Controlled synthesis of octahedral jarosite
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Octahedral jarosite was successfully prepared without extra template using a novel hydrothermal route based on the redox reaction between
KMnO, and (NH4),Fe(S04),:6H,0. The mass ratio of (NH4),Fe(SO,4),:6H,O/KMnOy,, reaction time, and reaction temperature play key roles
in forming octahedral crystals. The chemical composition and microstructure of as-prepared octahedral jarosite were characterised by X-ray
diffraction, scanning electron microscopy, energy dispersive spectrum, high-resolution transmission electron microscopy, and selective area
electron diffraction. The formation mechanism of octahedral jarosite was discussed preliminarily.

1. Introduction: Morphology-controlled synthesis is an important
research branch because small changes in the morphology of
particle can result in spectacular influences on the physical and
chemical properties [1-3]. In recent years, great efforts were
made to controlled-synthesis of micro/nanocrystals with different
morphologies [4—6]. However, preparation of inorganic crystals
with complex architectures is highly desirable. Jarosite
(KFe5(SO4),(OH)g) is a yellow, hydrous sulphate of K and Fe**
found in many geological conditions, and it is of great interest in
the field of geology, environment, and metallurgy [7, 8]. Jarosite
forms commonly in the acid conditions by the oxidation of
sulphides [9]. Various routes have been explored to the preparation
of jarosite. For example, Tuovinen and co-authors [10] reported the
synthesis of jarosite using bacteria to oxidation of ferrous sulphate.
McCubbin’s group applied hydrothermal route to the preparation
of jarosite [11]. Despite the progress, there was little literature to
report the controlled-synthesis of jarosite crystals with perfect
morphology. A perfect morphology is the one that contains no
linear, or planar imperfections. The polyhedral jarosite crystals
should own regular architecture with well-defined edges and
sharp corners. For octahedral jarosite crystals, the specific facets
will be exposed, which is beneficial to further applications such
as catalysis and environment, electrochemistry. Thus, it is desirable
to the controllable synthesis of jarosite with perfect morphology. In
this case, a novel hydrothermal route was developed to the growth
of jarosite with uniform octahedral or truncated octahedral morph-
ology, which is based on the redox reaction between KMnO, and
(NHy),Fe(SO4),-6H,0 without extra surfactant or template. The
mass ratio between KMnO, and (NH,4),Fe(SO,4),-6H,0, reaction
time, and reaction temperature play vital roles in forming octahedral
jarosite.

2. Experimental

2.1. Chemicals and reagents: Ammonium iron (II) sulphate hexahy-
drate (NHy),Fe(SO4),-6H,0, potassium permanganate (KMnQOy),
and ethanol (EtOH) were analytical pure and used without further
purification.

2.2. Synthesis of octahedral jarosite: Octahedral jarosite was
synthesised by a novel hydrothermal route as follows. KMnO,
(0.20 g) was firstly dissolved into 15 ml H,0O, followed by adding
(NHy4),Fe(SO4),-6H,0 (2.0 g) under stirring vigorously. Then the
solution was poured into a 25 ml of Teflon-lining, which was
sealed in steel autoclave. After hydrothermal treatment for 16 h at
140°C in an oven, the autoclave was cooled down naturally.
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The precipitate was collected by centrifugation, followed by
washing with H,O and EtOH at least three times. To obtain
uniform octahedrons, the rotate speed of centrifuge should be
strictly controlled. Finally, the yellow sample was dried at 60°C
under vacuum.

2.3. Characterisation: The morphology and element composition
were analysed by scanning electron microscopy (SEM,
HITACHI-3400s) and energy dispersive spectrum (EDS). The
microstructure was observed by high-resolution transmission
electron microscopy (HRTEM, FEI Tecnai G2 F30). The crystal
structure was tested by X-ray diffraction (XRD).

3. Results and discussion

3.1. Morphologies and microstructures of jarosite: XRD pattern of
as-prepared octahedral jarosite is described in Fig. 1. Each peak
in Fig. 1 can be readily indexed to a hexagonal phase of jarosite
with lattice constants a=b=729A, c¢=17.16 A, a=p=90°,
y=120°, which is compatible with the literature value (JCPDS
Card No. 22-0827) [12], and the sharpness of the peaks implies
the prepared jarosite is well crystallised. No obvious impurity
peaks were found, suggesting that pure octahedral jarosite was
synthesised in this case. A typical SEM image of octahedral jarosite
is displayed in Fig. 2a. It can be clearly observed that the
as-prepared jarosite crystals own perfect octahedral architecture
with well-defined edges and sharp corners. As depicted in
Fig. 2a, the edge lengths of octahedrons are in the range of
3—5 um. Energy dispersive spectrum was applied to detect the
element composition. The signals of K, Fe, O and S elements
were found on the EDS spectrum (Fig. 2b), revealing the existence
of K, Fe, O and S in octahedral jarosite. And the atomic ratio
between K and Fe is about 1:4.5.

To further understand the microstructure of octahedral jarosite,
structural analyses were carried out by HRTEM and selective
area electron diffraction (SAED). Fig. 2¢ presents a representative
TEM image of octahedral jarosite. Perfect octahedral architectures
were shown in Fig. 2¢. The inset in Fig. 2¢ shows the SAED
pattern of octahedral jarosite, which indicates that the as-prepared
octahedral jarosite is a single crystal in nature. The continuous
lattice fringes of as-prepared octahedral jarosite can be seen
in Fig. 2d. The space between neighbouring lattice planes is
0.37 nm, which is in line with the (110) planes of the hexagonal
phase of jarosite.
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Fig. 1 XRD pattern of as-prepared octahedral jarosite

Fig. 2 Characterisation of octahedral jarosite

a SEM image of octahedral jarosite

b EDS pattern

¢ TEM image (the inset is the corresponding SAED pattern)
d HRTEM image

3.2. Influence of experimental conditions on the formation of
octahedral jarosite: Comparative experiments were carried out at
the different mass ratio between (NHy),Fe(SO,4),'6H,O and
KMnO,. Figs. 3a and c—e display the SEM images of samples
synthesised at various mass ratios of (NHy),Fe(SO4),-6H,0/
KMnQO,4. MnO, nanorods could be obtained when the mass ratio
of (NH4),Fe(SO4),-6H,0/KMnOy is 1.0 (Fig. 3a). Fig. 3b presents
the corresponding XRD pattern of MnO, nanorods, which can be
indexed to tetragonal o-MnO, (JCPDS Card No. 44-0141)
[13-15]. o-MnO, was formed from the redox reaction between
Fe?" ions and MnOj ions, which can be described as the following
equation:

MnO; +3Fe*t +4H" — MnO,+3Fe*" +2H,0 (1)

When the mass ratio of (NH4),Fe(SOy4),-6H,O/KMnO, was
increased to 5.0, the sample was made up of the mixture of
polyhedrons and small particles, as shown in Fig. 3¢. The octahe-
dral crystals with well-defined edges could be achieved when
the mass ratio of (NH4),Fe(SO,4),:6H,0/KMnO, was raised
to 7.5 or 10.0 (Figs. 3d and 2a). When the mass ratio of
(NH,4),Fe(SO,),:6H,O0/KMnO, was increased to 20.0, the truncated
corners could be obtained (Fig. 3e). Fig. 3f'shows the XRD pattern
of the truncated octahedron, which can be attributed to the
hexagonal phase of jarosite (JCPDS Card No. 22-0827). With
the mass ratio of (NH4),Fe(SO4),"H,O/KMnO, increasing, the
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Fig. 3 SEM images of samples synthesised at different mass ratios of
(NH,),Fe(SO,), 6H,O/KMnO,
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Fig. 4 SEM images of jarosites synthesised at different reaction time at the
(NH ) Fe(SO,), 6H,O/KMnO4 mass ratio of 10. Reaction time (h)

concentrations of K, SO, and Fe*" ions were increased in the
mixed system, which interacted each other to produce jarosite.
From the above results, it can be concluded that the mass ratio
between (NHy4),Fe(SO4),'6H,O and KMnO, was a crucial pre-
requisite for the formation of octahedral jarosite crystals.

Fig. 4 presents the SEM images of samples prepared at various
reaction time. When the reaction time is short (Figs. 4a and b),
truncated octahedrons are dominant product. As time goes on,
a small number of octahedral crystals were found in the samples,
as shown in Figs. 4¢ and d. Octahedral crystals with well-defined
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Fig. 5 XRD patterns of samples synthesised at different reaction time

Fig. 6 SEM images of samples synthesised at the different reaction tempera-
ture. Reaction temperature (°C)

a 120

b 180

edges were prepared when the hydrothermal time was extended to
16 h (Fig. 2a). The XRD patterns of samples prepared at 4 and
8 h were also examined, and the corresponding results presented
in Fig. 5 indicate that all samples can be indexed to the hexagonal
phase of jarosite (JCPDS Card No. 22-0827). From the relative in-
tensity of peaks, it can be concluded that the crystallinity increases
with the reaction time. Thus, the reaction time is an important influ-
ence factor on the morphologies.

Fig. 6 shows the SEM images of the samples prepared at different
temperature with an (NHy4),Fe(SO4),-6H,O/KMnO,4 mass ratio of
10. When the experiment was carried out at 120°C (Fig. 6a),
biscuits-like structures were prepared. However, nanoparticles
were achieved when the reaction temperature was enhanced to
180°C (Fig. 6b). Therefore, the reaction temperature is also a
crucial factor in the sample’s morphologies.

3.3. Growth mechanism of octahedral jarosite: The inorganic
crystal growth habit depends on their relative order of surface ener-
gies when they are prepared under hydrothermal condition [16, 17].
The crystal will grow in the direction, which is perpendicular to that
with the highest surface energy. This leads to the fade away of
planes with higher energies. By contrast, the lattice planes with
lower energy enhance in surface area. As described in previous
literature, the morphology evolution of crystals depends on the
growth rate ratio (R) between (100) and (111) direction [6, 18].
The polyhedron was obtained when R=0.87. When R is in
the range of 0.87-1.73, the truncated octahedron was formed.
An ideal octahedron was achieved when R is 1.73. In this case,
KFe;3(SO4)-(OH), crystal nucleus were firstly produced from the
redox reaction between KMnO, and (NH,4),Fe(SO,),:6H,0 in
aqueous solution under the hydrothermal condition, which would
act as crystal seeds to the growth of octahedrons or truncated
octahedrons. When the hydrothermal reaction time is short,
R should be in the range of 0.87-1.73, resulting in forming
truncated octahedrons. As time goes on, R was increased to 1.73.
At this stage, octahedral crystals were obtained.
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4. Conclusion: In summary, a novel hydrothermal route is devel-
oped to the synthesis of octahedral jarosite based on the redox
reaction between KMnO,4 and (NHy4),Fe(SO4),-6H,0. The reaction
time, reaction temperature, and mass ratio of (NHy),Fe
(SO4)2'6H,O/KMnO,4 have significant impacts on forming octa-
hedral jarosite. The formation mechanism of octahedral jarosite
was discussed preliminarily.
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