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ABSTRACT

MgO-based adsorbents were prepared by controlling the temperature of magnesite calcination, and the
adsorption mechanism of SO, and these adsorbents were investigated. The obtained adsorbents were
characterized by a combination of characterization techniques, including X-ray diffraction (XRD), transmission
electron microscopy (TEM), N, adsorption/desorption analysis and Hammett indicator method. XRD patterns
and TEM images revealed that a complete decarbonation of MgCO3 occurred at ca. 650 °C, and the crystallinity
and crystal size of MgO increased with the increase of calcination temperature. The maximum specific surface
area (Sggr = 69.6 mz/ g) was obtained for the sample calcined at 650 °C (M-650), which also had the maximum
value of base site density as revealed by the Hammett indicator tests. The adsorption capacity of adsorbents
towards SO- increased with the increase of the base site density and M-650 with the highest base site density
displayed the maximum adsorption capacity. The adsorption of SO, onto MgO was mainly chemisorption,
resulting in the formation of magnesium sulfite and magnesium sulfate on the surface of MgO-based
adsorbents, as indicated by X-ray Photoelectron Spectroscopy (XPS) and Fourier Transform Infrared (FTIR)
spectra. The chemically bound SO, could be desorbed at ca. 435 °C as revealed by thermal analysis under No.
This study suggests that calcination of naturally occurring magnesite is highly amenable to obtain efficient SO,

adsorbents.

1. Introduction

Atmospheric pollution is one of the most serious environmental
issues in many developing countries, which leads to acid rain, photo-
chemical smog, haze etc. [1]. SO is a typical acidic gas and it is a major
contributor to acid rain and fine particles in haze and smog, which can
cause serious health hazards like severe irritation of the skin and the
respiratory system [2]. This toxic gas is frequently released by the
burning of sulfur containing fossil fuels [3]. Increasing traditional
energy production in many countries by burning coal due to increased
demand keeps pushing up the emission quantity of SO, resulting in
serious environmental pollution. Hence, great efforts should be made
to develop and improve SO, removal techniques by adsorption and
other methods. Therefore, it is imperative to design efficient and cost-
effective adsorption materials.

During the last several decades, some effective techniques have
been developed for the removal of SO,, such as wet flue gas

desulfurization (FGD), dry FGD and semidry FGD [4—7]. Among these
processes, limestone (lime) is one of the most extensively adopted
regents for wet FGD because of its high SO, removal efficiency and
reliability [8]. Nevertheless, the desulphurization by-product (calcium
sulfate) is apt to cause scale formation and subsequent pipe blockage
due to its low solubility. A large amount of water is needed in this
process and therefore considerable amount of wastewater would be
produced and this waste water may easily cause secondary pollution.
These drawbacks increase costs of industrial equipment maintenance
and bring extra complexity to the desulphurization system. Hence, dry
methods and catalytic processes for SO, removal have attracted much
interest due to the economic benefit and simple operation [9]. Some
common adsorbents such as activated carbon, zeolite, metal oxides like
Ca0, MgO, ZnO, Al,0O3, Fe;O3 etc. have already been used in these
processes [1,10-12]. Among these, CaO-based adsorbents have been
the main candidate materials in the industrial process during the last
several decades. The long-standing problem for this family of adsor-
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bents is the low desulfurization efficiency [13]. Recently, MgO-based
adsorbents have attracted a great deal of interest due to their high
efficiency for SO, removal. These kinds of adsorbents can be prepared
by co-precipitation [14], sol-gel procedure [15], chemical vapor
deposition [2], hydrothermal process [16] and thermal decomposition
route [17,18]. However, most of these methods are relatively complex
and/or with a high cost, which hindered their wide application in
industry. Therefore, a simple and economical method is still necessary
for the preparation of MgO-based adsorbents.

There is more than 10 billion tons of magnesite reserves in the
world. Most of them are distributed in China, North Korea, Russia and
Slovakia [19]. Therefore, thermal decomposition of natural magnesite
(MgCOs) is an attractive technique to prepare MgO-based adsorbents,
considering its abundance in nature, low cost and high Mg content. The
calcined products of natural magnesite have been widely used in
various industries, such as refractories and cements, as well as rubber
and plastics filler, food additives, and environmental materials (desul-
furizer in wet-FGD and neutralizing reagent used in acid water
treatment) [20,21]. However, only a limited amount of research has
been reported on the effect of preparation process of MgO from
naturally occurring magnesite for SO, adsorption and the SO, adsorp-
tion mechanism by such MgO.

In this study, MgO-based adsorbents were prepared by calcination
of natural magnesite. The morphologies and surface properties of the
adsorbents were investigated by a combination of characterization
techniques including X-ray diffraction (XRD), Transmission electron
microscopy (TEM), N, adsorption/desorption analysis and Hammett
indicator method. Based upon these results, the SO, adsorption
reactivity of the obtained adsorbents was evaluated and a possible
adsorption mechanism was proposed. The simplicity and potential
cost-effectiveness of the MgO adsorbent prepared here may enable its
potential industrial applications for SO, removal.

2. Experimental part
2.1. Materials

Natural magnesite ore from Dashiqiao, Liaoning Province, China,
was used as the raw material. The chemical and phase compositions
(Table 1 and Fig. 1) were determined by using X-ray fluorescence
(XRF) and X-ray diffraction (XRD) analyses, respectively.

2.2. Preparation of adsorbents

The ore was crushed and sieved to —150 um before the thermal
treatment. The thermal decomposition of the raw materials was carried
out in a muffle furnace (Carbolite RHF14/3) at temperatures of 500,
600, 650, 700, 800 and 900 °C for 1 h with a heating rate of 10 °C/min.
After cooling to ambient temperature, the obtained adsorbents were
marked as M-500, M-600, M-650, M-700, M-800, and M-900 for
samples heated at temperatures of 500, 600, 650, 700, 800 and 900 °C,
respectively and were stored in desiccator with silica gel before further
use.

2.3. Adsorption capacity measurements

The adsorption capacity tests were carried out in a vacuum
desiccator (ID = 210 mm). Firstly, a constant mass of adsorbent

Table 1
Chemical composition of the natural magnesite (wt%).

Element MgO CaO0  Al,O3 Si0,  MnO, Fe,O3 L.O.L®

Mass percentage  44.82 1.01 0.21 3.57 0.06 1.71 49.15

2 L.0.L: Loss on ignition at 1000 °C.
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Fig. 1. XRD patterns of natural magnesite and obtained adsorbents. Crystalline phases
are designated as: (a) MgCO3 (JCPDS 8-479), (b) MgO (JCPDS 65-476), (c)
CaMg(COs3)» (JCPDS 36-426), and (d) Mg»SisO10(OH), (JCPDS 29-1493).

(1.0000 + 0.01 g) was paved to a uniform and thin layer on the
bottom of the weighing bottles. These open bottles were then put into
the vacuum desiccator. Subsequently, the vacuum desiccator was
sealed and vacuumed to —0.08 MPa followed by exposure to different
partial pressures of dry air and pure SO gas (1:1), which was let in
through an inlet until the internal pressure reached constant atmo-
spheric pressure. Thereafter, this desiccator was placed in a room
where the temperature was kept constant at 25 °C. The mass incre-
ments were measured after different adsorption times to determine the
adsorption capacity of the adsorbents.

2.4. Sample characterization

The chemical composition of natural magnesite was analyzed by
XRF (Axios, PW4400). XRD patterns were recorded on a Bruker D8
advance diffractometer using Cu Ka radiation scanning from 3 to 85° at
a step of 2°/min, operating at 40 kV and 40 mA. Transmission electron
microscopy (TEM) observations were performed on a 200 kV JEOL
JEM-2100 high-resolution transmission electron microscope. Specific
surface area (SSA) was measured by N, adsorption/desorption iso-
therms at 77 K and SSA was calculated using Brunauer, Emmett and
Teller (BET) equation. The N, isotherms were obtained on an ASAP
2020 instrument. The samples were previously outgassed for 8 h at
200 °C. Hammett indicator method was used to evaluate the base sites
density of the adsorbents, using benzoic acid ethanol solution as titrant
standard solution based on bromothymol blue indicator (pKa = 7.2).

The thermogravimetric-Fourier transform infrared (TG-FTIR) ana-
lysis was conducted on a NETZSCH STA 449F3 thermal analyzer
coupled with a Bruker Vertex-70 Fourier-transform infrared spectro-
meter. Approximately 10 mg of sample was heated from 30 to 800 °C at
a rate of 10 °C/min under a highly pure N, atmosphere. After heating
the evolved gases of samples from TG passed through the FTIR cell to
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obtain absorbance information at different wavenumbers. Chemical
species of S 2p adsorbed on the surface of adsorbent was analyzed by
X-ray photoelectron spectroscopy (XPS) on a Thermo Scientific K-
Alpha instrument with monochromatic Al Ka X ray (1486.6 eV)
excitation source, using a spot size of 400 um diameter aperture. For
FTIR analyses, adsorbent with absorbed SO, was first mixed with KBr
powder and pressed into pellet. Then, FTIR spectra of adsorbent with
absorbed SO, were recorded on a Bruker Vertex-70 FTIR spectrometer
using the pressed KBr pellets. The spectra were collected over the range

of 900-1700 cm ! with 64 scans and at a resolution of 4 cm™.

3. Results and discussion
3.1. The crystalline structure and surface properties of the adsorbents

Natural magnesite is one of the Mg-rich carbonate minerals. During
calcination, magnesite decomposes as indicated by the following
reaction:

MgCO3—-MgO+CO,1

The formation of MgO crystallites in obtained adsorbents and the
relationship between crystallite size and calcination temperature (500—
900 °C) were investigated by XRD analysis (Fig. 1). XRD patterns
displayed that MgCO3; (JCPDS 8-479) was the main phase in the
samples of M-500 and M-600, while in M-600, weak MgO reflections
also emerged. MgO (JCPDS 65-476) appeared with the disappearance
of magnesite reflections when the calcination temperature reached
650 °C, indicating the decomposition of magnesium carbonate. The
intensities of MgO reflections obviously increased with the increase of
calcination temperature, reflecting the growth of MgO crystallites [22].
There were two main impurity phases in the raw materials, i.e.
dolomite (JCPDS 36-426) and talc-2M (JCPDS 29-1493). The dolomite
disappeared when the temperature was above 700 °C, while the talc-
2M was kept unchanged during the whole calcination process because
of its higher stability than either magneste or dolomite.

During the heat treatment morphological as well as the crystal size
changes of MgO were expected to occur. Such changes of MgO in M-
650 and M-900 samples were examined by TEM (Fig. 2). A well-
crystallized material in the image of M-500, was confirmed by the
single crystal-like electron diffraction pattern (see inset in Fig. 2 image
of M-500) of crystalline MgCO3 based on the XRD results (Fig. 1). As
for the M-650 sample, a kind of morphological moire with indistinct
border was clearly visible. Many researchers named it as “pseudo-
morph” [23,24]. In fact, it was MgO nanocrystallite aggregates which
hold the contour of the original particles. This type of pseudomorph
possesses large structural defects. Therefore, it can be easily deduced
that it was a type of highly reactive MgO. Moreover, a ring-type
electron diffraction pattern was also recorded for the M-650, implying
the emergence of small crystal of MgO. With increase of calcination
temperature (M-900 image in Fig. 2), larger nanocrystalline structure
with plate like shaped crystals, which formed by the sintering of small
MgO nanocrystallites. These results are in good agreement with those
as shown by XRD patterns (Fig. 1).

The effect of phase and crystal size changes on the surface area
property of the obtained adsorbents was measured by N> adsorption/
desorption analysis. The BET specific surface areas calculated from the
N, adsorption isotherms showed an abrupt increase from M-500
(5.0 m?/g) to M-650 (69.6 m?/g) (Table 2). This increase was a result
of the phase transformation of magnesium carbonate to the poorly
crystallized MgO. However, further increasing the temperature above
650 °C led to a decrease in the specific surface areas from 69.6 m?/g
(M-650) to 17.4m?/g (M-900) due to the crystallization of MgO
(Table 2).

As a typical solid base, the surface reactivity of MgO was closely
related to its base site density on the surface. The Hammett indicator
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Fig. 2. TEM images and selected area electron diffraction patterns of adsorbents heated
at 500, 650 and 900 °C, i.e., M-500, M-650 and M-900 samples, respectively.

Table 2
BET specific surface areas of the obtained adsorbents.

Samples Magnesite M-500 M-600 M-650 M-700 M-800 M-900
Specific 1.1 5.0 32.3 69.6 65.1 25.6 17.4
surface
area (m?/
g2

tests showed that the base site density (pKa>7.2) significantly in-
creased with the increase of temperature from 500 to 650 °C (Fig. 3). A
maximum value of 0.61 mmol/g was reached at 650 °C in the M-650
sample and then decreased gradually to 0.19 mmol/g at 900 °C in the
M-900 sample. This tendency is very similar with the variation of
specific surface areas (Table 2), and it would certainly have an effect on
the adsorption properties of the obtained adsorbents.

3.2. SO, adsorption capacity of adsorbents

The adsorption capacity of adsorbents increased with the calcina-
tion temperature up to 650 °C reaching a maximum value of 140.7 mg/
g (Fig. 4). The obtained results suggested that the base site density on
the adsorbent surface was the key factor to control the adsorption
capacity because the maximum adsorption correlated with the max-
imum base site density. Gradual changes of adsorption capacity
occurred with time as follows: the adsorption capacity reached
79.5 mg/g in the first period of 1h (M-650), and then increased
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Fig. 4. The Effect of calcination temperature on the adsorption capacity of the obtained
adsorbents.

gradually within the following 14 h (Fig. 5). The increment was only
1.6 mg/g from 12 to 15 h, which was much smaller than that from 9 to
12 h (11.2 mg/g). This suggested that a saturation of adsorption of SO,
could be reached at about 12 h.

3.3. Adsorption mechanism

To elucidate the adsorption mechanism, thermogravimetric analy-
sis was carried out on M-650 sample after adsorption of SO, (Fig. 6).
The TG and DTG curves displayed three mass loss stages at 133.9,
435.3 and 712.4 °C. The released gases in each stage were detected by
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Fig. 5. The influence of adsorption time on the adsorption capacity of M-650 sample.
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Fig. 7. FTIR spectra of the released gas during the thermal decomposition.

in-situ Fourier-transform infrared spectroscopy (Fig. 7). The results
showed that the gases released at the first stage corresponded to
bending vibration of vaporous water at 1300-2000 cm™ and asym-
metry stretching vibration of CO, at 2359 and 2338 cm™. The second
stage (at ca. 435.3 °C) was attributed to release of SO,, because there
were the asymmetrical stretching vibrations and symmetrical stretch-
ing vibrations of SO, displayed in the regions of 1320-1395 and 1096—
1211 em™! in the FTIR spectrum [25]. At the last stage, the peaks at
2359 and 2338 cm™! intensified, which was possibly as a result of the
CO, release from decomposition of dolomite. The higher temperature
of SO, release suggested that there was a chemical bonding between
SO, and M-650 surface rather than physical bonding.

The chemical species of sulfur for the M-650 with adsorbed SO,
were further investigated by XPS technique (Fig. 8). The signal of S 2p
suggested that this sample contained two chemical species located at
ca. 169.2 and 167.4 eV. The 169.2 and 167.4 eV positions could be
attributed to the characteristic binding energies for sulfates and sulfites
[26]. Thus, these results indicated the formation of magnesium sulfate
and sulfite on the MgO surface after SO, adsorption. Considering that
the oxidation of magnesium sulfites is a spontaneous reaction
(AGL(25 °C) = —452.9 kJ/mol) [27], it could be concluded that the
sulfate resulted from the oxidation of magnesium sulfites in the air/SO,
mixture.

These processes were further evidenced by the FTIR spectra
(Fig. 9). The band at 1023 cm™! corresponded to asymmetrical
stretching of Si-O-Si, arising from talc-2M as an impurity mineral,
while the peak at 1636 cm™' was attributed to the —~OH bending
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Fig. 9. FTIR spectra of (a) M-650 sample, and (b) M-650 sample with adsorbed SO,.

vibrations due to the physically adsorbed moisture on the surface of
adsorbent. The frequency at 1441 em™" corresponds to the asymmetric
stretching vibration of adsorbed CO, and COs> from the undecom-
posed dolomite [28]. After SO, adsorption, its intensity obviously
decreased probably due to the replacement of CO» by SO». Meanwhile,
a new broad band was observed at 1075-1300 cm™!, which could be
ascribed to the S-O vibration, confirming the formation of sulfur
species on the surface of MgO. The deconvolution of the broad band
displayed three bands at ca. 1109, 1173 and 1246 cm™!, respectively.
The band at 1109 cm™ was attributed to the O-S-O asymmetrical
stretching vibration of bidentate sulfite. This kind of bidentate sulfite
tends to be formed at high SO, partial pressure (0.5 atm) in a mixed
gas with a long contact time (12 h) between SO, and the adsorbent
[29]. While the other two vibrations resulted from the O=S-O and
0=S=0 asymmetrical stretching of sulfate. The formation of the
bidentate sulfite and sulfate on the MgO surface could well explain
the SO, desorption at higher temperature.

4. Conclusions

An efficient SO, adsorbent was prepared by calcination of natural
magnesite. The calcination temperature is a key factor to control the
surface base site density and consequently the SO, adsorption capacity
of the obtained adsorbents. XRD patterns and TEM images revealed
that a complete decarbonation of MgCOj3; occurred at ca. 650 °C, and
the crystallinity and crystal size of MgO increased with the increase of
calcination temperature. Accordingly, the sample treated at 650 °C (M-
650) showed the maximum BET specific surface area, base site density
and adsorption capacity towards SO., indicating a positive relationship
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among the three parameters.

The thermogravimetric analyses of the M-650 with adsorbed SO,
displayed three different mass loss stages, corresponding to the losses
of aqueous vapor at ca. 133.9 °C, SO, at ca. 435.3 °C and CO, at ca.
712.4 °C. This suggested that the adsorbed SO, was chemically bound
on the MgO surface, where magnesium sulfite and magnesium sulfate
was formed as evidenced by XPS spectra. Our present study revealed
that chemisorption was mainly involved in the interaction between
MgO-base adsorbents and SO, rather than physical adsorption.
Efficient and potentially cost-effective adsorbents for SO, removal in
waste gases could be prepared by calcination of magnesite.
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