Journal of Thermal Analysis and Calorimetry (2020) 139:1731-1739
https://doi.org/10.1007/s10973-019-08639-1

=

Check for
updates

Production and in situ transformation of hematite into magnetite
from the thermal decomposition of iron nitrate or goethite mixed

with biomass

Marluce Oliveira da Guarda Souza'
Carine Pereira da Silva'

- Marcos Vinicius Ribeiro dos Santos’ - Lucas Malone Ferreira Castro’

Received: 20 October 2018 / Accepted: 25 July 2019/ Published online: 5 August 2019

© Akadémiai Kiado, Budapest, Hungary 2019

Abstract

Among the methods of obtaining hematite (x-Fe,03), the thermal decomposition of goethite (z-FeOOH) or iron (III) nitrate
(Fe(NO3)3-9H,0) is of special importance. These solids can be combined with other materials, thus altering the properties
of the oxide obtained. The decomposition of goethite or nitrate mixture with biomass in an inert atmosphere yields
hematite/carbonaceous material or magnetite/carbonaceous composites with different morphologies and crystallinities, as
observed by scanning electron microscopy and X-ray diffraction, respectively. The transformation of hematite to magnetite
occurs at 623 K (for biomass/nitrate mixture) and 723 K (for biomass/goethite mixture). The formation of magnetite is a
consequence of the pyrolysis of biomass, which produces a reducing mixture, and the difference in the temperature for
obtaining Fe;O, for the two precursors was investigated by thermal analysis by observing the mass and energy variations at

each stage.
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Introduction

Iron oxides are found in different forms, with different
properties and applications, which are present in hexagonal
or cubic anion arrangements [1-4]. The interstices of these
structures are partially filled with Fe*" or Fe>™ ions, pre-
dominantly in octahedral coordination (FeOg), but tetra-
hedral coordination (FeO,) is also present [1, 3]. Hematite
and magnetite are among the most abundant iron oxides
[3, 5].

Hematite, the main naturally occurring iron ore, is red in
color, has the molecular formula «-Fe,Os, and has semi-
conductor properties [1, 3, 5]. It is weakly ferromagnetic at
room temperature and becomes paramagnetic at tempera-
tures above 956 K (Curie temperature) due to thermal
agitation overcoming the magnetic alignment and
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antiferromagnetic at ~ 260 K (Morin temperature, Tm)
[1]. Hematite has a corundum-type structure, and it can
also be indexed in the rhombohedral system, with mini-
mum two formulas per unit cell. This solid can exhibit
different morphologies, with hexagonal or rhombohedral
plates being the most common [1-5].

Magnetite, another important iron ore, is black in color
and is a mixed oxide of FeO and Fe,O5; with the molecular
formula Fe;04 [2, 3, 5]. Due to the presence of mixed
valences, magnetite exhibits cubic crystal structure of an
inverse spinel, containing Fe®" ions and a fraction of Fe®"
ions in the octahedral sites and the remaining Fe®" ions in
the tetrahedral sites [1-3, 5]. Magnetite shows ferromag-
netic behavior due to the presence of Fe?" jons, because
the Fe>™ ions are equally divided among the octahedral and
tetrahedral sites and therefore do not produce a net mag-
netic moment [1, 3]. Magnetite exists in different mor-
phologies like polyhedra, flakes, spheres, and cubes,
depending on the method of preparation [1, 3].

One method to obtain hematite is the thermal decom-
position of goethite (x-FeOOH), an antiferromagnetic
mineral that belongs to the iron oxide—hydroxide group and
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is stable at room temperature [1-10]. The structure of this
solid is orthorhombic, containing many Fe’* ions coordi-
nated by three O~ anions and three OH ™, thereby forming
an octahedron [1, 3, 5, 6]. Goethite can be synthesized by
precipitation [3, 5].

The precipitation method involves the formation of a
precipitate starting from supersaturation of a solution,
usually aqueous, by evaporating the solvent or adding
components that decrease solubility, for instance, by
changing the pH. This process is crucial for the control of
the solid morphology through nucleation, growth, and
aggregation, or the adsorption of impurities [5].

Nucleation involves a combination of ions in solution
that form small crystals that in turn give rise to particles of
the precipitate. Growth corresponds to an increase in the
size of the crystals formed. In these two steps, the particle
size of the solid can be limited by controlling the variables
such as pH, temperature, and nature of the precursor
(chloride, sulfate, and nitrate) [5].

During the precipitation of iron salts in the presence of
hydroxides or ammonium salts, Fe(OH); species is formed,
which is thermodynamically unstable (Eq. 1).

Fe(OH); = FeO(OH)(OH,) = «-FeOOH + H,0 (1)

There have been several studies regarding the thermal
decomposition of goethite [4-10] of natural origin or
synthetic (pure or mixed with other solids) to produce
hematite. Heating «-FeOOH (iron III oxide-hydroxide), a
gel with high surface area, to between 523 and 673 K,
leads to the production of hematite (x-Fe,O3) by hydroxyl
sheet removal, and some of the oxygen in strips is parallel
to the c-axis to form water, as described by Eq. (2) [4-10].

200 — FeOOH — o-Fe,0O5; + H,O (2)

The reaction described by Eq. (2) is of great scientific
and technological importance and has been the subject of
several theoretical and experimental studies aimed at
determining the influence of the process conditions on the
properties of materials obtained after heat treatment
[6-11]. For example, recent studies have demonstrated that
gradual dehydroxylation under controlled conditions can
produce efficient mesoporous adsorbents with surface sites
containing the [FeOx(OH)] species [11].

By modifying the hematite production process of pre-
cipitation followed by thermal decomposition, it is possible
to obtain magnetite with a high surface area. One example
is the addition of acetate ions to the iron III oxide—hy-
droxide gel by adsorption, forming iron III hydroxyacetate,
Fe(CH3COOH),(OH). Heating iron III hydroxyacetate in
the temperature range 473 to 673 K in an inert atmosphere
produces a gas mixture, formed especially by acetic acid,
acetone, and carbon monoxide inside the solid, creating
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voids that contribute to the reduction of a fraction of the
Fe’ ™ (Eq. 3) and the increase in the surface area [12-19].

Fe(CH;COO™ ) (OH);_, (— Fe304) 3)

Hematite and magnetite can also be obtained by thermal
decomposition of salts, for instance, pure iron nitrate (he-
matite form) or blended with a compound, the pyrolysis of
which leads to the reducing of gases (magnetite form). The
thermal decomposition of iron nitrate is a convenient
technique for the production of highly homogeneous iron
oxides with appropriate morphological characteristics for
application in various fields [20, 21]. The initial thermal
decomposition of iron (III) nitrate involves a complex
mechanism consisting of dehydration, fusion evaporation/
boiling, and simultaneous precipitation of Fe(OH)(NOs),
as a result of the first hydrolysis event. The final product,
hematite, is slowly formed as a result of the thermal
dehydroxylation of FeOOH [20, 21].

The thermal decomposition of iron nitrate blends, goe-
thite, and general iron ores with other materials such as
biomass under an inert atmosphere produces reducing
gases and may lead to the formation of magnetite [21-24].
Among the various forms of biomass used for this purpose
is agro-industrial waste, specifically those produced from
fruits used to obtain juices, jams, and sweets [25]. Mangoes
in particular are rich in cellulose, hemicelluloses, and lig-
nin, as are most biomasses of vegetal origin [25, 26].

Herein, the thermal decomposition of goethite/mango
seed iron nitrate/mango seed mixtures was investigated
using thermal analysis by observing mass and energy
variations during each stage. The properties of the mate-
rials obtained after decomposition were characterized using
various techniques.

Experimental

Preparation of iron oxides from goethite or iron
() nitrate and biomass

Synthesis of goethite

Goethite was synthesized by precipitation using iron (III)
nitrate. Iron (II) nitrate (Fe(NO3)3-9H,0O) 1 mol L 'anda
precipitating agent (NH,OH) 6 mol L™' were simultane-
ously added to a beaker containing 500 mL of ultrapure
water, resulting in a pH of 10, and the system was continu-
ously agitated. The pH was maintained at 10 by adding small
volumes of NH,OH (25%) or nitric acid (10%). After the
formation of the precipitate, the system was agitated for
30 min at room temperature, favoring the maturation of the
crystals. Subsequently, the gel was separated by centrifu-
gation at 250 rpm for 5 min and washed with ultrapure water
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at 333 K for the removal of the nitrate ions. The number of
washes was determined by nitrate test in the supernatant,
performed by adding 1 mL of concentrated sulfuric acid
(H>SO,) until there was no formation of the light brown ring
that indicates the presence of nitrate ions. After washing, the
gel was dried at 393 K for 12 h and the obtained solid was
ground and sieved using an 80-mesh sieve [18].

Pretreatment of mango seed biomass

The biomass used was mango seeds obtained from a pulp
factory located in the city of Salvador, BA. The seeds were
washed with distilled water, sliced for the separation of the
husk from the kernel, and dried (343 K, 48 h). Subse-
quently, they were ground in a knife mill and sieved in 80
mesh. The husk and kernel powders were mixed under
mechanical agitation in the ratio of 1:2 (husk/kernel).

Preparation of goethite—biomass and iron nitrate-biomass
mixtures

Physical mixtures were prepared with biomass (husk/kernel
2) and goethite or iron nitrate in the ratio of 1:1 (mass/-
mass). Biomass (10 g) was manually mixed with 10 g of
goethite (or iron (III) nitrate) in an appropriate container,
with successive agitations in all directions, for approxi-
mately 10 min at room temperature. In the case of
mechanical mixture of solids, the possibility of synthesiz-
ing new materials with specific properties for a given
application by using a simpler method that combines the
desirable properties of each component was considered
[27, 28]. Additionally, the mechanical mixture can guar-
antee correct dosage and homogenization [27, 28]. One
great advantage of this method is the reduction of material
and reagent use, as well as certain equipment, unlike the
other procedures found in the literature.

Thermal decomposition of the goethite-biomass and iron
nitrate—biomass mixtures

The goethite (or iron nitrate)-biomass mixture was heated
to 473, 623, and 723 K using a muffle furnace with nitro-
gen (N,) at the flow rate of 100 mL min~' and heating rate
of 283 K min~' and maintained for 1 h after reaching the
target temperature. The iron nitrate—biomass mixtures were
heated under the same conditions.

Characterization of the samples
Characterization of the precursors

The precursors (goethite, nitrate, and mixtures) were
characterized by thermal analysis (TG/DTA). The analyses

were performed in Shimadzu TA-60 WS equipment at the
heating rate of 283 min~' under nitrogen flow (N,) at the
rate of 50 mL min~' in the temperature range 298 to
1273 K. The mass used in each analysis was approximately
10 mg.

Characterization of the materials obtained after thermal
decomposition of the mixtures

X-ray diffraction (XRD) X-ray diffraction analyses were
performed using Shimadzu equipment model XRD-6000
with Cu Ko radiation (1 = 1.5418 IOA). The samples were
analyzed by the powder method and the experiments per-
formed in the analysis 26 interval of 10°-80°, with the scan
speed of 2° min~'. The results were compared with the
International Center of Diffraction Data (ICDD-2001)
database for identification of the crystal phases.

Scanning electron microscopy (SEM) SEM images were
obtained with the JEOL electron microscope model JSM-
T300 operating in the range 20 to 30 kV. The samples were
placed on the surface of a brass cylinder of diameter 1 cm
covered with a double-sided tape. Then, a 300-A carbon
coating was formed.

Results and discussion
Thermal analysis of the precursors

To better understand the decomposition process of the
mixtures (biomass—goethite or biomass—iron III nitrate),
each precursor was initially analyzed individually.

Thermal analysis of goethite

The TGA and DTA curves of goethite (Fig. 1) indicated two
mass loss processes, corresponding to the release of volatile
matter from the sample in the temperature range 300 to
373 K, for which the percentage of mass lost was 11.70%.
The DTA curve presents an endothermic peak associated
with the same process, at the temperature of 343 K.

The second step of mass loss (5.06%), corresponding to
dehydroxylation of the material between 383 and 673 K,
can be initially associated with the formation of amorphous
iron oxide, followed by the crystallization of hematite,
indicating exothermic peaks at 509 K and 702 K in the
DTA curve [18, 19].

Thermal analysis of iron nitrate

The thermal decomposition curves (TGA and DTA) of iron
nitrate are shown in Fig. 2. Mass loss can be observed at
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Fig. 1 TGA and DTA curves of goethite

temperatures below 373 K, with the total being 36.22%.
Such processes are endothermic, as evidenced by the peaks
in the DTA curve, at the temperatures 328 K and 366 K
These were associated with the dehydroxylation and/or
release of water, especially the physisorbed water in the
material that, in addition to being hydrated, presents the
very common property observed among most salts, the
hygroscopic (water absorption) capacity [20]. The
decomposition step in the range 383 to 473 K corresponds
to the release of nitrate ions through the formation of nitric
acid or nitrogen dioxide, with 21.88% mass loss. Such
processes are endothermic, as evidenced by the peaks in
the DTA curve, at the temperatures 402 K and 430 K. In
the same stage, according to Muller et al., iron oxide starts
forming from the temperature of 439 K [20]. However,
crystallization of the hematite phase only occurs at higher
temperatures, as evidenced by the exothermic peak with
the maximum at 716 K [20, 21].
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Fig. 2 TGA and DTA of iron (III) nitrate
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Thermal analysis of the biomass

Figure 3 indicates the three steps of mass loss character-
istic of the biomass (mango seed) decomposition. The
profile is similar to that reported in the literature for the
thermal decomposition of certain lignocellulosic materials
[29-33]. According to the literature [29], the first step of
mass loss, between 300 and 373 K, can be associated with
the loss of moisture (12.36%). In the next step, the
degradation of cellulose and hemicelluloses is observed in
the temperature range 379 to 668 K, with 56.47% of mass
lost [31]. The end of the decomposition process of this
material occurs with the degradation of lignin. Because of
its high resistance, this occurs over a wider range of tem-
peratures, 463 to 973 K, with 10.30% mass loss [31]. The
DTA curve exhibits peaks associated with both endother-
mic and exothermic events. One endothermic peak is
observed at the temperature of 338 K, corresponding to the
loss of moisture observed in the TGA curve, and three
exothermic peaks related to the decomposition of the main
biomass components cellulose, hemicelluloses, and lignin
are observed at the temperatures of 573, 614, and 679 K,
respectively [33, 34].

Thermal analysis of the goethite-biomass mixtures

The thermogravimetric curves for the thermal decomposi-
tion (TGA/DTA) of the goethite/biomass mixture (Fig. 4)
reveal four steps of mass loss. These thermal events are
associated with the degradation of the main components of
the mixture. At the first step, until 373 K, there is a loss in
mass of 9.29% related to the volatile matter present in the
material followed by an endothermic peak in the DTA
curve (338 K). There is a second mass loss (8.16%) in the
range 373 to 523 K related to dehydroxylation, with the
release of the residual nitrate ions present in the sample and
the beginning of the formation of an amorphous and
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Fig. 4 TGA and DTA of goethite/biomass (mango seed) mixture

irregular structure of iron oxide and also the decomposition
of the biomass components cellulose and hemicellulose,
followed by an exothermic peak in the DTA curve with the
maximum at 518 K. In the region of 533 to 623 K, the
crystallization of iron oxide occurs simultaneously with the
decomposition of cellulose and hemicelluloses and the start
of the decomposition of lignin, with 34.33% mass loss.
This causes the release of reducing gases, which may lead
to the reduction of Fe(III) to Fe(II) ions with the formation
of magnetite [21]. The last step corresponds to the end of
the degradation of lignin in the range 623 to 1000 K, with
10.41% mass loss [33, 34]. In the range 533 to 1000 K, two
exothermic peaks are observed in the DTA curve (613 and
673 K).

Thermal analysis of the iron (Ill) nitrate-biomass mixture

The profile of the thermogravimetric curve (Fig. 5) of the
physical mixture of the mango seed and the iron nitrate
indicated mass loss events characteristic of the thermal
decomposition common to the precursor materials (bio-
mass and iron nitrate). The first stage of decomposition
occurred at the temperature of 373 K and can be attributed
to the elimination of water and volatile matter from both
the materials that compose the mixture, resulting in a total
of 31.82% mass loss. In the range of 373 K to approxi-
mately 473 K, a mass loss of 23.66% was observed, which
may be associated with the thermal decomposition of iron
(IIT) nitrate simultaneous to those of the biomass compo-
nents [21, 34]. The decomposition step in the range 493 to
653 K is associated with the decomposition of hemicellu-
loses from the biomass and the end of the decomposition of
iron nitrate, with the mass loss being 12.17%. In this
temperature range, the thermal decomposition of iron (II)
nitrate leads to the formation of the corresponding iron
oxide (hematite, o-Fe,O3), which can be reduced to

Iron (111) nitrate and biomass mixture
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Fig. 5 TGA and DTA of iron (III) nitrate/biomass (mango seed)
mixture

magnetite (Fe;O,4), since some gases and volatile com-
pounds released during the decomposition of the biomass
form a reducing atmosphere, as previously discussed
[21, 34]. In this case, the resulting process is exothermic, as
observed in the DTA curve in the temperature range 603 to
673 K. The last stage of decomposition occurs between
653 and 923 K and is associated with the thermal degra-
dation of lignin with a mass loss of 7.35% [32, 33].
Therefore, in this temperature range, the release of reduc-
ing gases that may reduce magnetite to form metallic iron
is still noticed, justifying the exothermic peak observed in
the DTA curve with the maximum at 800 K. The mass loss
observed is the result of the balance between the amount of
gases released and that consumed during the reduction. The
adsorption of methane (one of the produced gases) may
also occur on the surface of the metallic iron [21, 34]. In
this case, iron catalyzes the cracking process of methane,
resulting in the formation of carbon, which is adsorbed on
the surface. In a gaseous atmosphere enriched by carbon
compounds, the iron is supersaturated with carbon, result-
ing in the formation of iron carbide, Fe;C, as observed in a
previous study [21]. The endothermic peak observed at
920 K in the DTA curve may be associated with the
decomposition of Fe;C, which is unstable, and upon
heating at temperatures higher than 873 K, the formation of
metallic iron and carbon (soot) may occur [21].

Materials obtained after the thermal treatment
of the precursors

Goethite-based materials
X-ray diffraction According to the analyzed X-ray
diffractograms of the samples obtained by heating the

physical mixture of goethite/biomass (Fig. 6), heating at
473 K barely changed the profile in relation to that of the
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Fig. 6 XRD curves of composites mixture from goethite/biomass
(mango seed)

unheated sample (MSG), which indicates the presence of
cellulose corresponding to the peaks between 18° and 23°
[35, 36], a fact that is better observed in the diffractogram
of the biomass with no thermal treatment (JCPDS 2001).
The mixture profiles indicate that an increase in the
treatment temperature to 623 K and 723 K led to the for-
mation of two crystal structures different from that of iron

Fig. 7 SEM images of mixture
goethite/biomass (mango seed)
after thermal treatment
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oxide, revealing characteristic peaks of hematite (JCPDS
86-0550) and, predominantly, magnetite (JCPDS 19-0629),
respectively. In addition, the phase present in the sample
obtained after the thermal treatment of pure goethite is
hematite. Based on these results, it can be inferred that the
heating of the biomass/goethite mixture at 623 K leads to
the formation of hematite, along with the commencement
of the reduction to magnetite, where the reduction process
is more efficient at 723 K, which corroborates with the
results obtained from the thermal analysis (TGA/TDA) and
the literature [21, 34].

Scanning electron microscopy According to the micro-
graphs of the materials obtained after the thermal treatment
of the mixture at different temperatures (Fig. 7), morpho-
logical changes are observed with the increase in the
temperature. Such alterations are less visible in the sample
heated at 473 K which still exhibits the presence of char-
acteristic fibers of the biomass components (cellulose,
hemicelluloses, and lignin), also observed in the micro-
graph of the material in natura [29]. These observations
corroborate with the thermal analysis (TGA and DTA)
results, since, at this temperature, there is no significant
decomposition of the biomass components.

The most significant changes are observed in the images
of the materials heated at 623 K and 723 K. These changes
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Fig. 8 SEM images of biomass
(mango seed) after thermal
treatment

are associated with the biomass decomposition process,
especially involving cellulose and hemicellulose, which,
according to the thermogravimetric analysis, are com-
pletely decomposed between 573 and 723 K. The micro-
graphs of the two samples indicate small particles
distributed in the carbonaceous matrix, which can be
associated with the iron oxide formed above 623 K,
according to the X-ray diffractograms.

The aspects discussed in the previous sections become
more evident when comparing the micrographs of the
mixtures after thermal treatment at the different tempera-
tures (Fig. 7) with those of the pure biomass thermally
treated under the same conditions (Fig. 8). The comparison
reveals that the observed particles are iron oxides dis-
tributed in the carbonaceous matrix.

Iron nitrate-based materials

X-ray diffraction Figure 9 presents the diffraction profiles
of the biomass—iron nitrate mixtures treated at different
temperatures and the profile of pure nitrate after thermal
treatment at 723 K (N723) to form the hematite phase,
which is used as Ref. [21]. As observed, the mixtures MSN
and MSN473 reveal amorphous diffraction profiles upon
irradiation with X-rays. In addition, the samples obtained
by thermal decomposition at 623 K and 723 K exhibit
characteristic peaks of the magnetite phase, though the
crystallinity is lower in relation to the samples MSN623
and MSN723, indicating that the nature of the precursor
affects the crystallinity of the iron oxide formed.

xe) N 723
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e MSN 723
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o
= wpotipur’ . MSN 623
o T v SRRSO A N
5 Moy
Z[" “MM MSN 473
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Fig. 9 XRD curves of composites mixture from iron nitrate/biomass
(mango seed)

Scanning electron microscopy The microscopy images of
the materials obtained by thermal treatment of the mixture
formed by iron nitrate and mango seed indicated a com-
pletely different morphology than that observed in the pure
biomass (Fig. 10). In this case, it was not possible to
identify the lignocellulosic compositions of the samples
MSN and MSN473. This corroborated with the absence of
cellulose peaks in the diffractograms of these samples. The
micrographs of the materials obtained after thermal treat-
ments at 623 K and 723 K reveal the characteristic
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Fig. 10 SEM images of mixture
formed by iron nitrate and
mango seed after thermal
treatment
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morphologies of the carbonaceous material [21], where
small crystals or particles of the amorphous iron oxide
formed are distributed, in accordance with the X-ray
diffraction results that suggest that the material formed at
623 K, as well as at 723 K, exhibits low crystallinity.

Conclusions

A mixture of iron oxide precursors (goethite or nitrate)
with mango seeds (integument and nut 1/2) can modify the
phase obtained by thermal decomposition of such precur-
sors (hematite). At the temperature of 623 K, the formation
of a mixture of hematite and magnetite is observed, while
at 723 K, magnetite is the predominant phase. This modi-
fication is due to the reducing gas mixture formed during
the decomposition of the biomass components cellulose,
hemicelluloses, and lignin. The solids produced from the
mixture of goethite and biomass are more crystalline than
those obtained from the mixture of nitrate and biomass and
reveal different morphologies. Such differences can be
associated with the results observed in TGA/DTA thermal
analysis.
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