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Abstract
The decomposition of synthetic siderite  (FeCO3) in air atmosphere at room temperature conditions was studied. Siderite 
was formed by mechanochemical reaction of  Fe3O4 and graphite at high  CO2 pressure in the presence of water. Kinetics of 
decomposition reaction was studied over period up to 9 days and it is shown that decomposition reaction obeys geometrical 
contraction solid-state reaction mechanism model. It was found that the water influences not only the kinetics of siderite for-
mation but also its stability. Siderite completely decomposes at ambient conditions yielding magnetite  (Fe3O4) and hematite 
 (Fe2O3) which can reversibly re-absorb carbon dioxide.

Keywords Mechanochemical reaction · Room temperature decomposition · Kinetics of siderite decomposition · Efficient 
reversible absorbent of  CO2

Introduction

During the last two centuries and mainly the last several dec-
ades Earth has warmed as a result of increasing emissions 
of green-house effect gases to the atmosphere (Pannoccia 
et al. 2007; Cheng-Hsiu et al. 2012). These gases include 
carbon dioxide  (CO2), methane  (CH4), nitrous oxide  (N2O), 
hydrofluorocarbons (HFC), perfluorocarbons (PFCs) and 
sulphur hexafluoride  (SF6). Among of these, carbon diox-
ide is considered the main cause of global warming. Two 
major contributors to  CO2 emission are different sectors of 
industry which utilize fossil fuel and forest fires (Cheng-
Hsiu et al. 2012; Han et al. 2014; Kumar et al. 2015a; Merkel 
et al. 2009). It is predicted that by the year 2100 the  CO2 
concentration in atmosphere could reach 570 ppm, causing 
further increase of global temperature, sea level rise and 
extinction of many living species (Yan et al. 2008; Stewart 
and Hessami 2005).

Although most countries are aware of this situation, today 
there are no large-scale developments to predict that this 
problem is close to being solved. This, due to the high costs 
and in most cases, the technologies used has not been inte-
grated to the expected level (Mora et al. 2019a). Organiza-
tions as National Energy Technology Laboratory (NETL), 
are pursuing efforts of the governments, industrial sector 
and research community, which are focused on developing 
technologies to reduce emissions of  CO2, its separation and 
capture, and long-term storage (Figueroa et al. 2008). Car-
bon dioxide capture and sequestration are promising tech-
nologies to reduce atmospheric concentration of  CO2.

Selection of technology for  CO2 capture in industrial sec-
tor depends on the type of plant and flue gas composition. 
For example in power generation, the possible configura-
tions are pre-combustion capture, post-combustion capture, 
oxy-fuel combustion capture and chemical combustion cap-
ture, and each the gas stream to be treated has its specific 
conditions of pressure, temperature and  CO2 concentration 
(Zaman and Lee 2013).

The most studied methods to deal with  CO2 are chemical 
and physical absorption, adsorption, membrane separations, 
and several novel separation techniques (Pannoccia et al. 
2007; Zaman and Lee 2013). Chemical absorption is the 
most mature technology, although it has important disadvan-
tages as low  CO2 absorption capacity, thermal degradation 
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and corrosive nature of the absorbents (Han et al. 2014). 
Amines, ammonia and potassium carbonate are mainly used 
in chemical absorption technology (Zaman and Lee 2013; 
Bello and Idem 2005; Cullinage and Rochelle 2004). Micro-
gel particles have been studied for enhancing of efficiency of 
amines (Yang et al. 2020). Physical absorption method uses 
solvents as Selexol, Rectisol, Fluor, Purisol and Sulfolane 
(Breckenridge et al. 2000) and operates more efficiently at 
low temperatures and high pressures (Zaman and Lee 2013). 
Although adsorption has not been commercialized yet, it has 
attracted a lot of attention because of low energy require-
ments for adsorbent regeneration and wide temperature 
range for operation (from room temperature up to 700 °C) 
(Zaman and Lee 2013). Adsorption can have physical or 
chemical nature. The regeneration of adsorbents is based on 
techniques using pressure, vacuum, hybrid vacuum–pressure 
and electricity methods (Zhang and Webley 2008). Mem-
branes act as filters to separate  CO2 from other gas compo-
nents. Although it has been shown that the membranes could 
offer advantages by reducing energy requirements and cost 
compared with amine technology, this technology is still at 
laboratory-scale level due to operational problems, contami-
nation, and implementation on large sc (Stewart and Hes-
sami 2005) ale at power plants applications (Folger 2013). 
Latest research works have revealed important improve-
ments in membranes performance for  CO2 capture from 
coalbed methane (Zhang et al. 2010) or using polymeric thin 
films (Xie et al. 2019; Han and Winston Ho 2018). Cryogen-
ics and micro algal are identified as other novel separation 
techniques, which are being studied in preliminary phases 
(Song et al. 2019).

Potential use for  CO2 capture of compounds as  Mg2SiO4, 
 Mg2VO4, and  Mg2GeO4 is under study (Kang 2020). 
Recently, carbonation of some metal oxides such as MgO, 
FeO, ZnO has been studied due to favourable thermodynam-
ics of  CO2 absorption reaction and their abundance in nature 
(Kumar and Saxena 2014). After carbonation the material 
(metal carbonate) is heated in order to released  CO2 and 
regenerate the oxide, which can be used in another cycle of 
carbonation/calcination (Salvador et al. 2003).

Siderite has gained a remarkable interest among research-
ers because it is a suitable source of iron for industrial pro-
cesses (Feng et al. 2011; Patterson 1994). Normally, natural 
siderite contains different amounts of Mg, Ca, Mn impuri-
ties (Gotor et al. 2000). Solid solutions with carbonates of 
Mg and Mn exist in all range of concentrations, while a 
wide miscibility gap reported between carbonates of Fe and 
Ca (Mora et al. 2019a). Synthetic siderite can be obtained 
either by wet chemistry methods or at high temperature high 
pressure conditions by reactions of iron oxides, particularly 
 Fe3O4 or  Fe2O3, and carbon dioxide (Chai 1994; Das 2016; 
Zhou 2011). These iron oxides have important use in blast 
furnace for steel fabrication.

There are several studies about mechanism of thermal 
decomposition of siderite which report  Fe3O4, FeO, α-Fe2O3 
and γ-Fe2O3 as major products of decomposition (Feng et al. 
2011; Alkaç and Atalay 2008; Fosbøl et al. 2010; Kumar 
et al. 2015b). Formation of specific product depends on the 
atmosphere, chemical composition of the siderite sample 
(presence impurities), and synthesis history (Feng et al. 
2011; Gotor et al. 2000; Alkaç and Atalay 2008; Fosbøl et al. 
2010). Under flow of oxygen, oxidation occurs rapidly and 
 Fe2O3 is formed while in inert atmosphere or vacuum  Fe3O4 
and FeO or  Fe2O3 are detected at moderate (Feng et al. 2011; 
Gotor et al. 2000; Alkaç and Atalay 2008) and high tempera-
tures (Gallagher and Warne 1981), respectively. Moreover, 
the temperatures of thermal decomposition of synthetic and 
natural samples of siderite are different. Decomposition tem-
perature of synthetic siderite is approximately 200 K lower 
than that one of the natural sample (Gotor et al. 2000).

This paper presents results on  CO2 capture using  Fe3O4 as 
an absorbent. Siderite is a product of mechanochemical reac-
tion between gaseous  CO2 and solid  Fe3O4. Effect of water 
on the chemical stability of siderite (carbon dioxide desorp-
tion properties) is studied. Reactions (1) and (2) correspond 
to the carbonation and decomposition reactions respectively, 
which were studied in this work.

Experimental

Planetary ball mill Retsch PM100 operating at 400 revolu-
tions per minute was used to establish mechanochemical 
reaction between magnetite and carbon dioxide at room tem-
perature and elevated  CO2 pressure (10–30 bar). Reaction 
vessel was a stainless-steel jar of 50 mL volume capable 
for holding up to 100 bar gas pressure. High purity  CO2 
gas (Airgas, 99.999%) was loaded into the reactor at differ-
ent pressures together with 3.00 g of magnetite (Alfa Aesar, 
nanopowder, 97%) and graphite (Alfa Aesar CD Graphite 
powder, crystalline, 325 mesh, 99%) mixture (molar ratio 
2:1, according reaction (1)). Water (3.0 ml) was added to 
the mixture of magnetite and graphite. The powder to balls 
(stainless steel) weight ratio was 2:27. Reactor was flushed 
several times with  CO2 gas to ensure a pure  CO2 atmosphere 
inside the reactor. Mechanochemical reaction was run for 
36 h. Each 1 h milling interval was followed by half an hour 
cooling interval to avoid overheating of the sample, which 
can affect the stability of siderite.

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) were conducted in a temperature 

(1)2Fe3O4(s) + C(s) + 5CO2(g) → 6FeCO3(s)

(2)3FeCO3(s) + 1∕2O2 → Fe3O4(s) + 3CO2(g)
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range of 25–1000 °C using TA Instruments SDT Q600 
instrument. Experiments were performed in air and Ar 
atmospheres with a heating rate of 10 °C/min.

Powder X-ray diffraction patterns were collected using 
Bruker GADDS/D8 diffractometer equipped with Apex 
Smart CCD Detector and molybdenum rotating anode. Col-
lected 2D diffraction patterns were integrated using Fit2D 
software (Hammersley 1997). Quantitative phase analysis 
of the samples was performed using Rietveld method and 
GSAS package (Toby 2001; Larson and Dreele 2004). The 
 CO2 sorption capacity was calculated using the results gener-
ated by Rietveld refinement of XRD patterns. Surface area of 
the powders was measured using Brunauer–Emmett–Teller 
(BET) method and Micrometrics Tristar II 3020 instrument.

Results

Thermodynamic simulations in the system 
 Fe3O4‑C‑CO2

FACTSAGE software and the databases therein, FACT—
F*A*C*T 5.0, SGPS—SGTE and SGSL (Bale et al. 2002) 
were used for thermodynamic modelling in  Fe3O4-C-CO2 
system. Figure 1 shows the calculated equilibrium tem-
perature as a function of  CO2 pressure in the system 
 Fe3O4-C-CO2-H2O with different amounts of water, accord-
ing reaction (1). The results indicate that the siderite for-
mation is favored either by high  CO2 pressures at a con-
stant temperature or by low temperatures at a constant  CO2 
pressure (Mora et al. 2019a). Moreover, results reveal that 
siderite stability depends strongly on water amount in the 
mixture. As can be seen, equilibrium temperature decreases 

with the increasing amount of water, which suggests that 
the regeneration of material is possible at relatively low 
temperatures.

Siderite formation

Kinetics of iron (II) carbonate formation in mechanochemi-
cal reactions between magnetite or hematite and metallic 
iron as reducing agent was studied in (Mora et al. 2019a). 
Carbonation of iron ore in mechanochemical reactions was 
studied (Mora et al. 2019b). It was shown that magnetite 
carbonation under mechanochemical activation can not 
be accomplished in the absence of water using graphite as 
reducing agent due to kinetics limitations. It was demon-
strated that water acts as a catalyst in carbonation reactions 
promoting the formation of  CO3

2− and  H+ ions (Kumar et al. 
2015a, b).

The XRD pattern of the reaction products after 36 h ball 
milling at 400 rpm and 30 bar  CO2 pressure is shown in 
Fig. 2. XRD pattern reveals the presence of siderite (JCPDS 
# 00-029-0696) as the major phase and minor amount of 
unreacted magnetite. Amount of the siderite, which was 
obtained by the Rietveld refinemenet of XRD pattern, 
is 85.86% that is equivalent to 0.4829 g  CO2/g sorbent 
absorption capacity and 78.82% of magnetite-to-siderite 
conversion.

Calculated lattice parameters of siderite are a = b = 4.6638 
(3) Å and c = 15.6744 (7) Å, which are in good agreement 
published data (Mora et al. 2019a). Average crystallite size 
of  FeCO3 after 36 h ball milling was estimated using Scher-
rer’s formula and is equal to108 Å.
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Fig. 1  Equilibrium temperature of siderite decomposition as a func-
tion of  CO2 pressure for the system  Fe3O4-C-CO2-H2O with different 
amounts of water
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Fig. 2  XRD pattern of  Fe3O4 + C mixture after 36  h of ball milling 
(400 rpm) at 30 bar  CO2 pressure
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Siderite decomposition

Siderite decomposition reactions were studied at room 
and high temperature (by TG/DCS) conditions. Figure 3 
shows the TG/DCS plots of the siderite in argon and air 
atmospheres.

Weight loss below 100 °C for both samples can be related 
mainly to the loss of water. As it is evident from DTG 
curves, highest rate of siderite decomposition is achieved at 
263 °C and 343 °C in Ar and air atmospheres, respectively. 
Higher decomposition temperatures of siderite in air com-
pared to inert atmosphere have been reported previously by 
others, e.g. (Mora et al. 2019a, b; Alkaç and Atalay 2008). 
Moreover, these decomposition temperatures of the siderite 
obtained in the presence of water are lower than decompo-
sition temperature of the siderite synthesized from magnet-
ite and metallic iron by mechanochemical reaction at dry 
condition [367 °C and 407 °C in Ar and air atmospheres, 
respectively (Mora et al. 2019a)].

Formation of non-stoichiometric wustite, FeO, is the 
first step of siderite decomposition (Mora et al. 2019a), 
as follows:

Depending on experimental conditions, other products 
can form from FeO because of its instability below 563 °C 
(Ding et al. 1998). In inert atmosphere FeO disproportion-
ate producing  Fe3O4 and Fe:

In oxygen atmosphere, siderite is oxidized rapidly, 
yielding  Fe3O4 according reaction (2) and hematite as 
follows:

At low oxygen partial pressure,  FeCO3 can decompose in 
the presence of the graphite buffer as follows:

Thermogravimetry plot in Fig. 3a, reveals that the release 
of  CO2 by siderite in Ar atmosphere, starts at relatively low 
temperature (close to 100 °C), presenting the maximum rate 
at 263 °C. According to TG plot, the total weight loss in the 
first step of siderite decomposition is 20.3% calculated at 
corresponding temperature of 303 °C. As can be calculated 
from Fig. 3b, the experimental total weight loss in air atmos-
phere is 13.2%, taking account 343 °C as the final siderite 
decomposition temperature. This loss weight is less than the 
one in inert atmosphere, due to decomposition of  FeCO3 in 
air is accompanied by iron oxidation to  Fe2O3 and  Fe3O4 
according to reactions (2) and (5). (Weight loss in reactions 
(3) and (5) are 37.99% and 31.08% respectively).

In air atmosphere weight loss at higher temperatures with 
a maximum rate of loss at 550 °C can be related to the oxida-
tion of unreacted carbon which was added to magnetite as 
a reducing agent. The same carbon acts as a reducing agent 
in inert atmosphere reducing iron oxides  (Fe2O3 and  Fe3O4) 
to FeO or even to elemental iron. These reduction reactions 
are accompanied by the weight loss above 900 °C in Ar 
atmosphere.

Prior to  CO2 release at high temperature, the hydrated 
material losses absorbed and bound water. Ball milling 
transfers kinetic energy to material leading to the genera-
tion of crystal defects such as vacancies, dislocations and 
grain boundaries (Ding et al. 1998; Kumar 2014). Moreover, 
the ball milling decreases the diffusion distance (Gheisari 
et al. 2009) and creates active sites on the surface of mate-
rial increasing the surface area (Mora et al. 2019a, b). These 
effects facilitate decomposition reaction by lowering the dif-
fusion distance and enhancing the diffusivity (Gheisari et al. 
2009) in material.

(3)FeCO3(s) → FeO (s) + CO2(g)

(4)4FeO (s) → Fe3O4(s) + Fe (s)

(5)4FeCO3(s) + O2(g) → 2Fe2O3(s) + 4CO2(g)

(6)3FeCO3(s) → Fe3O4(s) + 3C (s) + 5∕2O2(g)

Fig. 3  TG-DSC curves of siderite (formed in  Fe3O4 + C reaction 
at 30 bar  CO2 pressure, 400 rpm, 36 h) in Ar (a) and air (b) atmos-
pheres at 10 °C/min heating rate



355Brazilian Journal of Chemical Engineering (2021) 38:351–359 

1 3

Figure 4 shows the X-ray diffraction pattern of the prod-
ucts of siderite decomposition in air at 400 °C. Magnetite 
and hematite are detected as decomposition product of sider-
ite proving the discussed above decomposition reactions (2) 
and (5).

Siderite decomposition was also studied at room tem-
perature conditions (20 °C) in air atmosphere. Material after 
carbonation reactions was grinded using mortar and pestle 
and left at room temperature in air for different periods of 
time. After 24 h exposure time amount of siderite in the 
sample decreased to 68.48% (see Fig. 5 for XRD pattern of 

decomposition product), that is 17.38% reduction compared 
with initial siderite content after carbonation reaction. Mag-
netite concentration in the sample increased evidencing the 
decomposition of siderite at room temperature conditions 
according to reaction (2).

Changes in the composition of the siderite sample were 
studied for longer reaction times up to 216 h (9 days) by 
recording X-ray diffraction patterns every 24 h. Table 1 sum-
marizes results of this study by showing weight fraction of 
undecomposed siderite in the sample.

As can be seen, after 216 h of spontaneous decomposi-
tion siderite in the sample has practically vanished. Figure 6 
shows XRD pattern of the sample after 216 h exposure to 
ambient atmosphere. This pattern reveals presence of hema-
tite (JCPDS # 00-089-2810) that can be associated to mag-
netite oxidation according to reaction (7). Lack of reducing 
agent and intermediate products after capture  CO2 process 
reveals the suitable efficiency of carbonation reactions. Next 
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Fig. 4  XRD pattern of decomposed siderite at 400 °C in air for 1 h
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Fig. 5  XRD pattern of spontaneously decomposed siderite after 24 h 
exposure to air at room temperature

Table 1  FeCO3 weight fraction 
after different reaction time

Reaction time 
(h)

FeCO3 weight 
fraction (%)

24 68.48
48 52.59
72 37.13
96 29.35
120 21.96
144 15.64
168 9.98
192 4.88
216 0.77
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Fig. 6  XRD pattern of spontaneously decomposed siderite (216  h 
decomposition time)
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carbonation has high probability of success due to not only 
the compounds present in the decomposed sample are  Fe2O3 
and  Fe3O4, but also the absorb properties of the material 
have improved as can be seen in “Porosity analysis and crys-
tallite size”.

Carbonation–decomposition cycles

Recyclability of the products of siderite decomposition at 
room temperature conditions in subsequent carbonation 
cycles was also studied. The kinetic limitation in the sec-
ond carbonation cycle was reduced by adding a consider-
able amount of water (3.0 ml) per 3.00 g of regenerated 
iron oxides. Carbonation reaction was studied at 30 bar  CO2 
pressure, 400 rpm and for 36 h. Table 2 shows the extra 
substances added, siderite yield,  CO2 capture capacity of the 
sorbent and amount of undecomposed siderite after 216 h 
of exposure to room temperature condition in second, third 
and fourth cycles.

The results confirm that the regenerated iron oxides can 
be re-carbonated. Higher capture capacities are achieved 
with each subsequent carbonation cycle. After 216  h, 
absence of siderite is evident, which allows to conclude that 
siderite decomposition kinetic is enhanced by increasing ball 
milling (Criado et al. 1988). Here, longer ball milling time 
generates defects, lowers diffusion distance and increases 
surface area, (Jagtap et al. 1992) (see Table 3) ease cap-
ture and release of  CO2, as it was explained in “Siderite 
decomposition”.

(7)4 Fe3O4(s) + O2(g) → 6Fe2O3(s)

Porosity analysis and crystallite size

It has been demonstrated that carbonation of iron oxides is 
accelerated in the presence of water (Kumar et al. 2015b; 
Mora et al. 2019b). Furthermore, high efficiency and high 
capacity of  CO2 capture by iron oxides and iron ore have 
been accomplished by mechanochemical reactions (Mora 
et al. 2019a, b). These results have been attributed among 
others to the surface properties of material. Table 3 pre-
sents surface area and pore volume of initial mixture of 
magnetite and graphite, after 2 h of planetary ball milling 
and after the fourth cycle of carbonation-decomposition, 
evidencing that larger surface area and bigger pore volume 
which are gained by exposing the material to longer mill-
ing time allows to improve the sorbent properties.

Additionally, Fig. 7 shows three XRD patterns of ini-
tial mixture, after 2 h of milling and after of the fourth 
cycle. Broadening of diffraction peaks of magnetite during 
milling indicates about crystallite size reduction. Average 
crystallite sizes of magnetite in three samples are 112 Å, 
78 Å and 45 Å respectively. These sizes are consistent with 
the reported in other works that synthesized iron carbon-
ate from iron oxides by ball milling process (Mora et al. 
2019a).

Table 2  CO2 capture capacity 
of sorbent, reaction time to 
decompose the siderite and 
the extra substances added, in 
second, third and fourth cycles, 
in spontaneous decomposition 
of siderite from  Fe3O4-C-CO2 
system

Cycle Extra substances added Siderite yield
(%)

CO2 capture 
capacity
(g  CO2/g sorb-
ent)

FeCO3 weight fraction 
in decomposed sample 
(216 h)

2 Water, 3 ml 85.48 0.5237 0.62
3 Water, 3 ml 88.89 0.5446 0.43
4 Water, 3 ml 91.27 0.5591 0.22

Table 3  Pore volume and surface area for initial mixture of magnet-
ite and graphite after 2 h of ball milling and after fourth carbonation-
calcination cycle

Fe3O4 + C Surface area  (m2/g) Pore 
volume 
 (cm3/g)

Initial mixture 7.001 0.023
2 h milled 14.917 0.046
After four cycles 175.393 0.301

5 10 15 20 25 30 35 40 45

2�theta (Degree)

 Sorbent no treated
 Sorbent 2 h milled
 Sorbent after 4th cycle

Fe3O4

Fe2O3

C

Fig. 7  XRD patterns of initial mixture of initial magnetite and graph-
ite mixture, after 2 h of milling and after of the fourth cycle
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Kinetic model of siderite decomposition

Kinetics of siderite decomposition at room conditions was 
studied. Figure 8 plots the siderite conversion fraction as a 
function of time in first and fourth decarbonation cycles. For 
the same reaction time, a slightly higher siderite conversion 
fraction is observed in fourth cycle that can be attributed 
to a longer total milling time with increasing carbonation/
decomposition cycle number. Siderite moves to lower energy 
expenses by increasing milling time (Kumar 2014).

Obtained kinetic data were fitted to different solid-state 
reaction mechanism models (Feng et al. 2011; Gotor et al. 

2000; Luo et al. 2016; Zakharov and Adonyi 1986). The 
best fit was obtained for geometrical contraction models, 
R2 and R3. Results of fitting are illustrated by Fig. 9. Geo-
metrical contraction models assume that nucleation occurs 
rapidly on the surface of the crystal. The rate of reaction 
is controlled by the resulting reaction interface progress 
toward the center of the crystal. Depending on crystal shape, 
different mathematical models may be derived. In the cur-
rent study we tested the contracting cylinder (R2) and the 
contracting sphere/cube (R3) models. As seen in Fig. 9, R2 
model provides slightly better fit of experimental kinetic 
data compared with R3 model. Reaction constants for R2 
and R3 models in first and fourth decomposition cycles are 
provided in the Fig. 9. It is worth noticing small increase of 
reaction constant in the fourth cycle decomposition reaction 
compared to the first cycle reaction which can be attributed 
to particle size reduction and surface area increase.

Conclusion

Siderite was synthesized by mechanochemical reactions 
from magnetite and graphite at 30  bar  CO2 pressure, 
400 rpm and 36 h of reaction time in the presence of water. 
Use of this reaction for carbon dioxide capture is sug-
gested and discussed. Such a sorbent (magnetite and car-
bon mixture) has  CO2 capture capacity of 0.4829 g  CO2/g 
sorbent capacity that corresponds to 78.82% of theoreti-
cal conversion. It was found that synthesized  FeCO3 is 
unstable at room temperature conditions and ambient 
atmosphere. Complete decomposition takes around 9 days 

Fig. 8  Siderite conversion factor at room temperature conditions as a 
function of time in first and fourth carbonation/decomposition cycles
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Fig. 9  The integral reaction rate vs. time for siderite decomposition 
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represent the experimental points while the solid lines represent the 

straight line fit for the contracting cylinder (red) and contracting 
sphere/cube (blue) solid state reaction mechanism models
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yielding magnetite and hematite. The kinetics study shows 
that the decomposition reaction obeys geometrical con-
traction model. Cycling stability of the sorbent was tested 
in four carbonation–decomposition cycles and it was found 
that the sorbent  CO2 capacity increases with cycle number 
because of the reduction in the particle size, increase of 
the surface area and surface activation.
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