 mg in

alumina crucible without pressing. The structure and

crystalline size of the prepared precursor and the sample

calcined at 773 K were studied by X-ray powder diffrac-

tion using a D8 Advanced powder diffractometer (Bruker

AXS, Karlsruhe, Germany) with CuKa radiation

(k = 0.15406 Å). The morphology of the calcined sample

was examined with scanning electron microscope (LEO

SEM VP1450) after gold coating. The room temperature

FT-IR spectra were recorded in the range of 4,000–

370 cm-1 with 8 scans on a Perkin-Elmer Spectrum GX

FT-IR/FT-Raman spectrometer with the resolution of

4 cm-1 using KBr pellets (spectroscopy grade, Merck).

Results and discussion

Characterization

TG curves of the thermal decomposition of NiFe2O4 using

egg white solution precursor at five heating rates are shown

in Fig. 1. All curves are approximately in the same shape

indicating that the mass loss is dependent of the heating

rate. The TG curve in Fig. 1 shows a minor weight loss

step from 323 K up to about 487 K and a major weight loss

step from 487 K up to about 748 K. The minor weight loss

is related to the loss of moisture and trapped solvent (water

and carbon dioxide) while the major weight loss is due to

the combustion of organic ovalbumin matrix. DTG-DTA

curves of NiFe2O4 precursor at the heating rate of

10 K min-1 in air are shown in Fig. 2. The peak in the

DTG curve closely corresponds to the mass loss observed

on the TG trace. The mass retained is about 62% for all

heating rates, compatible with the value expected for the

formation of NiFe2O4, which is verified by XRD mea-

surement (Fig. 3). The mass loss in the range of 478–748 K

depends on the heating rate—the mass loss increases with

the decreasing of the heating rate. On the DTA curve, the

corresponding exothermic peaks at *483, 585 and 645 K

suggest that the thermal events are related to the burn-out

of organic species associated in the precursor (the organic

mass remained in ovalbumin), or the residual carbon. The

temperature can be also determined from the TG curves

and considered to be the minimum temperature needed for
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Fig. 1 TG curves of the NiFe2O4 precursor prepared using egg white

solution at five heating rates of 5, 10, 15, 20 and 25 K min-1 in air
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Fig. 2 DTG-DTA curves of the prepared NiFe2O4 precursor at

heating rate of 10 K min-1 in air
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the calcination process. Thus, to obtain NiFe2O4 nanopar-

ticles, the NiFe2O4 precursor sample was calcined in air at

773 K for 3 h in the box furnace.

The XRD patterns of the precursor and calcined

NiFe2O4 samples are shown in Fig. 3. All of the detectable

peaks are indexed as the NiFe2O4 with inverse spinel

structure as shown in the standard data (JCPDS: 10-0325).

No diffraction peaks of other impurities such as a-Fe2O3,

NiO were observed. The average crystallite sizes of

NiFe2O4 samples were calculated from X-ray line broad-

ening of the reflections of (311), (400), (511) and (440)

using Scherrer’s equation (D = kk/(bcosh), where k is the

wavelength of the X-ray radiation, k is a constant taken as

0.89, h is the diffraction angle and b is the full width at half

maximum (FWHM) [21]), and were found to be

54 ± 29 nm. The lattice parameter (a) calculated from the

XRD spectrum was a = 0.83274 ± 0.00013 nm.

The morphology of the calcined NiFe2O4 sample is

shown in Fig. 4. The calcined NiFe2O4 sample contains

agglomerated nanoparticles with particle size of *30–

80 nm. This is in agreement with the estimated value

obtained from XRD results.

The formation of spinel NiFe2O4 structure in the cal-

cined NiFe2O4 sample was further supported by FT-IR

spectra (Fig. 5). Here we consider two ranges of the

absorption bands: 4,000–1,000 cm-1 and 1,000–370 cm-1

as suggested by previous published work [12, 22–24]. In

the range of 1,000–100 cm-1, two main metal-oxygen

bands at *590 and 397 cm-1 were observed in the FTIR

spectrum of the 773 K-calcined NiFe2O4 sample (Fig. 3b).

These two bands are usually assigned to vibration of ions in

the crystal lattices [25]. The band at *590 cm-1corre-

sponds to intrinsic stretching vibrations of the metal at the

tetrahedral site (Fe $ O), whereas the band at *397 cm-1

is assigned to octahedral-metal stretching (Ni $ O) [26,

27].

Kinetics studies

Dehydration of crystal hydrates is a solid-state process of

the type [27, 28]:

A solidð Þ ! B solidð Þ þ C gasð Þ:

The kinetics of such reactions is described by various

equations taking into account the special features of their

mechanisms. The reaction rate can be expressed through

the degree of conversion a (the ratio between the weight

loss at moment t and the total weight loss by the end of

dehydration) and its temperature dependence:

da
dt
¼ k Tð Þf að Þ ð1Þ

where t is the time, T is the temperature. a is the extent of

conversion which is given by
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Fig. 3 The XRD patterns of the prepared NiFe2O4 precursor (a) and

NiFe2O4 nanoparticles calcined in air at 773 K (b)

Fig. 4 SEM micrograph of the NiFe2O4 nanoparticles calcined in air

at 773 K
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Fig. 5 FT-IR spectra of the prepared NiFe2O4 precursor (a) and

NiFe2O4 nanoparticles calcined in air at 773 K (b)
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a ¼ Wi�Wt

Wi�Wf
ð2Þ

where Wi, Wt and Wf are the initial, actual and final weight

of the sample, respectively, and f(a) is the reaction model.

The explicit temperature dependence of the rate constant is

introduced by replacing k(T) with the Arrhenius equation,

which gives

k ¼ A exp � E

RT

� �
ð3Þ

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

energy) are the Arrhenius parameters and R is the gas

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

together with the reaction model, are sometimes called the

kinetic triplet.

Two isoconversional kinetic methods are used in this

paper to calculate activation energy (Ea). These methods

have been recommended by International Confederation of

Thermal Analysis Calorimetry (ICTAC) due to the fact that

they allow the E value to be independently obtained [29,

30]. These equations are as follows:

FWO equation [15, 16]:

ln b ¼ log
AEa

Rg að Þ

� �
� 5:3305� 1:0516

Ea

RT

� �
ð4Þ

KAS equation [17–19] (adopted from ASTM 698-79 [31]):

ln
b
T2

� �
¼ ln

AEa

Rg að Þ

� �
� Ea

RT

� �
ð5Þ

g að Þ ¼
Ra
0

da
f að Þ is the integral form of the f(a), which is the

reaction model that depends on the reaction mechanism.

At the constant condition of other parameters, the TG

curves for dehydration of the prepared NiFe2O4 precursor

in air at various heating rates of 5, 10, 15, 20 and

25 K min-1 are shown in Fig. 1. According to an isocon-

versional method, the basic data of a and T collected from

Fig. 1. According to the above-mentioned equations, the

plots of ln b versus 1000/T (FWO) and ln b/T2 versus 1000/

T (KAS) corresponding to different conversions a can be

obtained by a linear regress of least-square method,

respectively. The FWO and KAS analysis results taken

from the four TG measurements below 693 K are presented

in Figs. 6 and 7, respectively. The activation energies Ea

can be calculated from the slopes of the straight lines with

better linear correlation coefficient ([0.99). The activation

energies are calculated at heating rates of 5, 10, 15, 20 and

25 K min-1 via the FWO and KAS methods in the a
ranges of 0.2 to 0.8, and are tabulated in Table 1. The

average activation energies calculated by FWO and KAS

methods are obtained to be 227.31 and 221.98 kJ mol-1,

respectively. It is seen that the activation energy values

calculated by the KAS method are close to that obtained by

FWO method. If Ea values are independent of a, the

decomposition may be a simple reaction, [20–22] while the

dependence of Ea on a should be interpreted in terms of

multi-step reaction mechanisms [14–16]. The activation

energies depend on a, so we draw a conclusion that the
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Fig. 6 FWO analysis of five TG measurements below 693 K

Table 1 Activation energies (Ea) versus correlation coefficient (r2)

calculated by FWO and KAS methods for the decomposition of the

prepared NiFe2O4 precursor

a FWO method KAS method

Ea/kJ mol-1 r Ea/kJ mol-1 r

0.2 215.13 0.9982 216.60 0.998

0.3 206.63 0.9971 207.39 0.9968

0.4 205.00 0.9977 205.41 0.9975

0.5 216.19 0.9951 216.94 0.9946

0.6 213.21 0.9936 213.62 0.993

0.7 226.50 0.995 227.42 0.9946

0.8 263.87 0.9938 266.52 0.9933

Average 227.31 ± 20.20 0.9958 221.98 ± 20.92 0.9954

1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80

-11.6

-11.2

-10.8

-10.4

-10.0

-9.6

-9.2 0.8 0.7 0.6 0.5 0.4 0.3 0.2

ln
 β

/Τ
2

1000T-1/K-1

Fig. 7 KAS analysis of five TG measurements below 693 K
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decomposition reaction process of the prepared NiFe2O4

precursor is a complex kinetic mechanism (successive or

parallel reactions, reversible reaction, etc.). This results

shows that the importance of the isoconversional methods

consists just in their capacity to evaluate the E versus a
without the knowledge of the kinetic model (g(a)).

Kinetic analysis of the oxalate decomposition steps in

NiFe mixture for the formation of NiFe2O4 has been

studied by Gabal [31–35]. He reported two steps of kinetics

decomposition for FeC2O4 and NiC2O4, which appear in

the second and third steps, respectively. The reported

kinetic model of the oxalate decomposition reactions were

the three-dimensional phase boundary (R3) model. The

reported activation energies using the Coats–Redfern

method for the thermal decomposition of FeC2O4 and

NiC2O4 were 140 and 250 kJ mol-1, respectively. These

results are different from the present study, and the kinetic

analysis in our work confirms that lower calcination tem-

perature than that report in literature [35] is possible for the

NiFe2O4 precursor synthesized by egg white solution route.

This work also confirms that the kinetic triplet values (A, E

and kinetic model) for NiFe2O4 are strongly dependent of

preparation method.

Conclusions

The NiFe2O4 precursor prepared by using egg white solu-

tion decomposes in one well defined step by starting after

478 K and the final product is NiFe2O4. The final product

is confirmed by XRD data, FTIR and SEM techniques.

Kinetic analysis from non-isothermal TG applying model-

fitting method results a single value of E on the different a
which can be assigned to multi-step reaction. The activa-

tion energies calculated for the decomposition of the pre-

pared NiFe2O4 precursor using different models and

techniques were found to be inconsistent. This indicates

that the activation energy of decomposition is dependent on

process and the nature of non-isothermal methods as well

as TGA results. The data of kinetics play an important role

in theoretical study, application development and industrial

production of a compound as a basis of theoretical. Addi-

tionally, various scientific and practical problems involving

the participation of solid phases can be solved.
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