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ABSTRACT: Hollow core/shell hematite microspheres with diameter
of ca. 1-2 pum have been successfully achieved by calcining the precursor
composite microspheres of pyrite and polyvinylpyrrolidone (PVP) in air.
The synthesized products were characterized by a wide range of
techniques including powder X-ray diffraction (XRD), field-emission
scanning electron microscopy (FESEM), energy-dispersive X-ray
spectroscopy (EDX), transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), and Brunauer—
Emmett—Teller (BET) gas sorptometry. Temperature- and time-dependent experiments unveil that the precursor pyrite-PVP
composite microspheres finally transform into hollow core/shell hematite microspheres in air through a multistep process
including the oxidation and sulfation of pyrite, combustion of PVP occluded in the precursor, desulfation, aggregation, and fusion
of nanosized hematite as well as mass transportation from the interior to the exterior of the microspheres. The formation of the
hollow core/shell microspheres dominantly depends on the calcination temperature under current experimental conditions, and
the aggregation of hematite nanocrystals and the core shrinking during the oxidation of pyrite are responsible for the formation
of the hollow structures. Moreover, the adsorption ability of the hematite for Sm(III) was also tested. The results exhibit that the
hematite microspheres have good adsorption activity for trivalent samarium, and that its adsorption capacity strongly depends on
the pH of the solution, and the maximum adsorption capacity for Sm(III) is 14.48 mg/g at neutral pH. As samarium is a typical
member of the lanthanide series, our results suggest that the hollow hematite microspheres have potential application in removal
of rare earth elements (REEs) entering the water environment.
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B INTRODUCTION

Hematite (a-Fe,0;), the most thermodynamically stable iron
oxide with n-type semiconducting properties under ambient
conditions, is widespread in nature and readily synthesized in
the laboratory." Because of its fascinating and peculiar
physicochemical properties, low processing cost, high stability,
and environmental friendliness, hematite has attracted great
attention from researchers in various fields and has been
applied as pigments,1 catalys.ts,2 gas sensors,>* drug delivery,5
magnetic devices® electrode materials in lithium-ion bat-
teries,”® adsorbents for treating water pollution,g_12 and the
raw materials for preparation of y-Fe,O; In past decades,
researchers have successfully prepared numerous nano- and
micrometer hematite with controlled morphologies, such as 0D
nanopartides;13 1D nanowires, nanorods, or nanotubes; ¢
2D plates or sheets;'”'® and 3D microspheres and urchine- or
flower-like structures,'”~>' as well as hybrid composites.”*~>*
Among these different morphologies, hematite with complex
hierarchical structures is more attractive to researchers,25’26
because of its properties of low density, high surface area, and
excellent surface permeability compared with ordinary hema-
tite. Up to now, the most extensively used methodologies in the
laboratory to prepare hematite with controlled morphology or/
and size are sol—gel method,*” hydrothermal or solvothermal
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technique,”®*” and template-directed synthetic route.** In

recent years, many new synthetic methods to prepare hematite
with special 3D nanostructures have also been emerging. For
example, Wan’s group synthesized a novel flowerlike iron oxide
nanostructures by thermal decomposition of precursors, which
were obtained by an ethylene glycol (EG)-mediated self-
assembly process.”’ Using a two-step synthesis method, Cao et
al. successfully prepared a-Fe,O; hollow spheres by thermal
decomposition of a precursor which was synthesized by a
microwave-assisted solvothermal method, using FeCl;-6H,0,
NaOH, and sodium dodecylbenzenesulfonate in the solvent
ethylene glycol.>> Cheng et al. fabricated durian-like hematite
hollow spheres by liquid—liquid interface-assisted solvothermal
method.>* However, seeking facile, economic, and green
methods to prepare well-crystallized hematite with controllable
surface texture, complex architecture, and excellent properties is
still a challenge and pursuit to researchers in the field of
materials science.

Pyrite (FeS,) is a naturally occurring material that can be
found in concentrated form in nature and also as impurities in
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coal and many other minerals. Because of its potential as a
useful material for solar-energy appliceltions,34_36 as the
cathode for high-energy-density batteries,”” and as depolarizer
anode for hydrogen production,® pyrite has also received
growing attention in recent years. The synthesis of pyrite with
different shapes and sizes has been reported by many
researchers.>*~*" The transformation of pyrite in an oxygen-
containing atmosphere is a complicated process, and may
proceed by different mechanisms under different conditions.
Parameters such as temperature, particle size, flow condition
and properties of the surrounding atmosphere can all affect final
phases.”™ There is a general agreement that the finally oxidized
product of pyrite in air is hematite.** This may provide a new
route to prepare hematite.

In this paper, hollow core/shell hematite microspheres with
hierarchical structure were prepared by calcining precursor
composite microspheres of pyrite and polyvinylpyrrolidone
(PVP). The precursor microspheres were synthesized by a
facile microwave-assisted reflux method, as previously reported
by our group,44 using ferrous sulfate, sulfur powder,
polyvinylpyrrolidone (PVP) and ethylene glycol (EG) as initial
materials. Moreover, the adsorption ability of the hollow core/
shell hematite microspheres for samarium(III) was also
evaluated. To the best of our knowledge, the synthetic route
and special architecture of hematite have not been reported so
far.

B EXPERIMENTAL SECTION

All chemical reagents were of analytical grade and used as received
without any further purification. The microwave reactor used for the
preparation of the precursor is a microwave-reflux synthesis system
(WBFY-201, Yuhua, Gongyi, China), with cycle period of 22 s, output
power of 800 W, working frequency of 2.45 X 10° Hz. The microwave
reactor can operate at 10, 30, 50, 80, and 100% full power by changing
the on/off duration of the microwave irradiation on cycle model. A
programmed furnace (KSL-1100, Kmt, China) was used for the
calcination of the synthesized precursor.

In a typical synthetic procedure, the composite microspheres of
pyrite and polyvinylpyrrolidone (PVP) were first synthesized, briefly,
0.556 g of FeSO,-7H,0 and 0.6 g of PVP-K30 were dissolved in 20
mL of ethylene glycol in a 100 mL round-bottomed flask. Then 0.128
g of S powder was dispersed in the solution by ultrasonication for a
few minutes. The round-bottomed flask was equipped on the
microwave reactor for reaction of 30 min under nitrogen flow at
80% of the full power, and a black precipitate was obtained. The dried
black precipitate was then calcined in air at 900 °C for 10 min, with a
heating rate of 5 °C min~" and cooled to room temperature naturally.
Finally, a red powder was obtained and collected for further
characterizations.

Several analytical techniques were used to characterize the
synthesized products. Powder X-ray diffraction (XRD) patterns of
the synthesized samples were recorded with a Japan Map XHF X-ray
diffractometer equipped with graphite-monochromatized Cu Ka
irradiation (4 = 0.154056 nm), employing a scanning rate of 0.02°
s in the 20 range of 20—80°. Microstructures of the precursor and
calcined products were observed by JEOL JSM-2010 field-emission
scanning electron microscopy (FESEM). Energy-dispersive X-ray
spectroscopy (EDX) analyses were obtained with an EDAX detector
installed on the same FESEM. The images of transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) were obtained on a JEM-2010 microscope
operated at an acceleration voltage of 200 kV. Nitrogen adsorption—
desorption isotherms at the temperature of liquid nitrogen were
measured with a Micromeritics Coulter (USA) instrument. Thermog-
ravimetric analysis (TGA) and differential scanning calorimetry (DSC)
were carried out on SDT Q600 thermal analyzer with a heating rate of
10 °C min™" in air.

10557

The stock solution of samarium(III) was prepared by dissolving
samarium oxide (Sm,0j;) in diluted hydrochloric acid, 300 mg/L (2 X
107 mol L"), and diluted to the concentration of 15 mg/L (10™* mol
L™"). All batch experiments were carried out by mixing 0.030 g of the
hematite with 30 mL of aqueous solution of samarium. The
experiments were conducted in triplicate, and averaged values were
reported. The effect of pH on the adsorption activity of the
hierarchical nanostructured hematite was investigated, and the pH
varied from 2 to 8. The pH of the solution was adjusted with HCI
and/or NaOH and recorded with a pH meter. In addition, the effect of
the contact time on the adsorption activity and adsorption capacity of
the hematite microspheres were also investigated at pH 7.0 & 0.1. The
supernatant of the suspension was collected by centrifugation at 10000
rpm for S min, and then the concentration of samarium was analyzed
using inductively coupled plasma atomic emission spectroscopy (ICP-
AES, optima 7300 DV). The amount of samarium adsorbed at time ¢,
q. (mg/g), uptake percentage U %, and the amount of samarium
adsorbed at equilibrium, q. (mg/g), were calculated according to
following equations, respectively:

_ (Co — Ct>V
©“= 7
U% = (C, — C,)100%
CO
_ (Co - Ce)v
e w

where C, (mg/L), C, (mg/L), and C, are the liquid phase
concentration of the samarium at initial, any time t and equilibrium,
respectively. V is the volume of the solution (mL) and W is the mass
of the hematite added (mg).

Bl RESULTS AND DISCUSSION

A typical XRD pattern and SEM image of the precursor
prepared by microwave-assisted reflux method are shown in
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Figure 1. (a) Typical XRD pattern and (b) SEM image of precursor
microspherolites; inset in panel b: the close-up image of a single
precursor microsphere.
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Figure 2. TG/DSC curves of the precursor microspheres.
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Figure 3. Typical XRD pattern of the precursor calcined at 900 °C for
10 min.

Figure 1. One can find from Figure la that the XRD pattern is
the same as the reported results,** and all of the diffraction
peaks can be indexed to a cubic lattice of pure pyrite FeS,
(JCPDS card No.89—3057; space group Pa3), indicating that a
pure phase pyrite is obtained. The SEM image of the pyrite in
Figure 1b shows that the pyrite exhibits a spherical morphology
with an average diameter of about 2 ym, and further magnified
SEM image (inset in Figure 1b) reveals that the microspheres
are composed of small nanocrystallites ~20—30 nm in size,
endowing with the spherolite-like textures, which is the same as
the reported results as well.** Both the XRD pattern and SEM
images of the precursor demonstrate that the preparation for
the pyrite precursor can be easily achieved.

Thermal behavior of the precursor was examined by TG and
DSC techniques in a flowing air atmosphere. The typical TG
and DSC curves of the precursor are shown in Figure 2. An
obvious two weight loss stages can be observed on the TG
curve. Nevertheless, the main feature of the DSC trace is a large
and broad exothermic peak, which occurs at temperatures
between 390 and 450 °C and corresponds to the first significant
weight loss stage. The large and broad exothermic peak and the
corresponding significant weight loss may indicate that the
multistep complex reactions occur in this stage, including the
oxidation and decomposition of pyrite, the formation of iron
sulfates and the combustion of PVP possibly anchoring to the
pyrite microspheres. The detailed discussions would be
depicted later. Moreover, there is an arrest (the second weight
loss stage) from 450 to 640 °C on the TG curve. According to
several previous investigations,***~*® this arrest can be
ascribable to the decomposition of iron sulfates (Fe,(SO,),

and FeSO,) formed in the first weight loss stage. Summarizing,
the TG analysis reveals a ~44% of total weight loss from room
temperature to 900 °C, and hence the yield of hematite is 56%.
On the basis of the stoichiometry of the complete oxidation of
FeS, to Fe,0s, it is not difficult to be estimated that pure FeS,
accounts for ~84% in the precursor microspheres. Therefore,
PVP occluded in the precursor pyrite microspheres is about
16%, indicating that the precursor synthesized by this method is
an organic—inorganic composite.

Figure 3 presents a typical XRD pattern of the precursor
pyrite-PVP composite microspheres calcined at 900 °C for 10
min. All diffraction peaks can be easily indexed to the pure
rhombohedral phase of a@-Fe,O; with calculated lattice
parameters a = 5.035 A and ¢ = 13.746 A, which are in good
agreement with the literature values (JCPDS 33—0664; space
group R3c). The narrow sharp peaks of the XRD pattern
indicate that the a-Fe,O; is well-crystallized. No characteristic
peaks belonging to pyrite, other sulfides, Fe;0, or y-Fe,O; can
be found, suggesting that a facile calcining process can lead to
the formation of phase purity hematite. Furthermore, EDX was
also utilized to identify the chemical element composition of
the product. As shown in Figure 4a inset, the calcined sample
mainly contains Fe and O elements, in addition to the Au peaks
which come from sputtering, further confirming the formation
of iron oxides.

The nature of morphology and architecture of the hematite
microspheres was investigated by SEM and TEM techniques.
Typical SEM and TEM micrographs of the calcined product are
shown in Figure 4a-c. The panoramic SEM image in Figure 4a
provides a representative overview of the sample after 900 °C
calcination treatment for 10 min. It can be seen that the
calcined sample still exhibits uniform spherical morphology,
and the average diameter is about 2 ym, similar to the size of
precursor microspherolites, indicating that calcining process
can easily lead to the intact formation of the spherical
structures. Therefore, the precursor microsphere itself may
also act as a hard template during the formation of the hollow
hematite microsphere. Further magnified SEM image (Figure
4c) reveals that the surface texture of the microspheres is not
smooth, and is almost composed of quasi-pentagon and
hexagon patches, forming football-like architectures, as high-
lighted in Figure 4c. Moreover, some broken microspheres
shown in Figure 4b indicate that the calcined product may not
be a solid architecture, but a hollow structure. The close-up
image of a single broken sphere (Figure 4c inset) shows that
the a-Fe,O; microspheres have a core/shell structure with a
solid core inside the hollow spheres (as indicated by arrows in
Figure 4c inset), which are also hierarchically structured by
submicrometer particles. The TEM image of a random
spherolite in Figure 4e further confirms that the hematite
microspheres are of a hollow core/shell structure, the distinct
contrasts between the black part and the light part of the
spherolite unveil that the microspheres have the circular empty
space in between the core and shell. In short, a series of SEM
and TEM analyses demonstrate that the product obtained by
thermal decomposition of the pyrite-PVP microspherolites is
hierarchically hollow core/shell microspheres. Moreover, in
order to get insight into the microstructure of the building units
(the quasi-pentagon and hexagon patches), the hematite
microspheres were carefully grinded. Figure 4f shows a typical
HRTEM image of a detached patch. The well-resolved lattice
fringes ascertain that the building units are well crystallized.
The fringe spacing is 0.160 nm, which occurs well with the
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Figure 4. (a—c) SEM, (e) TEM, and (f) HRTEM images of the a-Fe,O; microspheres obtained after 900 °C calcination for 10 min; inset in panel a:
EDX analysis; (d) SEM image of the a-Fe,0; microspheres obtained after 900 °C calcination for 30 min.
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Figure 5. XRD patterns of the products calcined for 24 h at (a) 500,
(b) 600, and (c) 700 °C.

interplanar spacing of (018) of hematite. However, when the -

calcination time is prolonged to 30 min, further fusion between Figure 6. SEM images of the products calcined for 24 h at (a) 500, (b)
the quasi-pentagon and hexagon patches in the shell occurs, 600, and (¢, d) 700 °C.

leaving fewer striations, and some microspheres also fuse into
together, as shown in Figure 4d. To the best of our knowledge,
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Figure 7. SEM images of the products calcined at 700 °C for (a) 1, (b)
4,and (¢, d) 12 h.

Figure 8. (a, b) SEM image of products calcined at 800 °C for 1 h; (c)
SEM and (d) TEM images of products calcined at 800 °C for 4 h.
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Figure 9. XRD patterns of the products calcined at (a) 400 °C for 24 h
and (b) 500 °C for 12 h.

this is the first report on the synthesis of homogeneous hollow
core/shell hematite microspheres by calcination of the pyrite-
PVP microspheres.

It has be found that the final phases obtained by the
transformation of pyrite in an oxygen-containing atmosphere

Figure 10. Schematic illustration for the formation of hollow core/
shell hematite microspheres.
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Figure 11. (a) Effect of pH on the removal of samarium(III) ions by
the hollow core/shell hematite microspheres obtained at 900 °C for 10
min; (b) effect of contact time on the removal of samarium(III) ions at
pH 7.0 by the typical hematite microspheres prepared under different
calcination conditions; (c) effect of initial concentrations of Sm (III)
on the removal of Sm (III) at pH 7.0 by the hollow core/shell
hematite microspheres.

can be affected by parameters such as temperature, particle size,
flow condition, and properties of the surrounding atmos-
phere.*> Therefore, the calcination experiments with different
temperatures were also carried out. The XRD patterns of the
calcined products obtained at 500, 600, and 700 °C for 24 h are
shown in Figure S, respectively. All of the XRD patterns can be
indexed to the pure phase of hematite except that the product
obtained at 500 °C exhibits the broaden diffraction peaks,

dx.doi.org/10.1021/am502166p | ACS Appl. Mater. Interfaces 2014, 6, 10556—10565
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Table 1. Sm*" Removal Capacities of Various Adsorbents

maximum
adsorbent sample adsorption capacity ref
nanoscale zerovalent iron (nZVI) 10 mg/g 61
alumina-supported nZVI (Al-nZVI) 9.49 mg/g 61

AL O, 4.6 mg/g 61

synthetic analogue of heulandite 0.17 mequiv/g 62
(323 Ig)
bentonite modified with N-(2-hydroxyethyl) 17.7 mg/g 63
ethylenediamine
hollow core/shell hematite 1448 mg/g this
work
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Figure 12. (a) Linear first-order kinetic sorption data and (b) pseudo-
second kinetic sorption date for Sm(III) by hollow core/shell hematite
microspheres.

suggesting that higher temperatures facilitate the crystallization
and growth of hematite. Figure 6 depicts the SEM images of the
corresponding calcined products. Figure 6a clearly exhibits that
the a-Fe,O; microspheres obtained at 500 °C for 24 h are
composed of nanoparticles with ~50 nm, whereas a 600 °C
calcination treatment leads to fusion and growth of some small
nanoparticles on the surface of microsphere so that a loose net-
like surface texture can be observed (Figure 6b). Raising the
temperature to 700 °C, it is not difficult to find from Figure 6¢
that further fusion and growth of the nanoparticles on the
microsphere surfaces occur. Moreover, in order to identity the
interior structures, the hematite microspheres obtained at 700
°C was first ground for a few seconds, and then observed by
SEM. The SEM image of a typical broken microsphere (e.g,,
Figure 6d) clearly reveals that the interior of the hematite

microsphere is almost composed of spherical nanoparticles, no
significant aggregation and fusion among the nanoparticles
occurs. As a result, the core/shell structures cannot be formed
at 700 °C even though 24 h of calcination is performed (Figure
6¢, d).

The relative compact surfaces of the hematite microspheres
(Figure 6c) and some circular empty spaces inside the
microsphere, as highlighted by white arrows in Figure 6d,
also reveal that a mass transportation process from the interior
to exterior of the microspheres should occur, and such mass
transportation is much more rapid with raising the calcination
temperature, so that a 10 min of calcination at 900 °C leads to
the formation of hematite microspheres with football-like
textures (Figure 4). It appears that calcination temperature
plays a very important role in controlling the formation of the
hollow core/shell hematite microspheres.

To further understand the details in the formation of the
hollow core/shell hematite microspheres, we carried out some
time-dependent calcination experiments at 700 and 800 °C.
Figure 7 shows the SEM results of the FeS, microspherolites
calcined at 700 °C for 1, 4, and 12 h. One can see from Figure
7a that the microspheres consist of nanoparticles with the size
~100 nm after 1 h of calcination. With the calcination time
prolonging to 4 h, the exterior nanoparticles become bigger
compared with Figure 7a, and the larger particles may be
formed by the aggregation and fusion of tiny nanoparticles,
leaving a few larger voids, due to the requirement for
minimizing the surface energy. When the calcination time
reaches to 12 h, the nanoparticles on the surface of the hematite
microspheres further fuse one another, forming the net-like
textures (Figure 7c). The SEM image (Figure 7d) of a broken
microsphere also shows the occurrence of the subunit fusion in
the inner structure, as the size of the subunit particles ranges
from ~100 to 300 nm, and the circular empty spaces inside the
microsphere can be distinctly visualized (as indicated by
arrows). When the pyrite precursors is calcined at 800 °C for 1
h, the calcined product exhibits similar texture characteristics to
that obtained at 700 °C for 4 h, as shown in Figure 8a. And the
close-up image of a broken microsphere further reveals that the
hematite microspheres are composed of submicrometer
particles (Figure 8b). However, hematite with hollow core/
shell structure is obtained when the pyrite microspherolites are
heated at 800 °C for 4 h, as certified by the SEM and TEM
observations (Figure 8c and d), and the calcined product nearly
has similar morphology and architecture characteristics to the
typical product obtained at 900 °C for 10 min (e.g., Figure 4).

It can be safely concluded from the temperature- and time-
dependent experiments that the calcination temperature is a
crucial factor in the formation of the hollow core/shell
structures. The hollow core/shell microspheres cannot be
formed at temperatures below 800 °C even though a 24 h of
calcination is completed (e.g., Figure 6d). However, the hollow
core/shell structures can be obtained through a 4 h of
calcination at 800 °C (Figure 8¢, d), and only 10 min at 900 °C
(Figure 4). In other words, the formation time of the specific

Table 2. Kinetic Parameters for the Adsorption of Sm>" onto Hollow Core/Shell Hematite Microspheres Based on the First-

Order and Pseudo-Second-Order Kinetic Models

experimental parameters pseudo-first order

pseudo-second order

pH Geexp (Mg/Q) ky (min") Geca (mg/g)
7 14.48 0.047 5.63

R k, (g/mg min) Geal (mg/g) R
0.880 86.63 15.38 0.997
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hollow core/shell structures can be considerably shortened at a
high calcining temperature. Moreover, the crystal aggregation
and fusion, and the mass transport are the essential processes in
the formation of the hollow core/shell hematite.

In an oxygen-containing atmosphere, pyrite can be oxidized
to hematite directly or after it is decomposed to pyrrhotite FeS,
(here 1 < x < 2).* This is determined by the relative rates
between the oxygen diftusion to the pyrite core and the thermal
decomposition of the pyrite, and hence depends on the actual
conditions, such as temperature, oxygen concentration and
flow, as well as particle size. The direct oxidation of pyrite
normally takes place at temperatures lower than about 527 °C
and at higher oxygen concentrations, whereas the two-step
process normally takes place under opposite conditions.
Moreover, sulfates (mainly ferrous sulfate and ferric sulfate)
can be formed as minor product in the oxidation process of
pyrite/pyrrhotite.****° The formation of sulfates is probably
determined by the gas composition at the reaction front.
Ferrous sulfate usually forms in a gas that is rich in SO,
whereas ferric sulfate in a gas enriched in SO3.*” In our case, the
pyrite-PVP precursor was also calcined at 400 °C for 24 h and
500 °C for 12 h to understand the chemical reaction details
from pyrite to hematite. XRD analyses show that Fe,(SO,); is
the main phase (JCPDS card No.73—0573; space group R3)
aside from a trace of hematite in the sample treated at 400 °C
for 24 h (Figure 9a). In contrast, massive hematite and a small
amount of Fe,(SO,); coexist after SO0 °C calcination for 12 h
(Figure 9b), further confirming that the arrest of the heating
losing weight on the TG curve (Figure 2) originates from the
decomposition of Fe,(SO,);. Because no pyrrhotite and ferrous
sulfate are identified in our experiments, the main reactions
involved in the transformation from pyrite to hematite can be
generalized as follows

2FeS,(s) + 5.50,(g) — Fe,05(s) + 450,(g) (1)
2FeS,(s) + 70,(g) — Fe,(SO,);(s) + 4S0,(g) (2)
Fe,(S0,);(s) — Fe,04(s) + 350;(g) 3)
$0,(g) — SO,(g) + 0.50,(g) )

According to the TG-DSC and XRD analyses (Figures 2 and
9), it can be readily identified that reactions 1 and 2 are
concomitant with the combustion of the occluded PVP and
occur at temperatures of 390—450 °C. As a result, most of the
pyrite directly oxidizes into hematite, and only a small amount
of pyrite transforms into ferric sulfate. Reactions 3 and 4 occur
in the temperature range 450—640 °C, corresponding to the
arrest on the TG curve. The temperature at which the reaction
begins is determined by the size of pyrite grains, usually bigger
grains needs higher temperature, such as 410 °C below 0.074
mm, 440 °C for 0.295—0.417 mm, 460 °C for 1.168—2.362
mm.* 7" The reaction begins to occur in our experiments at
around 390 °C, as shown in the TG-DSC curves (Figure 2),
which can be attributed to the smaller size of pyrite particles in
the precursor, because the precursor microspherolites con-
structed of small pyrite nanoparticles should have larger
interfacial area available for oxidation, and react at a faster
rate.”®

Moreover, in our case, the oxidation of pyrite may also occur
via a shrinking core mechanism, with the increasing movement
of the reaction front toward the center of the pyrite particles.*’
Figure 6a shows that porous oxide layers were formed in the

inner part of the microspheres, when the pyrite-PVP precursor
was calcined at 500 °C for 24 h. This is consistent with the
previous report.*” The appearance of a denser outer layer may
be due to the formation of Fe,(SO,); because the molar
volume of Fe,(SO,); is much higher than those of iron
oxides.*” Once the temperatures surpass 600 °C, the Fe,(SO,);
would be decomposed into hematite (Figure 2), and porous
hematite microspherolites are finally formed (Figure 6b, c),
meanwhile the combustion of PVP occluded in the precursor
also plays a key role in the formation of hollow core/shell
texture, which makes the hematite submicrometer-spheres have
enough space to restructure. Generally, after a series of
transformation reactions 1—4, porous hematite microspheres
composed of nanoparticles are formed, and then the smaller
nanoparticles aggregate together, forming hematite submi-
crometer spheres with increasing calcination time. In short, the
formation of the core can be ascribed to the aggregation and
fusion of the inner hematite submicrometer-spheres, whereas
the formation of the densification shell should be attributed to
the aggregation and fusion of the external submicrometer-
spheres, as well as concomitant mass transportation from the
interior to exterior of the hematite microspheres, finally leading
to the hollow core/shell architectures, and such process may be
driven by minimizing the total energy of the system. A plausible
formation mechanism is schematically illustrated in Figure 10.

In recent decades, as the rapid increase in the exploitation of
rare earth elements (REEs) resources and its wide application
to modern industrzf and daily life, more and more REEs enter
the environment.>* Moreover, being heavy metals, the REEs
from anthropogenic sources usually get into the environment in
biologically available forms, and may enter the bodies of human
being via food chain and cause adverse health effects. For
instance, trivalent ions, such as La (III) and Gd (III), can
interfere with calcium channels in human and animal cells, and
also alter or even inhibit the action of various enzymes and
regulate synaptic transmission, as well as block some receptors
(for example, glutamate receptors) when they are found in
neurons.>>™>° Therefore, the removal of the REEs entering the
environment by human activities will be a continuing concern.

Hematite has been proved as one of the environmental
friendly materials, and shown good adsorption performance for
heavy metals, such as Pb**, Cd**, Cr*, and so on.**' In this
context, the adsorption property of the hollow core/shell
hematite microspheres for samarium(III) was tested. The
special selection for samarium(IIl) is because it is a typical
member of the lanthanide series, and widely used as neutron
absorber in nuclear industry, as a chemical reagent in organic
synthesis in chemistry, and most important of all, in radio
pharmacy (radioactive samarium-153 is used in medicine to
treat the severe pain associated with cancers that have spread to
the bones).>**’

It is well-known that hematite cannot exist under the low-pH
circumstance, and precipitation of Sm(OH); (s) would occur at
higher pH values. Therefore, the parameter pH is usually
believed to be one of the most important factors affecting
adsorption process.”®>® Here, the effect of pH on the
adsorption of samarium(III) onto hematite hollow micro-
spheres was studied at pH 2—8, samarium(III) concentration 1
X 107 mol L7}, adsorbent concentration 1.0 g L7}, and
temperature 298 K. A pH range from 2 to 8 was specially
selected, which depends on the concentration of samarium (IIT)
stock solution used (1 X 107* mol L7') and the K, of
Sm(OH), (s) (82 x 107 at 25 °C)®° (Theoretically,
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Sm(OH); can precipitate out of the stock solution of 1 X 107*
mol L™ when the pH exceeds 7.97). Figure 1la shows the
effect of pH on Sm*" removal efficiency by the hollow core/
shell hematite microspheres prepared at 900 °C for 10 min.
The removal percentage of the samarium ions is found to
significantly increase with the initial pH of Sm** solution and to
approach a maximum at pH 7.0, and thereafter it does not
change very much with further increase in pH. As is known that
the surface charge of adsorbent is neutral at the point of zero
charge (PZC), and the adsorbent surface is positively charged
below the pHzpc. The pHzpc for hematite is about 8.5.'°
Therefore, the low samarium uptakes at low pH values are most
probably due to the protonation of the active sites in hematite,
which inhibits their binding ability toward samarium ions.
However, as the pH increases, the surface positive charge of
hematite decreases, and thus the uptake of samarium ions
increases. Therefore, it can be concluded from the results that
the adsorption performance of samarium(III) onto hematite is
significantly dependent on the initial pH of Sm®* solution, and
pH 7.0 was selected in the subsequent sorption experiments in
order to avoid the possible precipitation of Sm** ions. Figure
11b shows the uptake percentage of samarium(II) versus
contact time (0—120 min) for the typical hematite micro-
spheres prepared at 600 °C for 24 h (Figure 6b), 700 °C for 12
(Figure 7c, d) and 24 h (Figure 6c¢, d), and 900 °C for 10 min
(Figure 4a—e). It shows a very rapid adsorption of the
samarium ions during the first 10 min, subsequently, the
adsorption rate decreases gradually and the adsorption contents
reach equilibrium after about 60 min for all of the micro-
spheres. Nevertheless, the core/shell hollow hematite micro-
spheres always exhibit the highest uptake percentage than other
hematite microspheres. Moreover, the uptake percentage of
hematite prepared at 700 °C for 12 h is higher than those
prepared at 600 and 700 °C for 24 h, and the hematite prepared
at 600 °C for 24 h shows the lowest uptake percentage. The
differences in the adsorption performance of the four typical
hematite microspheres can be attributed to their different
constructed structures (e.g, Figures 4a—e, 6b—d, 7c, d). As a
result, the hematite microspheres obtained under different
calcination conditions have different specific surface areas. The
BET analyses show that the hollow core/shell microspheres
indeed have higher specific surface area (5.055 m?/g) than the
microspheres prepared at 700 °C for 12 h (3.756 m®/g). In
addition, the effect of Sm®" concentration-dependence on the
capacity of the hematite hollow core/shell microspheres was
also investigated. As shown in Figure 11c, while the dosage of
the adsorbent remains constant (1.0 g/L), the uptake amount
of samarium ions nearly shows no changes with the increase in
initial metal ion concentration. This implies that the adsorption
capacity of the core/shell hollow microspheres has reached to
saturation at the initial samarium concentration of 15 mg/L,
and the maximum adsorption capacity of the hollow micro-
spheres is found to be ca.14.48 mg/g for Sm (III) at pH 7.0.
This value is higher than those of previously reported materials,
such as nanozero valent iron (nZVI),®" alumina-supported
nZVI (Al-nZVI1),%" ALO,®" synthetic analogue of heulandites,”*
and is close to that of bentonite modified with N-(2-
hydroxyethyl),®® as summarized in Table 1. These results
indicate that the hollow core/shell hematite microspheres have
a large adsorption capacity for Sm (III) and can be potentially
applied to the removal of other REEs in the water environment.

In order to further understand the adsorption kinetics of the
hollow core/shell hematite microspheres, the batch exper-

imental results were fitted with first-order and pseudo-second-

order models, respectively. The Lagergren first-order and
. 64,65

pseudo-second-order rate equations are as follows

1n(qe — qt) =In q, — k,t (Lagergren first-order rate

equation)

t/q, = 1/k2qe2 +t/q, (pseudo-second-order rate
equation)

where g, and g, are the amount of adsorbate adsorbed (mg/g)
at equilibrium and at any time ¢ (min); k; and k, are the
adsorption rate constant of first-order or pseudo-second-order
adsorption, respectively. If first-order kinetics is applicable, the
values of k, and g, can be derived from the intercept and slope
of the plot of In(g,—q,) versus t, respectively. Similarly, the plot
of t/q versus t of pseudo-second-order adsorption should give a
linear relationship, from which g, and k, can be determined
from the slope and intercept of the plot. Figure 12 depicts the
linear plots of first-order and pseudo-second-order adsorption
for Sm** ions by the core/shell hollow microspheres, and the
kinetic parameters for the adsorption of Sm®" ions onto hollow
core/shell hematite microspheres are summarized in Table 2.
Figure 12 and the values of the correlation coefficient (R?)
listed in Table 2 unambiguously reveal that the kinetics of
adsorption for Sm(III) can be explained more accurately by the
pseudo-second-order kinetic model.

B CONCLUSIONS

In summary, hematite with hollow core/shell microstructures
have been successfully prepared by a simply calcination of PVP-
pyrite hybrid microspherolites in air. The formation from the
precursor to the hollow core/shell hematite microspheres
experiences the oxidation and sulfation of pyrite, combustion of
occluded PVP, desulfation, aggregation and fusion of nanosized
hematite, as well as mass transportation from the interior to
exterior of the microspheres. Calcining temperature plays a
crucial factor to control the hollow structure formation, and the
combustion of PVP makes the hematite nanoparticles have
ample space to restructure. The aggregation of hematite
nanocrystals and the core shrinking during the oxidation of
pyrite should be responsible for the formation of the hollow
structures. The hematite microspheres showed good adsorption
ability to remove samarium ions in water treatment and are
expected to be useful in removal rare earth elements (REE) and
also provide references for dealing with radioactive nuclides, as
the samarium has radionuclides such as Sm-149 and Sm-153.
This work provides a new method to synthesize metal oxides
with controlled morphologies and complex architectures.
Because of the unique 3D structure of hollow core/shell
hematite microspheres, this kind of novel superstructure can be
also expected to have potential applications in catalysis, catalyst
support, magnetic devices, drug delivery, and other fields.
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