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Investigation on Preparation of Micro-Sized
Hematite Powder from Hydrous Ferrous Sulfate
Using Microwave and Conventional Heating

Abstract: Microwave and conventional heating were em-
ployed to synthesize micro-sized hematite powder from
hydrous ferrous sulfate, a by-product in the process of tita-
nium pigment manufacture. The TG/DTG analysis was
used to study thermal behavior of the industrial ferrous
sulfate. Therefore the temperature which was significant
to product was defined. The calcination experiments were
carried out to assess the effect of calcination temperature
covering three different temperatures (650°C, 750°C and
850°C, respectively). X-ray powder diffraction (XRD) was
used to characterize the structure of the product, while
the scanning electron microscopy (SEM) was utilized to
characterize the morphology of the product. Microwave
calcination process resulted in a mixture of hematite
and minor magnetite while a considerable amount of
magnesium sulfate was detected with the conventional
calcination process. The transformation from periclase to
magnesium was discussed during the calcinations as
well. The conventional heating resulted in porous product
while the microwave heating resulted in smaller particle
size.
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1 Introduction

Micro-sized hematite powder is one of the most important
inorganic nonmetallic materials that provide large surface
area. Hematite has been used in diverse applications
which include magnetic materials [1], pigment [2], sensors
[3], catalyst [4], drug carriers for magnetically guided drug
delivery [5] etc. Ferrous sulfate, a byproduct of titanium
pigment production through sulfuric acid process, could
be utilized for many applications. The annual production
of hydrous ferrous sulfate has been estimated to exceed
300 million tons in China [6]. Microemulsion method,
Sol-Gel method, hydrothermal process, hydrolysis, flame
pyrolysis and calcinations are employed popularly in the
preparation of iron oxide powder from the hydrous ferrous
sulfate [7-10]. Prim et al. have reported synthesis of hema-
tite pigment from a steel industry waste with calcining at
1050 to 1200°C for 2 h [11]. Zheng Dianmo et al. [6] have
reported preparation of nano ferric oxide from ferrous
sulfate by liquid phase method. Majority of the reported
methods demands an intermediate calcinations step at
temperature above 400°C. Microwave heating finds wide
application for drying of wide variety of material and for
preparation of hematite. Dong Daihuan et al. [12] reported
preparation of uniform B-FeO(OH) colloidal particles by
hydrolysis of ferric salt using microwave heating, high-
lighting the increase in reaction rate and promotion of
homogeneous nucleation. However, report related to cal-
cination process of ferrous sulfate by microwave heating
is limited.

It is well known that the size and shape of hematite
powder has great impact on their application properties.
The presence of surfactants and process temperature play
an important role in the synthesis of hematite powders.
High temperature increases the crystal growth rate as a
result of agglomeration.

This paper aimed to prepare hematite using hydrous
ferrous sulfate and investigate the effect of microwave
heating on the structure and morphology of the product
compared with the conventional method. The products
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were obtained by decomposition reactions and the behav-
ior of raw was informed by thermal analysis. Differences
in the components, structures and particles of products
were discussed based on the X-ray diffraction analysis,
scan electron microscopy and particle analysis.

2 Experimental

2.1 Material

The hydrous ferrous sulfate used in the experiments was
received from Panzhihua city, Sichuan province, China.
It was the by-product in the process of production of tita-
nium white powder. The chemical composition of hydrous
ferrous sulfate is listed in Table 1. XRD was used to
analyze the mineralogical content of the material (Fig. 1).
The result indicated that rozenite and melanterite were
the main crystalline compounds in the hydrous ferrous
sulfate.

Constituent Wt.% Element %

FeO 27.82 Fe 19.46
S0, 30.72 s 12.30
MgO 1.73 Mg 1.04
MnO 0.14 Mn 0.070
TiO, 0.18 Ti 0.108
AlL,0, 0.014 Al 0.0074
Sio, <0.005 Si <0.002
LOI (loss on ignition on 1000°C)  62.12 - -

Table 1: Chemical composition of ferrous sulfate
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Fig. 1: The XRD profile of the raw material ferrous sulfate.
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2.2 Characterization

The samples were characterized by Rigaku D/max-rc X-ray
powder diffraction with Cu Kol (& = 1.54056 A, 40 kV, 200
mA, 10 deg/min).

Thermal behavior of the industrial ferrous sulfate
was assessed by thermogravimetry and differentialther-
mogravimetry (TG and DTG) in presence of air. Thermal
analysis measurements (TG-DTG) were carried out using
thermal analyzer (NETZSCH STA 409, Germany), which
include data acquisition and processing facility. The dif-
ferential scanning calorimetry (DSC) measurement was
carried out on analyzer (NETZSCH DSC 200, Germany).
Thermal analysis experiments were conducted at a heat-
ing rate of 10°C/min, with a sample mass of 7.74 mg.

The morphology of Fe,0, was characterized via scan-
ning electron microscope (SEM) model (XL30, PHILIPS).
The particles size, tested by laser particle size analyzer
(RISE-2002, Jinan Runzhi, China), was analyzed to charac-
terize the degree of agglomeration.

The total sulfur contents (TS) of samples was ana-
lyzed using iodine volume method according to Chinese
standard GB/T14352.9-93.

2.3 Procedure and equipment

A microwave furnace (phoenix 905410, CEM, USA) and
a conventional muffle furnace (KSY 15-16, Shanghai
Y-Feng, China) were employed in the present work. Both
the furnaces have advanced control system to maintain
the desired calcination temperature and the heating rate.
A sample mass of 40 g was utilized for each of the experi-
mental runs. A heating rate of 20°C/min was adopted
for both the modes of heating. All the experiments were
conducted in presence of air with the furnace having
good thermal insulation. The duration of each experiment
after attaining the desired temperature was 25 min. The
power to the furnace was terminated on completion of the
experiment and the samples were allowed to cool down
to the room temperature before being removed from the
furnace.

3 Results and discussion

3.1 TG-DTG analysis

TG-DTG curves for non-isothermal decomposition in pres-
ence of air are presented in Fig. 2. The results indicate four
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Fig. 2: TG/DTG curves of industrial ferrous sulfate in air.

weight loss steps (steps 1, 2, 3 and 4) in the TG curves, cor-
responding to the four peaks in DTG curves. The first and
second steps are from 55 to 138°C, contributing to a weight
loss of 30.37%, which is attributed to the dehydration of
ferrous sulfate. The third step, which contributes to a
weight loss of 25.85%, is owned to the oxidation and de-
composition of ferrous sulfate, while the fourth step has a
loss of 3.74%. A further increase in the TG temperature
until 1000°C didn’t show any significant weight changes,
indicating the completion of decomposition and phase
transition, which are in accordance with the literature
reports [13]. Based on the weight loss pattern exhibited by
the TG-DTG, the temperature for the thermal treatment
was chosen in the present study.

3.2 DSC analysis

Fig. 3 illustrated the DSC curve of industrial ferrous sul-
fate in air at heating rate of 10°C/min. The DSC peaks
were in well agreement with DTG peaks. According to the
DSC curve the changes during the heating shows as in
Table 2. The step 1 peak indicates an endothermic pro-
cess that came down to melting and recrystallized. The
step 2, step 3 and step 4 peaks indicates the exother-
mic process which was caused by the dehydration and
decomposition.

3.3 Total sulfur analysis

Total sulfur contents of prepared products using conven-
tional and microwave heating at different temperatures is
shown in Table 3. The TS values decreased with the in-
crease of the calciantion temperature for both heating
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DSC Initial Terminate Peak
peak temperature/°C  temperature/°C temperature/°C
Step 1 50 105.4 75.7
Step 2 105.4 138.0 126.6
Step 3 606.5 649.1 640.0
Step 4 810.5 850.4 841.7

Table 2: Changes during heating according to the DSC analysis

Temperature/°C TS/%
Convention Microwave
650 18.46 18.23
750 7.71 2.44
850 4.90 0.12
950 3.86 -
1050 0.097 -

Table 3: Total sulfur of prepared sample

methods. By contrast, TS of 18.46% (convention) and
18.23% (microwave) at 650°C, as oppose to the initial TS of
12.30%, indicates the element of sulfur was still present in
a large amount. The increase in the mass fraction of TS
was attributed to a weight loss caused by removal of mois-
ture. TS reduced significantly to 7.71% (convention) and
2.24% (microwave) at 750°C, due to the main decomposi-
tion step as evidenced in the TG-DTG curves. At 850°C only
about 0.12% of sulfur remained with the sample using
microwave heating, while 4.9% remained with the con-
ventional heating, clearly indicating the effectiveness of
the microwave heating process. The higher rate of decom-
position of the ferrous sulfate could be attributed to the
uniform and quick heating of the microwave heating
process.

3.4 XRD analysis

Fig. 4a and 4b show the XRD patterns of samples prepared
by conventional and microwave calcination at 650°C in
presence of air, respectively. In both the modes of heating,
the main phase is iron sulfate (JCPDS no. 42-0229). The
peak positions of plane (012), (104), (110), (113), (024),
(116), (214), and (300) for both samples matched consis-
tently the stander data for hematite (JCPDS no. 33-0664),
demonstrating the presence of a-Fe,0,. The chemical reac-
tion for hematite synthesis illustrated as follow

Fe,(SO,), = Fe,0, + 350, )
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Fig. 3: DSC curve of industrial ferrous sulfate in air.
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Fig. 4: XRD profiles of the products calcined at 650°C
(a) conventional calcinations and (b) microwave calcinations.

This results indicate there is only a minor decomposition
of Fe,(SO,), at 650°C, which was consistent with the result
reported in literature [14]. In this case, it is iron sulfate
actually resulted the high TS values in samples (see in
Table 2). While MgSO0,-2H,0 (JCPDS no. 11-0242) is only ob-
served with microwave heating. The accidental observa-
tion of MgS0,-2H,0 can be attributed to the transforma-
tion from the initial periclase and an interaction between
the diverse impurities and the sulfur trioxide released
through the decomposition.

The X-ray powder diffraction profiles of the products
prepared at 750°C, respectively, using conventional and
the microwave heating methods are shown in Fig. 5a and
Fig. 5b. The main products in both heating modes were
Fe,0, (JCPDS no. 33-0664), which has a rhombohedrally
centered hexagonal structure. However, the conventional
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Fig. 5: XRD profiles of the products calcined at 750°C,
(a) conventional calcinations and (b) microwave calcinations.

heating shows the presence of hematite along with a
considerable amount of hexahydrite (JCPDS no. 24-0719),
while the microwave heating only shows the presence
of hematite and a minor quantity of magnesium sulfate
(JCPDS no. 21-0546). The conventional heating shows
large presence of hexahydrite, which clearly indicates the
formation of hexahydride prior to the formation of magne-
sium sulfate, as compared with microwave heating. The
microwave heating indicates the completion of the de-
composition process at 750°C evidenced from large pres-
ence of the hematite and absence of ferric sulfate, along
with a minor presence of magnesium sulfate from the
conversion of hexahydrite. The process of transformation
of periclase during the calcinations can be explained as
follow

MgO + SO, + nH,0 — MgSO0,-nH,0 ¥)
MgSO0,-nH,0 + 0> — MgSO0,-nH,0 3)
MgS0,-nH,0 — MgO + SO, + nH,0 (4)

The sulfur element of the magnesium sulfate came from
the Fe,(SO,), or from the sulfur dioxide atmosphere.

Fig. 6a and Fig. 6b displays the x-ray powder diffrac-
tion profiles of calcinations products at 850°C using con-
ventional and microwave heating. The X-ray diffraction
pattern of products satisfactorily matched with the stan-
dard values of hematite (JCPDS no. 33-0664), identifying
clearly the primary crystals to be synthetic a-Fe,0, in Fig.
6a and Fig. 6b. Both of the diffraction peaks were sharp
indicating the fine crystallization. As seen in Fig. 6a,
several peaks occurred at 20 values of 24.50°, 25.11°, 33.77°
and 36.56°, corresponding to (021), (111), (022) and (130).
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Fig. 6: XRD profiles of the products at 850°C, (a) conventional
calcinations and (b) microwave calcinations.

These peaks matched well with the magnesium sulfate
(JCPDS no. 21-0546). As seen in Fig. 6b, the diffraction
peaks corresponding to plane of (220), (311), (400), (511)
and (440) at 20 values of 30.11°, 35.45°, 43.09°, 56.98°
and 62.58°, matched the standard iron oxide (JCPDS
no. 65-3107) perfectly, indicating the existence of a minor
of iron oxide. The presence of magnesium sulfate in the
conventional heating clearly indicates a conversion of
hexahydrite (see in Fig. 5a) to magnesium sulfate. The
absence of magnesium sulfate in the microwave heating
indicates the completion of the decomposition, while the
presence in the conventional heating could be attributed
to the process in progress [15]. The higher amount of mag-
nesium sulfate in the conventional heating can also be
evidenced from the TS of 4.90% as compared to a 0.12%
with microwave heating.
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The microwave heating additionally shows the pres-
ence of iron oxide in Fig. 6b. The peaks was identified
Fe,0, instead of y-Fe,0,, because of the absence of the
characteristic reflection of plane (221) corresponding to
y-Fe,0, [16, 17]. The formation of new crystal Fe;0, could
be attributed to conversion of primary hematite phase
under reducing atmosphere and inadequate oxygen. The
mixed presence of a-Fe,0, and Fe,0, was also reported
with the pH of solution in the range of 6-9 in literature
[18]. Furthermore, the topotactic reaction has also been
attributed to the transition of Fe,0,, with both a.-Fe,0, and
Fe,0, were still crystallite in rhombohedron [19].

3.5 Morphology and particle size of powder

Fig. 7a and Fig. 7b illustrates the morphology of the hema-
tite powder obtained through the conventional and micro-
wave heating, respectively. The hematite crystallite in
Fig. 7a were irregular spherical particles with average
diameter of 370 nm and were highly porous, possibly due
to the uniform decomposition of Fe,(SO,),. Hematite with
high porosity is also produced through the hydrolysis and
calcinations in literature [20], attributed to the decompo-
sition of FeCO,.

Fig. 7b revealed that the morphology of hematite pre-
pared by microwave heating shown blocks of agglomer-
ates which were irregular and non spherical in shape.

The average particle size distributions of hematite
with conventional and microwave heating was presented
in Fig. 8, with the average particle sizes being 1.3-2.1 pm
(microwave) and about 17.58 pm (convention). Although
there were agglomerates to some extent, the particles size

Fig. 7: SEM images of the hematite powder obtained at 850°C, (a) conventional method and (b) calcinations by microwave.
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Fig. 8: Averaged size distributions of hematite calcined at 850°C.

of hematite by microwave heating was smaller than that of
conventional heating. Formation of agglomerated hema-
tite was also reported in literature [21], with average size of
the spherical agglomerates being 0.15-0.2 pm or 1-5 pm
at different pH values. The tendency to agglomerate to
form crystalline particles of about 0.1 pm through direct
precipitation was also reported by Dirk Walter [22].

4 Conclusion

Two heating methodologies were successfully developed
to synthesize hematite powder using ferrous sulfate. This
investigation aimed at identifying the difference of the
quality of the product about major/minor phase and mor-
phology. Increasing the reaction temperature, a minor of
MgSO0,-6H,0 and MgSO, formed and then disappeared. By
contrast, microwave played a strong effect in the decom-
position of the ferric sulfate in terms of total sulfur con-
tent in the product decreased significantly. And the effi-
ciency of decomposition was stronger with the microwave
heating as all the sulfur compounds completely decom-
posed at 850°C. The micrometer scale particles about
1.3-2.1 pm have been prepared using microwave calcina-
tions methods. Agglomeration seems to be inevitable with
either microwave heating or conventional heating. This
work highlighted the utilization of microwave heating for
the preparation of hematite powder for potential applica-
tions in iron oxide and iron industry.
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