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A type of uniform Mg ferrite nanospheres with excellent SO, adsorption capacity could be selectively
synthesized via a facile solvothermal method. The size of the MgFe, 04 nanospheres was controlled to
be 300-400 nm in diameter. The structural, textural, and surface properties of the adsorbent have been
fully characterized by a variety of techniques (Brunauer-Emmett-Teller, BET; X-ray diffraction analysis,
XRD; scanning electron microscopy, SEM; and energy-dispersive X-ray spectroscopy, EDS). The valence
states and the surface chemical compositions of MgFe,04 nanospheres were further identified by X-ray

Iégyv‘:g;fg;al photoelectron spectroscopy (XPS). The behaviors of SO, oxidative adsorption on MgFe,04 nanospheres
Mnge204 were studied using Fourier transform infrared spectroscopy (FTIR). Both the sulfite and sulfate species
Nanospheres could be formed on the surface of MgFe;04. The adsorption equilibrium isotherm of SO, was analyzed

using a volumetric method at 298 K and 473 K. The results indicate that MgFe,04 nanospheres possess a

good potential as the solid-state SO, adsorbent for applications in hot fuel gas desulfurization.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Sulfur dioxide is one of the major pollutants released to the
atmosphere as a result of volcanic activity and the combustion
of fuels in power plants, factories, houses and transportation. It
is a corrosive gas which can be harmful to the environment and
human health. Today, many international agencies regulate air
quality in the environment. Therefore, a variety of methods have
been proposed and developed for the removal of sulfur compounds.
Recently, the most popular and inexpensive method receiving
much attention for SOy removal is the addition of selective sorbents
[1,2], notably metal oxides.

A considerable amount of research has been conducted on the
suitability of various metal oxides for SO, removal. CaO-based
sorbents have been the leading candidate materials for several
decades. However, they are not suitable enough because the mate-
rials require a very high temperature for the removal of SO, and
their reuse is nearly impossible due to the very stable CaSO4
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formed during SO, adsorption. Al,03-based sorbents showed low
SO, removal capacity because the Al,(SO4)3 formed is very unsta-
ble at the regenerator temperature. It releases the sulfate species as
produced in the SOy adsorption condition [3]. MgO-based sorbents
have been reported as a high potential sorbents for SO, removal,
especially in the presence of oxidation promoters. Many promoters
were added to the MgO in order to promote the SO, transforma-
tion to SO3, which would be easily absorbed into the MgO [3-5].
Different material promoters have been claimed as SO, oxidation
promoters [3-6], and cerium oxide has been proved as an excel-
lent candidate [7-10]. However, cerium oxide is not used widely
mainly for its high cost. For this reason, instead of cerium the use
of iron was proposed. The iron has the ability to play a dual role, as
an oxidizing and a reducing catalyst.

Recently, Mg-Fe-based sorbents enjoy a special attention for
their effective adsorption of SO,. Lee et al. [11] have demonstrated
that Ce-Fe-Mg-based sorbents showed excellent sulfur removal
capacity and regeneration ability. Wang et al. [12] have investi-
gated an Mg-Fe-Al-0 mixed oxide with spinel structure. Podworny
et al. [13] have explained the behaviors of MgO-MgFe,0,4 spinels
in gaseous environment having high concentration of sulfur oxides.
However, the conventional preparation techniques can easily lead
to the production of agglomerated particles with irregular shape,
which limit their absorption capacity for SO,. Therefore, it is very
important and desirable to control the synthesis procedures to
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achieve particles with uniform size distribution and well disper-
sion.

In this paper, a type of uniform Mg ferrite nanospheres with
tunable diameter in the range of 300-400 nm were prepared via
a facile solvothermal method, and evaluated as potential SO, sor-
bent using a volumetric method. To obtain more information about
MgFe, 0,4 nanospheres surface after its interaction with sulfur diox-
ide, a comparative XPS and FTIR spectra study was conducted.

2. Experimental
2.1. Preparation of materials

All the chemicals in this work, such as hydrated iron chlo-
ride (FeCl3-6H,0), magnesium chloride (MgCl,-6H,0), ammonium
acetate (NH4-Ac), and ethylene glycol, were analytical grade regents
from the Beijing Chemical Reagents Factory and used as starting
materials without further purification.

The typical preparation procedure of MgFe, 04 nanospheres is as
follows [14]. FeCl3-6H50 (6 mmol) and MgCl,-6H,0 (3 mmol) were
added into ethylene glycol (90 ml) to form a clear solution. Then a
protective agent NH4-Ac (45 mmol) was added into the solution to
form a mixture under vigorous stirring at room temperature. Sub-
sequently, the mixture was put into a Teflon lined stainless steel
autoclave of 120 ml capacity and sealed and maintained at 180°C
for 24 h. Finally, the system was allowed to cool to room tem-
perature naturally. The obtained black precipitate was collected
by filtration, washed with absolute ethanol and distilled water in
sequence for several times, and dried in a vacuum drying box at
80°C overnight. The final product was calcined at 600°C for 4h.
The sample was labeled as MgFe,04 nanospheres.

As a comparison, another type of MgFe,04 was prepared by
the coprecipitation method as follows [15]. An aqueous solu-
tion (100 ml) containing MgCl,-6H,0 (0.05 mol) and FeCl;.6H,0
(0.1 mol). The mixed metal salt solution and the NaOH (6 mol/l)
solution were simultaneously added to a glass reactor and mixed
under vigorous mechanical stirring, with the pH maintained
between 9 and 10. Then, the mixture was heated at 90°C for 18 h.
The precipitate was washed several times with absolute ethanol
and deionized water and dried at 80 °C overnight. The final product
was calcined at 600 °C for 4 h, and labeled as MgFe,04-CP.

2.2. Characterization of materials

The obtained samples were characterized on a Rigaku D/Max
2550VB/PC X-ray powder diffractometer (XRD) with a Cu Ko radi-
ation source (k=0.154056 nm), and operated at a voltage of 40 kV
and a current of 100 mA.

Scanning electron microscopy (SEM) was performed on a
JEOLJSM-6360LV microscope. Chemical composition of the parti-
cles was determined by energy-dispersive spectrometry (EDS).

N, physisorption was performed on a Quantachrome Autosorb
1 instrument to study specific surface area, pore volume, and pore
size distribution. Samples were pretreated by degassing at 120°C
overnight to remove any adsorbed species.

XPS data were recorded using a Perkin-Elmer PHI 5600 elec-
tron spectrometer using acrochromatic Al Ko radiation (1486.6 eV)
with Ar* sputtering to remove the surface layer of the sample.
The binding energies and intensities were calculated after subtrac-
tion of a Shirley-type background from raw photoemission spectra.
Complex spectra in the Fe2p region were resolved into four com-
ponents: two for the Fe (III) and two for the Fe (II) oxidation states
(see below), according to a fitting procedure described elsewhere
[16].
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Fig. 1. XRD patterns of fresh MgFe,04-CP and MgFe, 04 nanospheres: (a) MgFe,;04-
CP sample and (b) MgFe, 04 nanspheres sample.

FTIR spectra were recorded on a VERTEX 70-FTIR equipped with
a smart collector and a MCT/A detector cooled by liquid N,.

2.3. Activity test

The adsorption equilibrium isotherm of SO, was analyzed using
avolumetric method at 298 Kand 473 K[17]. The method was based
on the mole balance of SO, gas in a closed system. UHP grade SO,
gas was used for the measurement. For each test, the amount of the
MgFe,0,4 adsorbent was 0.1 g.

3. Results and discussion
3.1. Characterization of samples

The wide angle XRD patterns of the fresh MgFe, 04 nanospheres
and the MgFe,04-CP are shown in Fig. 1. The XRD patterns obtained
from the two samples exhibit similar characteristics, which are in
good agreement with the standard diffraction patterns of MgFe, 04
(JCPDS 73-2410). The diffraction peaks corresponding to planes
(220),(311),(400),(511)and (440) provide a clear evidence for
the formation of spinel structure of the MgFe,0,4. Compared with
the MgFe;04-CP, the diffraction peaks of MgFe,04 nanospheres
are wider and its intensity becomes lower. The mean crystallite
sizes of the MgFe, 04 nanospheres and the MgFe,04-CP are 6.1 and
20.8 nm respectively, calculated from the broadening of the (311)
XRD peaks of MgFe,0,4 phase according to the Scherrer formula:
D=0.89\/Bcos 6 [18].

SEM analysis of the MgFe,04-CP (see Fig. 2(a)) reveals that the
sample consists of microparticles with irregular morphology, and
the particle size varies in a wide range. By contrast, the MgFe;04
nanospheres are in spherical shape with smooth surfaces and are
uniform in size with diameters ranging from 300 nm to 400 nm
(Fig. 2(b)). The origin of the morphological difference between the
two types of samples most likely lies in their respective preparation
method. The EDX spectra results from the two samples indicate that
samples only contain Mg, Fe, O (Fig. 2(c) and (d)).

Fig. 3 shows the N, adsorption/desorption isotherms of the
MgFe,0,4 nanospheres and the MgFe;0,4-CP. All the profiles reveal
a small hysteresis loop, implying the presence of mesopores at high
relative pressure range between 0.6 and 0.9 (Type IV) [19]. More-
over, the N, adsorption quantity for the MgFe,04 nanospheres
sample is much higher than that for the MgFe,04-CP, indicat-
ing the abundance of mesopores in the MgFe,04 nanospheres.
The isotherm of MgFe,04 nanospheres exhibits a high Type IV
adsorption/desorption shape with an H1 hysteresis loop, which
implies that the synthesized MgFe, 04 nanospheres consist of com-
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Fig. 2. SEM and EDS of fresh MgFe,04-CP and MgFe,0,4 nanospheres. (a) SEM of fresh MgFe,04-CP; (b) SEM of fresh MgFe, 04 nanospheres; (c) EDS of fresh MgFe,04-CP;

(d) EDS of fresh MgFe, 04 nanospheres.

pacts of approximately uniform particles in a fairly regular way
with a narrow range of pore size distribution [20,21]. However,
for MgFe,04-CP sample, a H3 hysteresis loop was observed, indi-
cating that aggregates of plate-like structures exist [21]. Besides,
the amount of adsorbed N, by the sample is neglectable, which
shows its lower adsorption ability. We also find that the MgFe; 0,
nanospheres possess high specific surface area and total pore vol-
ume (116 m?/g and 0.32 cm3/g), while the MgFe,04-CP sample
shows only 9.02 m2/g of specific surface area and 0.017 cm3/g of
total pore volume (see Table 1). It is well known that the specific
surface area could vary depending upon the crystallite size and
shape. Therefore, the comparison of both parameters could explain
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Fig. 3. N, adsorption/desorption isotherm and BJH pore size distribution of fresh
MgFe,04-CP and MgFe, 04 nanospheres.

the low specific surface area of MgFe,04-CP in addition to its larger
particle size, as observed in SEM analysis (see Fig. 2(a)).

The profiles of pore size distribution are given in the inset of
Fig. 3. It could be observed that for the MgFe,04 nanospheres,
the pore size distribution is peaked around 10 nm with a substan-
tial percentage of pores sized below 5.0 nm. Meanwhile, for the
MgFe,0,4-CP sample, an almost flattened profile of pore size dis-
tribution is observed, which indicates that nonporous structure is
obtained by the coprecipitation method.

3.2. Adsorption of SO,

Fig. 4 shows the adsorption isotherms of SO, in the MgFe;04
nanospheres and the MgFe,04-CP sample at 298K and 473 K. It
is seen that the adsorption capacity of MgFe,04 nanospheres is
much higher than that of the MgFe,04-CP sample. This suggests
that the MgFe,0,4 nanospheres should be a better adsorbent for
SO, abatement. The adsorption capacity is consistent with the spe-
cific surface area of the adsorbent. The specific surface area of
the MgFe,04 nanospheres (116 m2/g) is much higher than that
of the MgFe;0,4-CP sample (9.02 m2/g). Moreover, a substantial
percentage of pores for MgFe, 04 nanospheres is now in the quasi-
micropore region (below 5nm), and molecules may be adsorbed
following the micropore-filling mechanism before they enter the
pore body. Because the pore opening is smaller than the pore body,

Table 1
Structural parameters of the fresh MgFe,04 nanospheres and MgFe,0,4-CP.

Sger® (m?2/g) Total volume® (cm3/g)

116 0.32
0.017

Sample

MgFe;04 nanospheres
MgFe,04-CP 9.02

2 BET surface area calculated from the linear part of the BET plot.
b Single-point total pore volume of pores at P/Py =0.99.
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Fig. 4. Adsorption isotherm of SO, in various adsorbents at 298 K and 473 K.

molecules will have difficulty in escaping once they have been
adsorbed into the pore body. Therefore, MgFe; 04 nanospheres have
much higher SO, adsorption capacity than the MgFe,04-CP sample.

3.3. XPS studies

Metal oxide based adsorbents are usually consisted of at
least two active metal oxides as it is found that mixed metal
oxides generally display better redox properties than single one
[22-24]. To obtain more surface chemical information about the
MgFe,0,4 nanospheres after their interaction with sulfur dioxide, a
comparative XPS and FTIR spectra investigation was carried out
subsequently. Fig. 5 presents S2p spectra taken from MgFe;04
nanospheres after its interaction with sulfur dioxide at 473 K. One
can see that the treatment of the MgFe,04 nanospheres by SO,
results in an appearance of S2p features. To analyze these spec-
tra in more detail and to apply literature data for comparison, we
deconvoluted the S2p lines into two components. The compari-
son with literature data allows unambiguous assignment of these
S2p3, features to sulfite (167.5-168.5) and sulfate (168.9-169.1)
species [25-27]. As seen from Fig. 5, the banding energy of S2p3,
on MgFe,04 nanospheres locates at 168.3 eV and 169.5 eV, which
are in good agreement with SO32~ and SO,42- states, respectively.
Therefore, the MgFe,04 nanosphere surface contains a certain
amount of both sulfite and sulfate species after the adsorption of
SO,.
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Fig. 5. The S2p photoemission spectra recorded after the treatment of MgFe;04
nanospheres with SO, at 473 K.
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Fig.6. The Fe2p photoemission spectrarecorded for (a) fresh MgFe, 04 nanospheres
and (b) MgFe, 04 nanospheres adsorbed with SO, at 473 K.

The sulfation of MgFe,04 nanospheres is also exhibited in the
behavior of the Mg1s and Fe2p (or Fe3p) lines. The parameters of the
Mg1s line change negligibly under the reaction (not shown here),
indicating the permanency in the chemical state of magnesium
ions. Contrary to magnesium, a part of the Fe (III) ions transform
into the Fe (II) ions as a result of the interaction of the MgFe,04
surface with pure SO,.

As mentioned in Section 2, the Fe2p spectra have a complex
structure composed of one Fe2psp,/Fe2py, doublet from Fe (III)
ions and one doublet from Fe (II) ones. Fig. 6 shows the Fe2p spec-
tra together with their deconvolution belonging to the Fe (III) and
Fe (II) states. The Fe2ps); lines, characteristic of the Fe (III) oxida-
tion state, are located at 713 eV (both initial MgFe, 04 nanospheres
surface and used MgFe; 04 nanospheres surface). The Fe2p,; lines,
characteristic of the Fe (III) oxidation state, are located at 726.7 eV
(initial MgFe, 04 nanospheres surface)and 726.1 eV (used MgFe; 04
nanospheres surface). Moreover, the Fe2ps, lines, characteristic of
the Fe (II) oxidation state, are located at 711.5 eV (initial MgFe,;04)
and 710.9eV (used MgFe;04). The Fe2p,, lines, characteristic of
the Fe (II) oxidation state, are located at 725.2 eV (initial MgFe,04)
and 725.5eV (used MgFe;04). Analysis of the Fe2p spectra indi-
cates that the amount of Fe (IIl) ions is decreased as well as the Fe
(I) ions being increased after the reaction with SO,, which indi-
cates that parts of Fe (III) ions in the catalysts are reduced to Fe (II)
ions.

The interchanging between different oxidation states of tran-
sition metals could play an important role in SO, removal. It has
been well known that CeO, can donate its lattice oxygen to SO,
[28]. Smirnov et al. [29] have demonstrated that the sulfation of
the CeO, is accompanied by a reduction of Ce (IV) ions to Ce (III)
ones. Thus it is reasonable to deduce that the oxidation state of Fe
can interchange between 3* and 2* to receive or donate oxygen
for SO, molecules to adsorb on. Moreover, it has been known from
Fig. 5 that both sulfite and sulfate species are formed on the sur-
face after MgFe, 04 is exposed with SO,. Therefore, it should allow
us to conclude that the sulfation and reduction of iron proceed in
parallel.

3.4. FTIR studies

The FTIR spectra of fresh MgFe,04 nanospheres sample and
sulfated sample in the range 4000-800cm~! are shown in Fig. 7.
The spectrum clearly shows a broad absorption around 3430cm™1,
which is a characteristic stretching vibration of hydroxylate (O-H).
Peaks localized at 1623cm~! and 1411cm~! are assigned to
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Fig. 7. IR spectra of adsorbed SO, on (a) fresh MgFe,04 nanospheres and (b)
MgFe, 04 nanospheres adsorbed with SO, at 473 K.

asymmetrical and symmetrical stretching vibration of carboxylate
(0-C-0), respectively.

The 1411 cm~! (broad), 1365 cm~! (shoulder) and 1320cm™!
(shoulder) characterize the formation of surface sulfate species
with S=0 bond. It has been shown already that the introduction
of larger amounts of sulfates on A1,03, TiO, or ZrO, shifts the
highest frequency band near 1380cm™! to higher wavenumbers
[30,31]. Wu et al. [32] also have found that a noticeable fact was
a distinct shift of the sulfate band from 1346 cm~! to 1364cm™1,
which may be caused by the accumulation of sulfate species by
the reaction of SO, + 0, with Ag/Al;03. Luo et al. [33] compared
the peak of adsorbed SO, at 1345cm~! with gaseous SO, (at
1151 cm~! and 1362 cm~1!)and SO3 (at 1061 cm~! and 1391 cm™1).
Moreover, when a very large amount of surface sulfate species is
formed, another component appears near 1400 cm~!, attributed to
chemisorbed SO; like species [30,34]. The main band at 1141 cm™!
with shoulders at 1039 and 973 may be attributed to the symmetric
stretching sulfite vibrations [35,36]. These results imply that sulfite
and sulfate species can be formed on the surface of MgFe, 04, which
is in good agreement with our XPS results.

4. Conclusion

A type of uniform Mg ferrite nanospheres with excellent SO,
adsorption capacity could be selectively synthesized via a facile
solvothermal method. Compared with the MgFe,0,4 prepared by
the coprecipitation method, MgFe,04 nanospheres are control-
lable to be 300-400 nm in diameter and have much higher surface
area and pore volume. These results suggest that the MgFe,04
nanospheres should be a better adsorbent for SO, abatement. Both
results from XPS and FTIR reveal that sulfite and sulfate species can
be formed on the surface of MgFe, 04, and sulfites can be oxidized
to sulfates at the expense of Mg ferrite, while Fe (III) is partially
reduced to Fe (II). It is revealed that the sulfation and reduction of
iron proceed in parallel during the SO, abatement.
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