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A B S T R A C T   

Recently, metal organic complexes have attracted a lot of attention as oil-dispersed catalysts for in-situ com
bustion and upgrading of heavy oil. As a relatively new topic, their catalytic mechanism has not been clearly 
understood. The pyrolysis and oxidation process of metal organic complexes is very important for their catalytic 
function. In this work, we investigated the pyrolysis and oxidation process of ferric(III) stearate by thermogra
vimetric analysis (TGA), X-ray diffraction (XRD), and Mössbauer spectroscopy analysis. The results indicated that 
the pyrolysis and oxidation of ferric(III) stearate is a multistage process. Isothermal treatments experiments show 
that ferric(III) stearate begins to decompose at about 200 ◦C and produce ferrous(II) stearate. From 200 to 
300 ◦C, there are three processes that may occur simultaneously: ferric(III) stearate → ferrous(II) stearate; ferrous 
(II) stearate → Fe3O4; and ferric(III) stearate → Fe3O4. At 300–350 ◦C, iron(II) oxide (FeO) is formed with a 
complete decomposition of ferric(III) stearate. A further heating up to 500 ◦C leads to the oxidation of FeO to 
Fe3O4, and Fe3O4 is the final solid-state product. The degradation kinetics of ferric(III) stearate were analyzed by 
both isoconversional model and reaction-order model. For reaction-order model, five contributions with the 
activation energy values in the range of 110–250 kJ/mol were identified and compared with isothermal ex
periments results. The findings in this work are of great value for understanding the catalytic mechanism of ferric 
(III) stearate as oil-dispersed catalysts for in-situ catalytic upgrading of heavy oil as well as in-situ combustion for 
heavy oil recovery.   

1. Introduction 

Transition-metal organic complexes have been used as catalysts in 
different topics, such as environmental remediation (water treatment) 
[1] and oxidation of organic compounds [2,3]. Recently, there is a 
strong interest in applying transition-metal organic complexes as cata
lysts in heavy oil upgrading and recovery processes. As is well known, 
heavy oil, extra-heavy oil, and bitumen have a proportion of about 
60–70% of the total world’s oil reserves. Unlike conventional light oils, 
these heavy crudes have high density and viscosity, which causes a lot of 
issues for their development. Generally, thermal methods, mostly steam 
injection and in-situ combustion techniques, are used to effectively 
develop heavy oils. To improve the efficiency of steam injection and 
in-situ combustion for heavy oil recovery, catalysts are being applied in 

these thermal processes. For steam injection, catalysts are utilized to 
promote aquathermolysis (main reaction in steam injection process) to 
achieve a high level in-situ upgrading of heavy oils as well as to reduce 
fresh water and energy used to generate steam. For in-situ combustion 
process, catalysts are utilized to enhance the combustion efficiency of 
heavy oils combining with in-situ oil upgrading. Recently, 
transition-metal organic complexes have been proved to have a high 
potential as catalysts for these two processes. The catalytic mechanism 
of these transition-metal organic complexes has been found to be asso
ciated with their pyrolysis and oxidation process where active phases 
(usually metal and metal oxide nanoparticles) are in-situ generated 
during the cracking and/or oxidation process of heavy oils. For instance, 
in our recent work, we found that the pyrolysis and oxidation of copper 
stearate in heavy oil combustion process in-situ generated Cu, Cu2O, and 
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CuO nanoparticles as catalysts. 
As indicated by recent studies, nanoparticles have sprung up as 

effective catalysts for heavy oil recovery and in-situ upgrading nowa
days [4]. However, the direct application of these nanoparticle catalysts 
for these purposes are being faced with a lot of challenges. For instance, 
the transportation of nanoparticles in porous media to the targeted zone 
in reservoir is difficult due to high retention, aggregation, deposition, 
and possible pore blocking [4–6]. In addition, these nanoparticles must 
keep a highly dispersed state in oil environment to give a high catalytic 
activity, which is difficult without an additional aid. The advantage of 
using transition-metal organic complexes is that they can be easily 
dispersed in oil environment for easy transportation and keep a highly 
dispersed state because of their oil-dispersing property. In our recent 
work, we compared the catalytic effect of CuO nanoparticles and copper 
stearate for heavy oil oxidation [5]. Copper stearate displayed a much 
better catalytic performance. CuO nanoparticles were in-situ generated 
and evenly distributed in oil environment, which plays a vital role in 
enhancing their catalytic efficiency. 

However, for the selection of suitable metal organic complexes for 
different reactions (such as aquathermolysis reactions and oxidation 
reaction) at various treatment temperatures, it is indispensable to study 
the pyrolysis and oxidation process of these metal organic complexes to 
understand at which temperature what kind of active phases can be 
formed to be as catalysts. Iron compounds with various oxidation states 
and structures from metallic iron to ferric oxides, exhibit many unique 
properties, making them be widely used as catalysts [7–9]. Different 
iron oxides have been tested for in-situ upgrading and combustion 
[10–14]. In this work, we will focus on understanding the mechanism of 
the pyrolysis and oxidation process of ferric(III) stearate considering 
that iron oxide nanoparticle is one of the most popular catalysts due to 
its many years’ application and low cost as well as the proved catalytic 
effect of ferric(III) stearate in in-situ upgrading and combustion of heavy 
oil [5,15]. 

It should be noticed that the thermal decomposition of metal car
boxylates has also been used as a low-cost and simple method to syn
thesize metal oxide nanoparticles. The oxidation state of nanoparticles 
as well as their shape and size can be precisely controlled by external 
conditions, namely, atmosphere, organic ligands, temperature, and time 
of treatment [16–20]. Another advantage of this method is that the 
synthesis of nanoparticles can be carried out at relatively low pyrolysis 
temperatures and in a continuous mode [21]. It was shown earlier that 
almost uniform nanoparticles of transition metal oxides were produced 
by the thermal decomposition of carboxylates of these metals [21–23]. 
The results obtained from these reports to some extent support that the 
in-situ generation of metal nanoparticles as catalysts is a promising 
method for in-situ oil upgrading and combustion for heavy oil recovery. 

In fact, the thermal decomposition of metallic carboxylates is a 
complex process [24]. The reactions leading to the formation of oxides 
are still not fully understood, even though several reaction pathways for 
the decomposition of carboxylates have been proposed [20]. Therefore, 

an important task is to determine the reaction products at each stage of 
the decomposition of metallic carboxylates. Mössbauer spectroscopy can 
play an important role in understanding the thermal decomposition of 
iron carboxylates because it can determine the valence state and features 
of the local environment of resonant atoms (Fe as well as Sn, Eu) in any 
condensed media, including amorphous. In addition, Mössbauer mea
surements allow one to obtain some important characteristics of solids, 
for instance, Debye temperature [25]. In early time, Mössbauer spec
troscopy was applied to study the decomposition of potassium tris 
(malonate) ferrate(III) trihydrate [26], iron(III) propionate trihydrate 
(Fe(C3H5O2)3⋅3H2O) and iron(III) butyrate trihydrate (Fe 
(C4H7O2)3⋅3H2O) [27], Fe(II) malonate dihydrate and Fe(II) formate 
dihydrate [28], iron(III) lactate (Fe(CH3CHOHCOO)3), iron(III) tartrate 
(Fe2(C4H4O6)3), and iron(III) citrate (Fe(C6H5O7)⋅5H2O) [29]. 

In this work, to our knowledge, for the first time the complex thermal 
decomposition processes (pyrolysis and oxidation) of ferric(III) stearate 
were investigated up to 500 ◦C in an air atmosphere. A deep under
standing of decomposition/oxidation kinetics of ferric(III) stearate is not 
only valuable for understanding the catalytic mechanism of as oil- 
dispersed catalysts for in-situ catalytic upgrading of heavy oil as well 
as in-situ combustion processes for heavy oil recovery, but also can 
provide additional fundamental knowledge for the synthesis of metal 
oxide nanoparticles since thermal decomposition of metal carboxylates 
has been used as a low-cost and simple method to controllably synthe
size metal oxide nanoparticles. Furthermore, we present a detailed 
Mössbauer spectroscopy analysis of ferric(III) stearate in the tempera
ture range of 80–300 K. Based on the improved Debye model, effective 
Debye temperatures are reported both for ferric and ferrous stearates. 

2. Experimental section 

Ferric(III) stearate with the purity of 98% was purchased from 
Shanghai Macklin Biochemical Co., Ltd. (China). Isothermal pyrolysis 
and oxidation experiments of ferric(III) stearate were conducted at 
various temperatures in open flask in air atmosphere for 2 h. Solid res
idues after the pyrolysis and oxidation were investigated by X-Ray 
diffraction (XRD) and Mössbauer spectroscopy. For XRD studies, MD-10 
desktop diffractometer (Radicon, Russia) with Fe-Kα radiation tube (λ =
0.193728 nm) was used. The diffractometer worked in the Debye- 
Scherer geometry and the angular accuracy was about ± 0.02◦ for the 
position of the reflex. XRD patterns were recorded in the 2θ range of 
20◦–120◦ with the step of 0.015◦ at room temperature. The Mössbauer 
effect studies were conducted on conventional WissEl Gmbh (Germany) 
spectrometer operating in a constant acceleration mode. The studies 
were provided in transmission geometry. Commercial 57Co(Rh) 
Mössbauer source with about 40 mCi activity was used as resonant 
γ-radiation source. Mössbauer spectra were collected within the tem
perature range of from − 193 ◦C (80 K) to room temperature. Low- 
temperature measurements were carried out with a continuous flow 
cryostat (model CFICEV from ICE Oxford, UK) equipped with CryoCon 
32B temperature controller. The spectrum of thin metallic iron foil was 
used for the calibration of the spectrometer velocity scale. The experi
mental data were processed by the least-square method using Spectr
Relax software [30]. The isomer shifts values were given relative to the 
α-Fe spectrum center at room temperature. Thermal analysis methods, 
such as thermogravimetric analysis (TGA) and differential scanning 
calorimeter (DSC), have been widely used for characterizing the pyrol
ysis and oxidation process of organic materials [31–33]. In this work, 
TGA test for studying the pyrolysis and oxidation process of ferric(III) 
stearate at elevated temperature was performed in a NETZSCH TG 209 
F1 Libra analyzer under air atmosphere. Temperature was elevated from 
30 to 850 ◦C at multiple heating rates (4, 6, 8, and 10 ◦C /min). The 
sample mass was about 50 mg. The experiments were performed twice 
for reproducibility. The reproducibility was good with a standard error 
of ± 0.5 ◦C for the same conversion rate. Prior to measurements, the 
calibration of thermocouple was performed. A detailed description of 

Fig. 1. XRD pattern of initial ferric(III) stearate.  
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TGA experiments can be found in our previous work [34]. 

3. Results and discussion 

XRD pattern of initial ferric(III) stearate is shown in Fig. 1. There are 
a number of reflexes. One of them marked with orange arrow is asso
ciated with ferric(III) stearate. This reflex located at 2θ = 27.4◦ which 
corresponds to a D-space of 0.41 nm. The reflex is wide enough and 
commonly related with amorphous stearate phase [35]. Other reflexes 
marked with red squares are associated with sodium chloride (NaCl) 
which exists as impurity. 

Mössbauer spectra recorded at room temperature and 80 K 
(− 193 ◦C) are shown in Fig. 2a and b, respectively. Room temperature 
Mössbauer spectrum was processed by two components, namely, sextet 
(isomer shift (IS) = 0.41 ± 0.02 mm/s, quadrupole splitting (QS) 
= − 0.22 ± 0.02 mm/s, hyperfine magnetic field (HF) = 514 ± 1 kOe) 
and asymmetrical quadrupole doublet (IS = 0.41 ± 0.01 mm/s, QS =
0.63 ± 0.01 mm/s). The sextet was assigned to hematite (α-Fe2O3). The 
second component has the parameters that are the characteristics of 
ferric ions and close to values reported earlier for ferric(III) stearate 
[36]. Therefore, the doublet should associate with ferric(III) stearate 
phase. 

The temperature dependencies of the doublet parameters are shown 
in Fig. 2c and d. With the decrease of temperature, a strong influence of 
absorption area was observed (Fig. 2c). The area of the Mössbauer 
spectrum is proportional to the probability of recoilless processes, i.e. 
the Lamb–Mössbauer factor (recoil free fraction): 

A ∼ f (1)  

f = e− k2〈x2〉 (2)  

where 〈x2〉 – mean-square displacement, and k – wavenumber of reso
nant γ-photon [37]. In the approximation of Debye model, it can be 
written as: 

ln f = −
3ER

2kBθD

[

1+ 4
(

T
θD

)2 ∫ θD/T

0

xdx
ex − 1

]

(3)  

where θD – Debye temperature, kB – Boltzmann constant, ER =
Eγ

2Mc2 – 
recoil energy of atom with mass of M, Eγ – energy of γ-photon, and c – 
light velocity. The temperature dependence of the normalized area is 
determined by the following expression:   

Fig. 2. Mössbauer spectra of ferric(III) stearate sample recorded at room temperature (a) and 80 K (− 193 ◦C) (b); the temperature dependencies of the hyperfine 
parameters of the doublet assigned to ferric(III) stearate: Mössbauer absorption area (c), isomer shift IS (d), quadrupole splitting QS (e), and asymmetry of doublet (f). 
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However, the mathematical least-square processing of experimental 
Mössbauer area data by Eq. (4) does not give a satisfactory result (green 
curve on Fig. 2c). One of reasons may be the anharmonicity of the vi
brations of resonant atoms relative to their equilibrium positions. 
Commonly, the displacement of atoms is the sum of some contributions 
which are statistically independent. According to Frauenfelder et al. 
[38], mean square displacement can be written as following sum: 
〈
x2〉 =

〈
x2

v

〉
+
〈
x2

c

〉
+
〈
x2

d

〉
(5)  

where 〈x2
v 〉, 〈x2

c 〉, 〈x2
d〉 are the lattice vibration contributions, the 

conformation contributions, and the diffusion contributions, respec
tively. In the simplest case, we can take anharmonicity into account by 
introducing a temperature dependence of Debye temperature in the 
limit of linear approximation [39]: 

θD(T) = θD(0)⋅(1 + A⋅T + ...) (6)  

where θD(0) – Debye temperature at 0 K, А – anharmonicity parameter, 
and T – temperature. The experimental data were processed using 
expression (4), which considers the linear dependence (6) of Debye 
parameter, θD, on temperature. The fitting result is shown in Fig. 2с by a 
red line. The following parameters were obtained: θD(0) = 125 ± 2 К и 
and А = − 0.096 ± 0.011 K− 1. 

The isomer shift is determined by sum of two contributions, δs and 
δSOD, which are related to the density of s electrons on nuclei and the 
second order Doppler shift, respectively: 

δ = δs + δSOD (7) 

In many cases, the temperature dependence of δs is negligible. 
Temperature dependence of isomer shift commonly is defined by the 
second order Doppler shift: 

δSOD = −
〈υ2〉

2c
(8)  

where 〈υ2〉 – the mean square velocity of resonance atoms. In the Debye 
approximation, it can be written as: 

〈υ2〉 =
9kBθD

M

⎡

⎢
⎣

1
8
+

(
T
θD

)
4
∫ θD

T

0

x3

ex − 1
dx

⎤

⎥
⎦. (9) 

The experimental temperature dependence of isomer shift was 
mathematically processed by following expression: 

δ = δS −
9kBθD

2cM

⎡

⎢
⎣

1
8
+

(
T
θD

)
4
∫ θD

T

0

x3

ex − 1
dx

⎤

⎥
⎦ (10) 

The experimental data and fitted curve are shown in Fig. 2d by red 
line. Best fit parameters are θD = 485 ± 21 К and δs = 0.65 ± 0.01 mm/ 
s. 

Debye temperature estimated from the temperature dependence of 
isomer shift is almost four time higher than the one derived from the 
temperature dependence of Mössbauer absorption area. This discrep
ancy can be explained if we consider the fact that the Lamb–Mössbauer 
factor (recoil free fraction) is determined by the mean square displace
ment, while the second-order Doppler shift is determined by the mean 

square velocity of resonant atoms. Mean square displacement depends 
on low-frequency vibrations up to 250 cm− 1, whereas mean square ve
locity depends on higher frequency vibrations in the range of 
400–800 cm− 1 [40]. The intermolecular vibrations of ferric(III) stearate 
molecules are characterized by low frequencies because of the heavy 
mass of the molecules and a relative weak bond between them. In 
contrast, the intramolecular vibrations of Fe atoms in the molecule 
expand to higher frequencies. Thus, intermolecular vibrations have 
contribution mainly to the mean square displacement, while intra
molecular vibrations contribute to both the mean square displacement 
and the mean square velocity [41]. 

With increasing temperature, a slight decrease in the quadrupole 
splitting is observed (Fig. 2e). Generally, quadrupole splitting is defined 
by the interaction between electric field gradient (EFG) and nuclear 
quadrupole moment. There are two main contributions in EFG, namely, 
the contribution of valence electrons and the lattice contribution [37]. 
The former is strongly temperature-dependent, while the latter is weakly 
dependent on temperature. However, in the case of the high-spin Fe3+, 
considering a crystal field model with no overlap of ligand and metal 
orbitals, valence electron contribution may be neglected since half-filled 
3d orbitals of this ion results in a spherical symmetry of electron dis
tribution [37]. Thus, the observed slight decrease in quadrupole split
ting value with temperature increase arises from lattice contribution to 
EFG. Doublet asymmetry, which is defined here as the ratio of the area of 
the left resonance line to the area of the right line, increases with tem
perature (Fig. 2f). However, the widths of these lines are equal in the 
whole investigated temperature range. Such behavior is often associated 
with the Gol’danskii–Karyagin effect [42,43]. This effect may be caused 
by the difference of chemical bonding in different directions [44]. 

Fig. 3 shows the pyrolysis and oxidation behavior of ferric(III) 
stearate obtained from TGA experiments. Four noticeable processes can 
be observed during the heating process in air. Temperature and mass 
loss data for each process are presented in Table 1. For determining the 
reaction mechanism of each process, isothermal treatments were con
ducted at different temperatures. Solid products obtained from these 
treatments were ex-situ investigated by XRD and Mössbauer 

Fig. 3. TG-DTG curves for the pyrolysis and oxidation of ferric(III) stearate.  

ln
A(T)

A(295 K)
= ln

f (T)
f (295 K)

=
6ER

kBθD

⎡

⎢
⎣

(
295 K

θD

)
2
∫ θD

295 K

0

x
ex − 1

dx −
(

T
θD

)
2
∫ θD

T

0

x
ex − 1

dx

⎤

⎥
⎦ (4)   
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spectroscopy. It should be mentioned that in-situ studies of thermal 
treatment of ferric(III) stearate are almost practically impossible to 
obtain useful information due to low Debye temperature that leads to an 
almost absence of Mössbauer effect at high temperatures. 

The data of TGA were also analyzed by differential (Friedman 
method) and integral (Ozawa–Flynn–Wall) isoconversional methods to 
estimate kinetics. These methods were described elsewhere [45–47]. 

The kinetic analysis results are depicted in Fig. 4. It is seen that with a 
rise of conversion degree, apparent activation energy drastically 
changes in the range from 50 to 270 kJ/mol. Such changes are another 
proof of the multistep decomposition process of ferric(III) stearate. To 
better understand the process, the results of isoconversional analysis by 
Friedman method and TG-DTG curves (4 K/min) are merged in Fig. 5. 
Some “special” points on apparent activation energy fingerprint are 
projected on TG-DTG data. Obviously, these points are in concordance 
with the steps of thermal pyrolysis and oxidation of ferric(III) stearate. 

Furthermore, the TGA data were processed based on the model ex
pressions proposed by Coats and Redfern [48]. In general, kinetics of 
chemical reaction is described by rate expression (11): 

dα
dt

= k⋅f (α) (11)  

where α – conversion degree, k – rate coefficient, f(α) – conversion 
function, and t – time. Conversion degree is determined using Eq. (12): 

α =
m0 − m

m0 − m∞
(12)  

where m – mass at given time, and m0 and m∞ – starting and final masses, 
respectively. Conversion degree changes in the range from 0 to 1. Rate 
coefficient k is described by Arrhenius law: 

k = Ae
− Ea
RT (13)  

where A – preexponential Arrhenius factor, Ea – apparent activation 
energy, R – the ideal gas constant, and T – absolute temperature. There 
are a lot of conversion functions being used for describing various pro
cesses [49]. Here, we will use the simplest form of f(α) denoted as re
action order-model: 

f (α) = (1 − α)n (14)  

where n – reaction order. 

Table 1 
Temperature data and mass loss of each process observed in TG-DTG curves.  

Heating rate 
(K/min) 

Process 1 Process 2 Process 3 Process 4 

Temperature 
range 
(◦C) 

Peak 
(◦C) 

Mass 
loss (%) 

Temperature 
range 
(◦C) 

Peak 
(◦C) 

Mass 
loss (%) 

Temperature 
range 
(◦C) 

Peak 
(◦C) 

Mass 
loss (%) 

Temperature 
range 
(◦C) 

Peak 
(◦C) 

Mass 
loss (%)  

4 150–296  257.6  29.37 296–352  316.9  19.30 352–407  389.4  20.17 407–500  433.4  18.84  
6 150–297  264.8  27.94 297–356  321.8  20.68 356–406  398.0  14.44 406–520  439.3  24.40  
8 150–303  270.5  29.03 303–360  326.6  18.33 360–418  392.5  20.59 418–525  446.4  20.17  
10 150–294  274.8  22.64 294–365  323.4  25.45 365–431  405.1  20.19 431–540  457.8  18.75  

Fig. 4. Apparent activation energy dependence on conversion degree derived 
by Friedman and Ozawa–Flynn–Wall methods. 

Fig. 5. Merged data of Friedman isoconversional analysis and TGA-DTG curves 
(4 K/min). 

Fig. 6. Model multi-step fitting of the first derivative of conversion degree data 
taken in TGA experiment with the heating rate of 10 K/min. 
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Typically, TGA experiments were performed at a specific heating 
rate: 

β =
dT
dt

(15) 

Finally, the following model chemical kinetics expression can be 
obtained: 

dα
dT

=
A
β

e
− Ea
RT ⋅(1 − α)n (16) 

Further, this expression is integrated as described by Jasinki [48]: 

for n = 1 : − ln
(

1 − α
)

=
ART2

βEa

[

1 −
2RT
Ea

]

e−
Ea
RT (17)  

forn ∕= 1 :
1 − (1 − α)1− n

1 − n
=

ART2

βEa

[

1 −
2RT
Ea

]

e−
Ea
RT (18) 

After simple manipulations: 

forn = 1 : α = 1 − exp
[

ART2

βEa

[

1 −
2RT
Ea

]

e−
Ea
RT

]

(19)  

forn ∕= 1 : α = 1 −
[

1 −

(

1 − n
)

ART2

βEa

[

1 −
2RT
Ea

]

e−
Ea
RT

] 1
1− n

(20) 

Table 2 
Values of parameters taken from mathematical processing of TGA data (10 K/min).  

Kinetic parameters Component I Component II Component III Component IV Component V 

Ea, kJ/mol 115.8 ± 0.6 125 ± 5 183 ± 2 182.3 ± 0.7 247 ± 1 
A, s− 1 8.3 ± 1.5 × 109 1.1 ± 0.7 × 1010 1.4 ± 0.5 × 1014 1.1 ± 0.2 × 1012 4.7 ± 0.9 × 1015 

n 1.15 ± 0.04 1.13 ± 0.04 1.61 ± 0.01 1.15 ± 0.01 1.37 ± 0.01 
w 0.05 ± 0.01 0.18 ± 0.01 0.293 ± 0.001 0.218 ± 0.001 0.240 ± 0.001  

Fig. 7. Mössbauer spectra (left) and XRD patterns (right) of ferric(III) stearate after isothermal treatment at different temperatures.  
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After differentiation with respect to T and simple rearrangement: 

forn = 1 :
dα
dT

=
A
β

[

1 −
6R2T2

Ea
2

]

exp
[

−
Ea

RT
+

ART2

βEa

(

1 −
2RT
Ea

)

e−
Ea
RT

]

(21)  

forn ∕= 1 :
dα
dT

=
A
β

[

1 −
6R2T2

Ea
2

]

e−
Ea
RT

[

1 − (1 − n)
ART2

βEa

(

1 −
2RT
Ea

)

e−
Ea
RT

] n
n− 1

(22) 

Expressions (19)–(22) may be used for the analysis of single-step 
thermal conversion. However, often conversion is multi-step process. 
In such cases, experimental data can be processed by the sum of 
contributions: 

dα
dT

=
∑l

i=1
wi

d
dT

α
(

Ai,Ea
i, ni

)

(23)  

where wi – weight of i-th contribution and l – number of contributions. 
Each of these contributions is related to one kinetic process, and kinetic 
parameters (A, Ea, n) are determined for each component. 

TGA data were processed by expression (23). The data at 10 K/min 
and its fitting curve are presented in Fig. 6. These data were processed by 
the sum of five components, and the estimated parameters of these 
components are listed in Table 2. It can be seen that the estimated values 
of apparent activation energy for each process (100–250 kJ/mol) are in 
the main range of values calculated by isoconversional methods (Fig. 4). 
The division of these processes can provide a basis for understanding the 
pyrolysis and oxidation process of ferric(III) stearate. 

Room temperature Mössbauer spectra and XRD patterns of ferric(III) 
stearate after isothermal treatment at different temperatures are depic
ted in Fig. 7. It is clearly seen that thermal treatment has a strong in
fluence on the phase composition of the system. When temperature is 
< 200 ◦С, XRD patterns as well as Mössbauer spectra of samples are 
almost the same for each temperature. Thus, during annealing at these 

Fig. 8. XRD pattern (left) and room temperature Mössbauer spectrum (right) of ferric(III) stearate after treatment at 350 ◦С.  

Fig. 9. Mössbauer spectra of ferric(III) stearate after treatment at 250 ◦С recorded at various temperatures (a); temperature dependence of the relative area of 
doublet related to ferrous(III) stearate (b). 

Table 3 
Debye temperatures and values of Lamb–Mössbauer factor at room temperature 
for iron containing phases.  

Phase Debye 
temperature, K 

Lamb–Mössbauer factor 
at room temperature, 
f295К 

Source 

Ferric(III) 
stearate 

125  0.01 This study 

Ferrous(II) 
stearate 

117  0.0002 This study 

α-Fe2O3 ~ 500  0.84 De Grave and 
Vandenberghe  
[54] 

Fe3O4 Oct 314  0.66 Sawatzky et al.  
[55] Tetr 334  0.69 

FexO 430  0.8 Stolen et al. [56]  
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Fig. 10. SEM images of ferric(III) stearate calcined at 200 ◦C, 300 ◦C, 400 ◦C, and 500 ◦C (from top to bottom).  

Scheme 1. Pathway of the pyrolysis and oxidation of ferric(III) stearate in air atmosphere.  
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temperatures the phase composition of obtained products does not 
change qualitatively. However, the relative area of sextet related to 
hematite in Mössbauer spectra increases with temperature. This is a sign 
that ferric(III) stearate is slowly decomposed with the formation of he
matite in the range of ~ 100–200 ◦С. At the temperatures above 200 ◦C, 
new components, namely, a doublet and two sextets, appear in the 
Mössbauer spectra in addition to abovementioned lines. Hyperfine pa
rameters of the “new” doublet (at room temperature: IS =

0.97 ± 0.01 mm/s, QS = 2.27 ± 0.01 mm/s) are the characteristics of 
ferrous(II) ions. Two sextets with the following hyperfine parameters: IS 
= 0.27 ± 0.01 mm/s, QS = 0 ± 0.01 mm/s, HF = 480 ± 1 kOe and IS 
= 0.56 ± 0.01 mm/s, QS = 0 ± 0.01 mm/s, HF = 437 ± 1 kOe, are 
corresponding to iron ions in tetrahedral and octahedral cites of 
magnetite (Fe3O4) phase, respectively. At 250 ◦С and above, an abrupt 
increase of magnetite content is observed. XRD investigations confirm 
Mössbauer spectroscopy results. Actually, the decrease of the intensity 
of ferric(III) stearate reflex and appearance of new reflexes linked to 
magnetite starts at 200 ◦С and are intensified at higher temperatures. 
Magnetite reflexes (shown by black asterisks on Fig. 7) noticeably in
crease after the thermal treatment at 250 ◦С and above. After treatment 
at 350 ◦С, hematite lines disappear in Mössbauer spectrum. It means 
that full or partial reduction of ferric ions to ferrous one. 

Furthermore, on the XRD pattern and Mössbauer spectrum of sample 
after treatment at 350 ◦С, the line of ferrous oxide (FexO) is observed 
(Fig. 8). Wherein on XRD pattern the reflex linked to ferric stearate 
vanishes, while two other relatively sharp reflexes located at 2θ angle of 
27.3◦ and 29.9◦ appear. However, these reflexes also disappear after 
treatment at 400 ◦С. We relate these reflexes with the organic residues of 
ferric(III) stearate decomposition that are crystalline at room tempera
ture. At 350 ◦С and above, the traces of ferric(III) stearate are not 
observed both in XRD patterns and Mössbauer spectra. Therefore, as a 
result of isothermal treatment at 350 ◦С, ferric(III) stearate is fully 
decomposed. After treatment at 400 ◦С and higher temperatures, only 
magnetite phase is observed. 

Processes that are observed in TG-DTG curves from about 350 ◦С to 
500 ◦С does not reflect in Mössbauer results. These processes are related 
to the organic residues formed by the pyrolysis/oxidation of ferric(III) 
stearate. It is known that the common organic products of carboxylate 
thermal decomposition are ketones and aldehydes [50]. In air atmo
sphere, these compounds can be further oxidized like the combustion of 
hydrocarbons. According to the theory of hydrocarbon combustion, 
these subsequent two processes from about 350–500 ◦С can be described 
as fuel deposition (coke formation by pyrolysis and/or oxidative 
cracking) and high-temperature oxidation (HTO, where coke is com
busted), respectively [47,51,52]. 

For a detailed study of the origin of the doublet associated with 
ferrous ions, low temperature Mössbauer studies of ferric(III) stearate 
annealed at 250 ◦C were carried out. The results are shown in Fig. 9a. 
The relative area of this component increases strongly with decreasing 
temperature, which indicates a low Debye temperature. The tempera
ture dependence of the relative area of the component was mathemat
ically least-square fitted using expressions (4) and (6) as shown by a 
solid red line in Fig. 9b, and the values of the parameters are θD(0)
= 117 ± 2 К and А = − 0.166 ± 0.013 K− 1. The hyperfine parameters 
are similar to the known values reported in [53] and the low Debye 
temperature of the component suggests that this doublet is associated 
with ferrous(II) stearate. Debye temperatures and values of 
Lamb–Mössbauer factor at room temperature for iron containing phases 
observed in this work are listed in Table 3. Knowledge of these values is 
useful for the quantitative analysis of Mössbauer spectra where these 
phases appear. 

Morphology of the obtained samples was analyzed by a high- 
resolution field emission scanning electron microscope (FESEM). The 
results for samples calcined at 200 ◦C, 300 ◦C, 400 ◦C, and 500 ◦C are 
depicted on Fig. 10. Morphology of samples changes obviously with the 
rise of calcination temperature, mainly manifested in the surface. For the 

sample calcined at 200 ◦C, it is almost flat surface. But few μm sized 
flakes are seen on the surface of sample calcined at 300 ◦C. It may be 
another proof of the transformation of ferric(III) stearate into ferrous(II) 
stearate. With the further increasing of calcination temperature, the 
surface of samples becomes relatively flat. We believe that ~ 1 µm sized 
roughness on the surface of samples calcined at 400 ◦C and 500 ◦C is 
caused by Fe3O4 particles. Apparently, these particles are buried in the 
residuals of ferric(III) stearate decomposition which are seen on XRD 
patterns as halo at the 2θ angles of 20◦–30◦ (see Fig. 7). We suppose that 
these residual products protect magnetite particles from oxidation in the 
investigated temperature range up to 500 ◦C and atmosphere pressure. 

Obviously, the processes that produce different iron containing 
phases identified by XRD and Mössbauer spectroscopy from isothermal 
treatments are consistent with the reaction processes recognized from 
TG-DTG curves. On the basis of all the obtained results, we assume that 
the pyrolysis and oxidation of ferric(III) stearate in air atmosphere 
proceeds along the pathway shown in Scheme 1. The decomposition of 
ferric(III) stearate at temperatures above 200 ◦C goes through the for
mation of an intermediate phase of ferrous(II) stearate. The presence in 
the reactive medium of iron ions of valence 2+ and 3+ leads to the 
formation of magnetite particles, i.e. iron oxide of mixed valence. At 
temperatures of about 300 ◦C, ferric(III) stearate is completely decom
posed, and at about 300–350 ◦C, ferrous stearate with the formation of 
iron monoxide (FexO) is observed. At this stage, iron monoxide (FexO) is 
surrounded by the organic residues (decomposed/oxidized products of 
organic parts). Further heating leads to the oxidation of FexO to 
magnetite with the pyrolysis and combustion of organic residues sur
rounding FexO. The two processes visible on the TG-DTG curves at 
temperatures above 350 ◦C are associated with fuel deposition (coke 
formation by pyrolysis and/or oxidative cracking) and HTO of the 
organic residues. 

4. Conclusion 

The pyrolysis and oxidation of ferric(III) stearate is a multistage 
process. At > 200 ◦С, ferric(III) stearate begins to be decomposed into 
ferrous stearate. Further heating leads to the formation of a magnetite 
phase. It should be noticed that three processes can simultaneously 
occur at 200–300 ◦С: ferric(III) stearate → ferrous(II) stearate, ferrous 
(II) stearate → Fe3O4, and ferric(III) stearate → Fe3O4. When the tem
perature > 300 ◦C, ferric(III) stearate is completely decomposed with 
the formation of iron(II) oxide. Further heating leads to the oxidation of 
FeO to Fe3O4 with the pyrolysis and combustion of organic residues. 
Fe3O4 is the final product of the pyrolysis and oxidation of ferric(III) 
stearate up to 500 ◦C. What is noteworthy is that the change in the 
valence of iron ions is very important for their catalytic effect. These 
intermediate products and final products can all play a catalytic role in 
the pyrolysis and oxidation process of hydrocarbons. Insight into the 
mechanism of the pyrolysis and oxidation process of ferric(III) stearate 
has a great value for its application as catalysts in in-situ upgrading and 
combustion for heavy oil recovery as well as in other topics considering 
iron oxides nanoparticles are one of the most popular catalysts. 
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[29] B.S. Randhawa, R. Kaur, K. Sweety, Mössbauer study on thermal decomposition of 
some hydroxy iron(III) carboxylates, J. Radioanal. Nucl. Chem. 220 (1997) 
271–273, https://doi.org/10.1007/BF02034872. 

[30] M.E. Matsnev, V.S. Rusakov, SpectrRelax: an application for Mössbauer spectra 
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and Mössbauer spectral properties of several trinuclear iron(III) carboxylate 

A.L. Zinnatullin et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.ccr.2018.04.012
https://doi.org/10.1016/j.ccr.2018.04.012
https://doi.org/10.1016/j.ccr.2012.09.012
https://doi.org/10.1021/acs.inorgchem.9b02189
https://doi.org/10.1016/j.apenergy.2014.07.069
https://doi.org/10.1016/j.apcata.2018.07.021
https://doi.org/10.1016/j.apcata.2018.07.021
https://doi.org/10.1016/j.fuel.2020.118981
https://doi.org/10.1002/smll.200500006
https://doi.org/10.1002/9783527691395
https://doi.org/10.1180/claymin.1999.034.1.20
https://doi.org/10.1021/acs.energyfuels.7b03693
https://doi.org/10.1021/acs.energyfuels.7b03693
https://doi.org/10.1016/j.apcata.2014.03.017
https://doi.org/10.1016/j.apcata.2014.03.017
https://doi.org/10.1016/j.fuel.2016.08.015
https://doi.org/10.1016/j.fuel.2016.08.015
https://doi.org/10.1021/ef101230g
https://doi.org/10.1021/ef101230g
https://doi.org/10.1021/acs.energyfuels.5b01451
https://doi.org/10.1016/j.fuel.2020.118753
https://doi.org/10.1088/0957-4484/27/32/324002
https://doi.org/10.1088/0957-4484/27/32/324002
https://doi.org/10.1039/c5nr01651g
https://doi.org/10.1021/acsnano.7b00609
https://doi.org/10.1021/acsnano.7b00609
https://doi.org/10.1039/C8CE00875B
https://doi.org/10.1039/c3nr33950e
https://doi.org/10.1039/c3nr33950e
https://doi.org/10.1016/j.partic.2015.09.011
https://doi.org/10.1016/j.partic.2015.09.011
https://doi.org/10.1016/j.powtec.2016.07.037
https://doi.org/10.1038/nmat1251
https://doi.org/10.1016/j.tca.2004.07.008
https://doi.org/10.1016/j.tca.2004.07.008
https://doi.org/10.1126/science.164.3882.939
https://doi.org/10.1126/science.164.3882.939
https://doi.org/10.1016/0040-6031(86)80038-7
https://doi.org/10.1016/0040-6031(83)85039-4
https://doi.org/10.1016/0022-1902(81)80252-7
https://doi.org/10.1016/0022-1902(81)80252-7
https://doi.org/10.1007/BF02034872
http://refhub.elsevier.com/S0165-2370(21)00353-3/sbref30
http://refhub.elsevier.com/S0165-2370(21)00353-3/sbref30
https://doi.org/10.1080/10916466.2016.1217235
https://doi.org/10.1016/j.fuproc.2011.12.029
https://doi.org/10.1016/j.fuproc.2011.12.029
https://doi.org/10.1016/j.petrol.2021.108364
https://doi.org/10.1016/j.petrol.2021.108364
https://doi.org/10.1021/acs.energyfuels.8b00428
https://doi.org/10.1002/jps.2600811214
https://doi.org/10.1002/jps.2600811214
https://doi.org/10.1007/BF00321565
https://doi.org/10.1002/9783527611423
https://doi.org/10.1002/9783527611423
https://doi.org/10.1038/280558a0
https://doi.org/10.1007/BF02064624
https://doi.org/10.1007/BF02064624
https://doi.org/10.1021/acs.inorgchem.5b01121
https://doi.org/10.1021/acs.inorgchem.5b01121
http://refhub.elsevier.com/S0165-2370(21)00353-3/sbref41
http://refhub.elsevier.com/S0165-2370(21)00353-3/sbref41
http://refhub.elsevier.com/S0165-2370(21)00353-3/sbref41
http://refhub.elsevier.com/S0165-2370(21)00353-3/sbref41
https://doi.org/10.1016/s0020-1693(00)84597-1
https://doi.org/10.1016/s0020-1693(00)84597-1
https://doi.org/10.1016/S0277-5387(00)87180-6


Journal of Analytical and Applied Pyrolysis 161 (2022) 105367

11

complexes, J. Chem. Soc. Dalton Trans. (1973) 573–579, https://doi.org/10.1039/ 
DT9730000573. 

[45] S. Vyazovkin, K. Chrissafis, M.L. Di Lorenzo, N. Koga, M. Pijolat, B. Roduit, 
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