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In this study, the thermal stability of a Fe2O3 catalyst for mercury oxidation was signifi-
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cantly improved by doping with Al2O3. After 1 hr, the catalyst doped with 10 wt.% Al2O3 still
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exhibited a mercury conversion efficiency of 70.9%, while the undoped sample even lost its
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catalytic activity. Doping with Al2O3 retarded the collapse of the catalyst mesoporous
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structure during high-temperature calcination, and the doped samples maintained a
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higher specific surface area, smaller pore size, and narrower pore size distribution.
Transmission electron microscope images revealed that after calcination at 350 C, the
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average size of the catalyst grains in Fe2O3 was 23.4 nm; however, the corresponding values
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for 1%Al2O3/Fe2O3, 3%Al2O3/Fe2O3, and 10%Al2O3/Fe2O3 were only 13.3, 7.1, and 4.7 nm,
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respectively. Results obtained from X-ray diffraction and thermogravimetry coupled with

Fe2O3

differential scanning calorimetry confirmed that doping with Al2O3 also retards the crys-

Al2O3

tallization of the catalysts at high temperature, constraining catalyst grains to a smaller
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size.
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Introduction
Mercury (Hg) pollution is attracting increasing attention due to
the toxicity, persistence, mobility, and bioaccumulation of Hg
(Zhao et al., 2015a). In October 2013, a majority of countries
signed an international convention to control mercury pollution (Zhao et al., 2017). In addition, the Chinese government

issued the Emission Standard of Air Pollutants for Thermal
Power Plants (GB 13,223e2011) to control mercury emissions
(Xu et al., 2018). Mercury pollution is mainly caused by the
effects of industrial and anthropogenic activities, especially
by the burning of fossil fuels. According to United Nations
Environment Programme, about 1960 tons of mercury is
annually released into the environment due to anthropogenic
activities (Xue et al., 2015). Mercury emitted into the
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atmosphere mainly exists in three forms: elementary mercury
(Hg0), oxidized mercury (Hg2þ), and particulate mercury (Hgp)
(Zhao et al., 2018). Of these forms, Hg2þ is soluble, and it can be
removed by using a wet flue gas desulfurization (WFGD) system. Hgp can be collected by particle removers such as an
electrostatic precipitator or a fabric filter; however, Hg0 is
insoluble and highly volatile, and it can hardly be captured by
the currently used air pollution control device (Zeng et al.,
2017). Thus, the removal of Hg0 is a challenge for the control
of mercury pollution.
One method for removing mercury involves the conversion
of Hg0 to Hg2þ by catalytic oxidation, and subsequent absorption of Hg2þ by using a WFGD scrubber (Hu et al., 2011);
another method involves the adsorption of Hg0 by carbonbased materials. Typically, materials for Hg0 removal include
selective catalytic reduction catalysts (Huang et al., 2016; Gao
et al., 2017), noble-metal-based catalysts (Zhao et al., 2017),
carbon-based materials (Ma et al., 2019a), and metal-oxide
catalysts (Ma et al., 2019b). Although Hg0 can be oxidized on
SCR catalysts, the operating temperature is high (300e400 C),
and the competitive adsorption between NH3 and Hg0 can
reduce the mercury oxidation efficiency (Liu et al., 2011).
Supported noble-metal catalysts have been reported to
effectively remove Hg0; however, their high costs limit their
applications (Reddy et al., 2012). In addition, carbon-based
sorbents, such as modified carbon or treated carbon, have
been selected as effective mercury adsorption materials (Fan
et al., 2016); however, these sorbents need to be regenerated
after attaining the adsorption saturation capacity, which in
turn considerably increase the operating cost (Cheng et al.,
2017). Besides, carbon-based sorbents tend to be sintered
or destroyed at high temperature, which also hinder their
applications.
Metal-oxide catalysts, such as CuO (Xu et al., 2014), TiO2
(Zhang et al., 2014), Al2O3 (Wang et al., 2015), Fe2O3 (Liu et al.,
2015a), CeO2 (Li et al., 2017), MnOx (Ma et al., 2017), and Cr2O3
(Kamata et al., 2009), as well as related supported catalysts,
have been investigated. Among the above-mentioned available metal-oxide catalysts, Fe2O3, with advantages of costeffectiveness, strong resistance to toxicity, and high catalytic
activity, has attracted attention previously (Fu et al., 2007;
Yang et al., 2017). Mn/g-Fe2O3 has been reported to exhibit
excellent capacity for the capture of elemental mercury, and a
high SO2 concentration exhibits an insignificant effect at
lower testing temperatures (100e200 C); however, at higher
testing temperatures (200e300 C), the higher treatment temperature decreases the capacities for the capture of elemental
mercury (Yang et al., 2011). Kong et al. (2011) have reported
that greater than 40% of the total mercury is oxidized by nanoFe2O3 at 300 C; nevertheless, the testing temperature at 400 C
can lead to the sintering of the nano-catalyst, leading to a
lower Hg0 oxidation efficiency. Liu et al. (2016) have investigated the oxidation of Hg0 over Fe2O3 in the presence of HCl at
different temperatures, and the results revealed that the
decrease in the Hg0 removal efficiency is typically accompanied with the increase in the temperature. As has been reported in the above-mentioned studies, the poor thermal
stability of Fe2O3 may limit its application at high
temperatures.
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To solve the issue of high-temperature deactivation, Al2O3
was used as a dopant for the modification of Fe2O3 in this
study. In addition, the effect of the addition of Al2O3 on the
thermal stability of the resultant Al2O3/Fe2O3 was examined.
The catalysts before and after doping with Al2O3 were characterized by N2 adsorption, X-ray diffraction (XRD), transmission electron microscopy (TEM), and thermogravimetry
coupled with differential scanning calorimetry (TGeDSC). In
addition, the mechanism of the positive effect by doping with
Al2O3 was investigated on the basis of the characterization
results.

1.

Materials and methods

1.1.

Catalyst preparation

Iron oxide was prepared by precipitation according to the
following steps: Under mechanical agitation, a ferric nitrate
solution (1 mol/L) was dripped into an ammonia solution
(1 mol/L) at a fixed rate of 15 mL/min. In this step, a 25% excess
ammonia solution was used to maintain basic conditions. The
pH value was monitored by a pH meter, at the end of the
precipitation step, it was adjusted by adding ammonia solution (1 mol/L) or nitric acid (1 mol/L) dropwise, which was
adjusted to 9 finally. The precipitate was aged for 1 hr, followed by filtration by using a vacuum pump and washing
several times with deionized water.
The obtained precipitate was dried (120 C) for 4 hr, followed by calcination (350 C) in air for 3 hr. The Al2O3/Fe2O3
catalyst was synthesized by coprecipitation, and its procedure was basically the same as the above-mentioned precipitation, except that the solution added to NH4OH was a
mixed solution of Al(NO3)3 and Fe(NO3)3, and the amount of
Al(NO3)3 used was calculated according to a certain ratio to
Fe(NO3)3. In this study, the content of Al2O3 in Al2O3/Fe2O3
catalyst was fixed to 1, 3, and 10 wt.%. The catalysts were
denoted as x%Al2O3/Fe2O3, where x represented mass fraction of Al2O3.

1.2.

Catalyst characterization

1.2.1.

N2 adsorption measurements

The specific surface area and pore size of the catalysts were
estimated by N2 adsorption at 196 C, which were recorded
on a Build instrument (SSA-4300, Build, China). The specific
surface area was estimated by the BrunauereEmmetteTeller
method. The pore volume and pore size distribution were
calculated by the BarretteJoynereHalenda method. Before the
measurements, the samples were pretreated by degassing at
150 C for 12 hr.

1.2.2.

XRD

The crystalline structure of the catalysts was observed on a Xray diffraction instrument (Smartlab 9, Rigaku, Japan)
employing Cu-Ka radiation. The accelerating voltage and
applied current were 45 kV and 200 mA, respectively. The XRD
patterns were recorded in the 2q scan range of 10 e90 at a
scanning velocity of 4.8 /min.
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TEM

TEM images were recorded on a transmission electron microscopy (JEM-1200EX, Japan Electronics Company Limited,
Japan) operated at 120 kV. For observation, 10 mg of the
sample was dispersed in 20 mL of ethanol in a tube by ultrasonication for 15 min, and a drop of slurry was deposited onto
a standard carbon-coated copper grid, which was dried in air
for 1 hr. The size distributions of the sample grains were
measured from the obtained TEM images.

1.2.4.

TGeDSC

TG-DSC curves were simultaneously recorded on a thermogravimetry coupled with differential scanning calorimetry
(HCT-3, Hengjiu, China). For each test, 10 mg of the sample
was added to a small crucible. At an air flow rate of 100 mL/
min, the temperature was increased from room temperature
to 650 C at a heating rate of 10 C/min.

1.3.

Catalytic activity measurements

Hg0 removal experiments were performed using a testing
system, comprising a reactant gas generation part, catalytic
performance testing part, and mercury analysis part. Mercury
vapor was provided by a Hg0 permeation tube, and it was
placed in a U-shaped glass container in a water bath, which
was used to control the Hg0 concentration by adjusting the
bath temperature. The dry air carrier gas passed through the
U-shaped container at a flow rate of 50 mL/min, which was
mixed with 150 mL/min of dry air to supply reactant gas into
the fixed-bed reactor. The flow rates were controlled by massflow controllers. For all experiments, the Hg0 concentration of
the reactant gas was ~34 mg/m3.
The catalytic performance for the Hg0 removal was
measured in a fixed-bed reactor. In each test, 50 mg of the

catalyst was loaded in a quartz tube with an inner diameter of
4 mm. At 330 C, gaseous elementary mercury (34 mg/m3,
balanced with dry air) was passed through the catalyst bed
with a high weight hourly space velocity (WHSV) of ~240,000
mL/(g$hr). The Hg0 concentration was analyzed using a mercury analyzer (MD-254, Lab-tech, USA), with the minimum
detection limit of ~0.1 mg/m3. The mercury concentration data
were automatically recorded by using a computer. Fig. 1
shows the schematic of the experimental setup, which
also can be found in our previous studies (Liu et al., 2015b,
2015c). Each test was carried out in triplicate to ensure
reproducibility.

2.

Results and discussion

2.1.

Catalytic activity measurements

The catalytic activity for mercury oxidation was measured.
Fig. 2 shows the results obtained. Fe2O3 even loses its catalytic
activity at a high temperature of 330 C after 1 hr, and the
outlet mercury concentration approaches the initial concentration (Fig. 2). The low catalytic activity is related to the sintering of the catalyst at high temperature (Yang et al., 2011).
That is, Fe2O3 exhibits poor thermal stability. By contrast, the
catalyst doped with 10 wt.% of Al2O3 exhibits the best performance; after 1 hr, the outlet mercury concentration is only
9.9 mg/m3, achieving a mercury conversion efficiency of 70.9%.
After the same test time of 1 hr, for the catalysts doped with 1
and 3 wt.% of Al2O3, the outlet mercury concentrations are
28.2 and 31.6 mg/m3 (corresponding mercury conversion efficiencies are 17.1% and 7.1%), respectively. Apparently, the
catalytic activity measurements revealed that doping with
Al2O3 improves the catalytic activity. With the increase in the

Fig. 1 e Schematic flow chart of Hg0 removal system.
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Table 1 e Some physicochemical properties of catalysts
with different Al2O3 contents.
Catalysts

Fe2O3
1%Al2O3/Fe2O3
3%Al2O3/Fe2O3
10%Al2O3/Fe2O3

BET surface Average pore
area (m2/g) volume (cm3/g)
33.9
74.9
106.7
151.3

0.167
0.206
0.197
0.184

Average
pore size
(nm)
9.81
5.51
3.69
2.44

BET: BrunauereEmmetteTeller.

Al2O3 content from 0 to 10 wt.%, the catalytic performance
increases, indicating that doping with Al2O3 is beneficial to the
enhancement of thermal stability. Notably, the performance
of pure Al2O3 is not as good as that of Fe2O3; however, the
catalytic activity of Al2O3/Fe2O3 is better than that of Fe2O3.
Thus, synergistic effects between Fe2O3 and Al2O3 may exist in
mercury oxidation.

which is characteristic of a mesoporous structure (Fig. 3).
The lowest degree of steep of the adsorptionedesorption
branch corresponds to the catalyst with an Al2O3 content of
10 wt.%, indicating that the catalyst contains mesoporous
particles with a narrow distribution and uniformly ordered
pore sizes (Fang, et al., 2007). Previously, a mesoporous
structure has been reported to possibly facilitate the mass
transfer in catalytic reactions (Zhao et al., 2015b). As can be
observed from the pore size distribution curves, for the
undoped catalyst sample, the pore size rapidly increases
after high-temperature calcination; furthermore, the pore
size distribution is also broadened. Nevertheless, for Al2O3doped catalysts, the pore size distribution is not clearly
affected by high temperature. Especially, the sample doped
with 10 wt.% Al2O3 maintains the lowest pore size and narrowest pore size distribution. The result revealed that doping
with Al2O3 can maintain a stable pore structure at high
temperature.

2.2.

2.2.2.

Fig. 2 e Mercury oxidation over catalysts with different
Al2O3 contents. Reaction conditions: 34 mg/m3 elementary
mercury (Hg0), weight hourly space velocity (WHSV)
2.4 £ 105 mL/(g·hr), at 330 C. x%Al2O3/Fe2O3: Al2O3/Fe2O3
with x wt.% Al2O3.

2.2.1.

Catalyst characterization
N2 adsorption

Table 1 summarizes the results obtained for the surface area
and physical properties of the samples. After calcination at a
high temperature of 350 C, the undoped catalyst sample is
partly sintered, and its surface area is only 33.9 m2/g. Typically, sintering is accompanied with the improvement of
crystallinity, the collapse of the mesoporous structure, and
the increase of the average pore size, leading to the decrease
in the surface area. The addition of dopants apparently
improves the surface area, and the catalysts with a high
Al2O3 content maintain a high surface area (Table 1). Especially, the catalyst with an Al2O3 content of 10 wt.% maintains a surface area of 151.3 m2/g, and its average pore
volume and average pore size are less than those of the
other three samples. The surface area has been reported to
be an important factor for Hg0 oxidation (Zhou et al., 2016),
and the results obtained herein also confirm this result. A
high surface area is conducive to the adsorption of gaseous
mercury (Wu et al., 2017), which is advantageous to the
improvement of catalytic activity, and it is probably one of
the main reasons for the better performance of the Al2O3doped catalysts.
Fig. 3 shows the N2 adsorptionedesorption isotherms of
the catalysts with different Al2O3 contents, and Fig. 4 shows
the pore size distribution curves of the samples. All four
samples exhibit type Ⅳ isotherms, with H2 hysteresis loops,

XRD

Fig. 5 shows the XRD patterns of the catalysts. In the XRD
patterns of Fe2O3, 1%Al2O3/Fe2O3, and 3%Al2O3/Fe2O3 samples, an apparent crystalline phase for a-Fe2O3 is observed
(Wu, et al., 2007), indicative of the presence of sufficiently large Fe2O3 particles. Nevertheless, weak diffraction
peaks corresponding to a-Fe2O3 are observed in the XRD
pattern of 10%Al2O3/Fe2O3, indicating that large crystalline

Fig. 3 e Adsorption-desorption isotherm of catalysts with
different Al2O3 contents.
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observed (Fig. 5), indicating that Al2O3/Fe2O3 solid solutions
are possibly formed or Al2O3 is highly dispersed in Fe2O3.

2.2.3.

Fig. 4 e Pore size distribution of catalysts with different
Al2O3 contents.

2.2.4.

Fig. 5 e X-ray diffraction (XRD) patterns of catalysts with
different Al2O3 contents.

Fe2O3 particles are insufficient or Fe2O3 possibly exists in the
amorphous state. Moreover, the full-width at halfmaximum (FWHM) values for the strongest diffraction
peak are estimated to be 0.461 , 0.584 , 0.615 , and 0.738 for
Fe2O3, 1%Al2O3/Fe2O3, 3%Al2O3/Fe2O3, and 10%Al2O3/Fe2O3,
respectively. By using Scherrer's formula, the average grain
size exhibits an inverse relationship to FWHM (which is
found to increase with the Al2O3 content for the doped
samples in this study). Besides, with the increase in the
Al2O3 content, the diffraction peak intensities of the catalysts decrease. The results revealed that doping with Al2O3
retards the crystallization of the catalyst and the growth of
Fe2O3 grains at high calcination temperatures, which is
beneficial to the promotion of the catalytic activity. The
diffraction peaks corresponding to the Al2O3 phase have
been reportedly observed at 37 , 47 , and 67 (Wang et al.,
2013). However, the crystalline phase of Al2O3 is not

TEM

Fig. 6 shows the TEM images and Fig. 7 shows the corresponding histograms for the nanoparticle size distributions of
catalysts. After calcination at 350 C, the grains of the undoped
catalyst sample in Fig. 6a are clearly greater than those in the
other three TEM images, and the average diameter of Fe2O3 is
23.4 nm. With respect to the catalysts doped with 1 wt.% Al2O3
and 3 wt.% Al2O3 (Fig. 6b and c), the sample grains are smaller
than those of Fe2O3, and the average diameters of the grains
are 13.3 and 7.1 nm, respectively. Especially, the TEM image of
10%Al2O3/Fe2O3 is apparently different from the other three
ones. The smallest catalyst grains are observed, and the
average particle diameter is only 4.7 nm.
TEM results revealed that by doping with Al2O3, the growth
of catalyst grains is effectively inhibited as the catalyst withstands high-temperature calcination, affording small-sized
particles. Besides, as can be observed in the size distribution
histograms, doping with Al2O3 also leads to a narrower particle distribution range. For 10%Al2O3/Fe2O3, the particle size
ranges from 2 to 7 nm (Fig. 7d); in comparison, the Fe2O3
particle size ranges from 13 to 40 nm (Fig. 7a). This observation
is in agreement with the XRD test results. The increase of the
catalyst particle size has been reported to lead to the decrease
of the Hg0 conversion efficiency (Yamaguchi et al., 2008).
Typically, small grains are beneficial for the mass transfer
in adsorption and catalysis, which constitute a key factor
that contributes to the enhancement of catalytic activities
over Al2O3-doped samples subjected to calcination at high
temperatures.

TGeDSC

TG and DSC tests are simultaneously performed in air. Figs. 8
and 9 show the TG and DSC curves, respectively. At a temperature less than 300 C, no significant difference among the
four DSC curves is observed. In the range from room temperature to 200 C, an endothermic peak is observed in each
DSC curve, which is accompanied by a rapid mass loss in the
TG curve. Previous studies have reported that the initial mass
loss at temperatures less than 200 C is typically related to the
loss of physically and chemically adsorbed water (Xu et al.,
2015). An exothermic peak is observed between 200 and
300 C in each DSC curve, accompanied by a slight weight loss
in the TG curve, which may be attributed to the partial crystallization of the sample, with the simultaneous loss of some
structured water. The most significant difference among the
four DSC curves is observed at a temperature of greater than
400 C. A wide exothermic peak is observed in each DSC curve
at temperatures of greater than 400 C, companied by a marginal loss of mass, whereas the corresponding peak temperatures are quite different. The peak temperature of Fe2O3 is
only 441 C; however, the corresponding values for 1%Al2O3/
Fe2O3, 3%Al2O3/Fe2O3, and 10%Al2O3/Fe2O3 are 444, 476, and
580 C, respectively. The wide exothermic peak, which shifts to
a high-temperature zone by doping with a high content of
Al2O3, is related to the improvement of a-Fe2O3 crystallinity.
The contrasting result of DSC curves revealed that doping
with Al2O3 inhibits the crystallization of a-Fe2O3, which is
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Fig. 6 e Transmission electron microscope (TEM) images of (a) Fe2O3, (b) 1%Al2O3/Fe2O3, (c) 3%Al2O3/Fe2O3, and (d) 10%Al2O3/
Fe2O3.

responsible for the low crystallinity of Al2O3/Fe2O3. It is
consistent with the XRD results in that the XRD pattern of
Fe2O3 revealed the highest peak intensity.
In this study, the results obtained from catalytic activity
measurements and characterization revealed that doping

with Al2O3 restrains the growth of the sample grains at high
temperature; therefore, the thermal stability of Al2O3/Fe2O3
is improved. Next, the stabilization of Fe2O3 grains by Al2O3
is discussed. In the XRD patterns shown in Fig. 5, peaks corresponding to the aluminum species are not observed,

Fig. 7 e Size distribution histograms of (a) Fe2O3, (b) 1%Al2O3/Fe2O3, (c) 3%Al2O3/Fe2O3, and (d) 10%Al2O3/Fe2O3. dav: average
diameter.
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maintained its mercury conversion efficiency of 70.9%
at that time.
(2) After high-temperature calcination, the catalysts doped
with Al2O3 maintained a higher surface area, facilitating
the adsorption of mercury and promoting catalytic activity; moreover, the pore size of the Al2O3-doped catalyst is lower, and its size distribution is narrower.
(3) Doping with Al2O3 retarded the crystallization of the
catalyst, thereby constraining the catalyst grains to a
smaller size; a smaller size is beneficial for the mass
transfer in adsorption, consequently improving the
catalytic performance.
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