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ABSTRACT: Reducing costs and improving performance have 1
| aul

always been hotspots in the field of catalyst research. In order to o | -

control the NO, in the low-temperature flue gas of nonpower wesimon Bentonie S
industries, this paper studies the denitration performance of the _mmmmmiﬁf’ e
ultrasonication-assisted preparation of Mn-based blast furnace slag \ /| - ?:.:. — =]t - | s

selective catalytic reduction (SCR) low-temperature denitration
catalysts. The catalyst was characterized by FT-IR, XRD, and SEM.  sutemes
The study found that ultrasound assistance can make the active F
components on the catalyst surface more uniformly dispersed and I HF
improve the catalytic activity of the catalyst. Under conditions of m Il
80 W ultrasonic power and 20 min ultrasonic time, the denitration :

performance of the Mn-based blast furnace slag catalyst is optimal, Catalyst evaluation device
and the NO removal rate is 2.5 times that of the unsonicated

catalyst. This work clarified the mechanism of the effect of ultrasonic assistance on the Mn-based blast furnace slag catalyst and at the
same time realized the utilization of solid waste resources and air pollution control.

Raw material Ultrasonic treatment Mix and stir Extrusion molding machine

~
_____

Muffle furnace roasting treatment  Oven drying treatment

1. INTRODUCTION

Nitrogen oxide (NO,) is one of the major atmospheric
pollutants, which can cause PM, and ozone pollution.' ™ It
will lead to a series of environmental problems such as haze,
acid rain, photochemical smog, ozone layer destruction, and
ozone exceeding the standard, which is harmful to human life
and health.*”” There are two main sources of NO,, which are
produced in nature and produced by human activities. Most of
the NO, are mainly produced by human activities, including
stationary source (coal) combustion®” and mobile source
(motor vehicle) combustion.'” In recent years, due to the
popularization of high-efficiency three-way catalysts and
denitration devices in coal-fired power plants, NO, has been

most promising denitration technology, and the most widely
used is the vanadium—titanium-type catalyst selective catalytic
reduction (SCR) denitration technology.z‘?”24 However, it has
some disadvantages, such as a narrow active temperature
window (280—450 °C), high catalyst toxicity, and deposition
of ammonium nitrate.”>*® Therefore, it is of great significance
to develop catalysts with low-temperature activity, weak
catalyst toxicity, and high catalytic efficiency.

Mn-based catalysts have redox properties due to the wide
valence state distribution of active components and the mutual
conversion of manganese between different valence states,
which enable NH; to selectively reduce NO and promote the
SCR reaction.””*® Therefore, it has received extensive
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controlled to a certain extent."' However, in industries such as
steel, coking, cement, glass, and ceramics,"> ™' NO, pollution
is still serious.

NO, control technology includes denitration before
combustion, denitration during combustion (low excess air,
segmented combustion, flue gas recirculation, and low NO,
combustion) and denitration after combustion (selective
noncatalytic reaction, nonselective catalytic reaction, electric
beam radiation, selective catalytic reaction, and absorption
method).'”~** The first two technologies have not been used
in the actual production process due to their high cost or poor
NO, reduction effect. At present, the postcombustion
denitration technology is recognized as the more mature and
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attention from domestic and foreign scholars.
have found that Mn-based catalysts have higher low-temper-
ature SCR activity, and the denitration effect can be improved
by doping with other transition metals.”*** Li found that the
supported Mn,O; SCR catalyst can achieve a higher nitrogen
oxide removal rate at low temperatures (150—300 °C).** Liu
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Figure 1. Effect of ultrasonic power on denitration performance of GGBS catalysts. (a) Relationship between NO conversion rate and time. (b)

NO removal rate.

studied the selective reduction of NO in flue gas at low
temperature and found that manganese in the sup?oﬂed
transition-metal oxides has the best denitration effect.”’ The
denitration mechanism of the Mn-based SCR denitration
catalyst is as follows: NHj is first adsorbed by the B acid center
Mn—OH, which nears Mn*"=0 to form NH*"; NH*" is then
attacked by the gas-phase NO to form N,, H,0, and Mn*"—
OH. Finally, Mn**—~OH was oxidized by O, to regenerate
Mn** 38

Blast furnace slag is produced by melting and quenching of
iron ore and contains CaO, MgO, Al,O;, SiO,, and other
substances. With the development of the steel industry, the
output of blast furnace slag continues to increase. As a kind of
solid waste, blast furnace slag will cause environmental
pollution and waste of resources if it is not handled properly.
Currently, blast furnace slag is used in the field of construction
materials, such as cement, concrete, and roadbed materials.*
The oxides CaO, MgO, SiO,, Al,O3, Fe, O3, and so forth in the
blast furnace slag account for more than 80%, so the blast
furnace slag is also used in the preparation of photocatalysts,
adsorbents, curing materials, and other environmental
fields.**!

The active components dispersed on the surface of the
carrier can optimize the performance of the catalyst, and
ultrasonic treatment can achieve this goal. Ultrasound is a
short wave with high energy due to vibration. Ultrasonic waves
propagate as longitudinal waves in the medium, so some
physical and chemical effects will occur during the propagation
process.42 It mainly includes mechanical effects, acoustic
accepted effects, and chemical thermal effects.**~*

Blast furnace slag has been widely studied in the field of
photocatalysts but less research in the field of denitration. At
present, the research on ultrasonication-assisted enhancement
of the denitration mechanism of blast furnace slag catalysts has
not been reported yet. In this paper, low-cost solid waste
ground granulated blast-furnace slag (GGBS) is used as the
raw material, and manganese-based SCR denitration catalyst is
prepared by ultrasound. For simulating low-temperature SCR
process conditions, the effect of ultrasound assistance on the
denitration performance of a manganese-based SCR deni-
tration catalyst was investigated. By simulating the low-
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temperature SCR process conditions, the denitration perform-
ance of the GGBS catalyst prepared by ultrasound was
evaluated to clarify that it is feasible to improve the denitration
performance of the GGBS catalyst with the aid of ultrasound.
This work can not only increase the utilization value of blast
furnace slag but also improve the catalytic efficiency of the
catalyst while realizing the utilization of solid waste resources
and air pollution control.

2. RESULTS AND DISCUSSION

2.1. Impact of Denitration Performance. 2.1.1. Effect of
Different Ultrasonic Powers on Denitration Performance of
GGBS. The GGBS modified with different ultrasonic powers
assisted by manganese nitrate was marked as Mn/GGBS (60
W), Mn/GGBS (70 W), Mn/GGBS (80 W), Mn/GGBS (90
W), and Mn/GGBS (100 W). The prepared catalyst was
placed in a denitration experimental device to test the
denitration performance, and the result is shown in Figure 1.

It can be seen from Figure la that within a certain range, the
denitration rate of the catalyst increases with the increase of
the ultrasonic power, and the effect is best when the power is
80 W. The reason is that when the ultrasonic power is small,
the cavitation effect of ultrasound is small. The mechanical
collision force between manganese nitrate and slag is not
enough and the reaction is not sufficient, so the active
components are not uniformly loaded on the GGBS. However,
when the ultrasonic power is too large, the combination of
active components and GGBS is inhibited, and its denitration
performance will be reduced. The reason is that the
microbubbles in the manganese nitrate solution exceed the
critical pressure after the tensile stress expands to the outside
and the part where the bubble cavity is formed collapses to
produce new microbubbles, which affects the denitration
performance of the blast furnace slag. It can be seen in Figure
1b that when the power is 80 W, the total NO removal rate has
reached 50.03%.

2.1.2. Influence of Different Ultrasonic Times on
Denitration Performance of GGBS. Based on the preferred
ultrasonic power of 80 W, GGBS catalysts with different
ultrasonic times (5, 10, 15, 20, and 25 min) were prepared.
The GGBS modified by different ultrasonic times is recorded
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Figure 2. Effect of ultrasonic time on denitration performance of GGBS catalysts. (a) Relationship between the NO conversion rate and time. (b)

NO removal rate.

as Mn/GGBS (5 min), Mn/GGBS (10 min), Mn/GGBS (15
min), Mn/GGBS (20 min), and Mn/GGBS (25 min). The
superprepared catalyst was placed in the denitration exper-
imental device to test the denitration performance, and the
results are shown in Figure 2.

It can be seen in Figure 2a that within a certain range, the
denitration rate of the catalyst increases with the increase of
the ultrasonic time. When the ultrasonic time is 20 min, the
denitration rate reaches the maximum. The reason is that when
the ultrasound time is short, the cavitation effect and degree of
ultrasound are insufficient, and the active components do not
fully make contact with the GGBS. However, when the
ultrasound time is too long, the generated microbubbles will
expand to the outside, which will reduce the specific surface
area of the catalyst, thereby reducing the catalytic activity. It
can be seen from Figure 2b that when the time is 20 min, the
cumulative denitration amount is the largest, and the total NO
removal rate is 56.81%.

2.2. Microstructure Characterization. 2.2.1. Specific
Surface Area and Pore Structure Analysis. The catalyst
prepared under the optimum ultrasound conditions is recorded
as Mn/GGBS (U) (fresh), and the conventional mixed catalyst
is recorded as Mn/GGBS (fresh), and the sample is rejected by
Mn/GGBS (U) (inactivated). Table 1 is GGBS and prepared

Table 1. BET and Pore Size in Different Catalysts

— LA ok e S
GGBS 4.259 0.007 2
Mn/GGBS (U) (fresh) 4132 0.051 21
Mn/GGBS (fresh) 3.752 0.039 15
Mn/GGBS (U) (inactivated) 3914 0.043 16

powder and solution. This will cause the droplets immersed in
the slag to form tiny bubble cavities inside the slag. The
physical and chemical properties of the cavitation can improve
their aperture distribution, so the ultrasound can improve the
specific surface area and aperture volume of the catalyst to a
certain extent. After the catalyst is denitrified, the pore
structure and the specific surface area are reduced due to
ammonium nitrate or sulfate, blocking pores on the surface of
the catalyst.

Figure 3 is a N, adsorption—desorption and aperture
distribution curve of GGBS and Mn/GGBS (U) (fresh). The
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Figure 3. N, adsorption and desorption of GGBS and GGBs (U)
(fresh) catalysts.

catalyst Mn/GGBS (U) (fresh), Mn/GGBS (fresh), Mn/
GGBS (inactivated) average aperture, pore volume, and
specific surface area. It is known that the aperture of the
ultrasonic prepared catalyst is smaller than the catalyst
prepared by the raw material GGBS and conventional
methods. This is due to the cavitation of ultrasonic waves
causing extrusion and expansion in the blast furnace slag
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overall adsorption—desorption curves of GGBS and Mn/
GGBS (U) (fresh) are of type IV isotherms, and the hysteresis
loop is of type H3. Due to the strong interaction of the
adsorbate on the surface, the adsorption capacity rises rapidly
at a lower relative pressure, and the curve is convex. The latter
section of the curve will bulge again, and the middle section
may have an adsorption hysteresis loop. Porous adsorbents
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show capillary agglomeration, and the curve rises faster due to
the occurrence of capillary agglomeration. H3 hysteresis loops
are commonly found in aggregates of layered structures and
mesoporous materials that produce slits. The adsorption
branch is similar to the type II adsorption isotherm, and the
lower limit of the desorption branch is usually located at the P/
P, pressure point caused by cavitation. This type of hysteresis
ring is a typical feature of nonrigid aggregates of flake particles,
which are slit holes formed by the accumulation of flake
particles. GGBS and Mn/GGBS (U) (fresh) did not show
adsorption saturation in the higher relative pressure region.
Ultrasonic cavitation increases the specific surface area of the
catalyst.

2.2.2. FT-IR Analysis. The infrared spectra before and after
denitration are shown in Figure 4. At 3800—3500 cm™" is the
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Figure 4. Infrared spectrum of the GGBS catalyst and raw materials.

stretching vibration peak of —OH in the slag hydration product
Ca(OH),. There are multiple single and double peaks in the
range of 3300—2000 cm ™, and the HCO;— absorption peak is
in this range. The interval between 1900—1700 cm™' is the
position of the absorption peak of H,PO,”. 1700—1600 cm™"
is the flexural vibration peak position of —OH containing
water. 1530—1320 cm™' is the O—C—O stretching vibration
peak in CO,*", after denitration, CO;*™ is located at 1459
cm™". Near 1059 cm™" is the peak generated by the stretching
vibration of Si—O. The peak of the silicon-containing group is
before 900 cm ™', and the absorption peak of bending vibration
of Si—O—Si is between 600—400 cm™'. Compared with the
catalyst prepared by the conventional mixing method, the
catalyst prepared with the aid of ultrasound has reduced peaks
in the characteristic region. The reason is that the absorption
peak of HCO,™ in the range of 3300—2000 cm™ reacts with
the stretching vibration peak of —OH in the range of 3800—
3500 cm™, and the absorption peak less than 900 cm™ has a
small deviation. The peaks of the catalyst prepared by the
ultrasonic method after denitration are significantly reduced.
This indicates that the functional groups of the catalyst
prepared by the ultrasonic method participate in the reaction
and are consumed.

2.2.3. XRD Analysis. The Mn-based GGBS prepared by the
ultrasonication-assisted method is recorded as Mn/GGBS (U)

catalyst, and the XRD patterns of samples Mn/GGBS (U)
(fresh) and Mn/GGBS (U) (inactivated) before and after
denitration are drawn, as shown in Figure S.

Mn/GGBS(fresh)

1 s 1 s 1 s 1 s 1 L |

10 20 30 40 50 60 70 80

20(degrees)

Figure S. XRD patterns of GGBS catalyst and raw materials.

It can be seen from the figure that the main components of
GGBS and bentonite are CaO, Al,O;, and SiO,.The Mn/
GGBS (fresh) sample contains abundant manganese oxide
crystal structures, including MnO, Mn;0,, Mn,0,;, Mn Oy,
MnO,, and Mn,Q;, have no obvious diffraction peaks. It shows
that MnO, and Mn,0; are uniformly or amorphously
distributed on the surface of the catalyst. After the denitration
of the catalyst Mn/GGBS (inactivated), the diffraction peaks
everywhere are weakened to varying degrees, and only 37.263°
is the diffraction peak of the newly formed MnO, (PDF#89-
5171). In addition, the GGBS catalyst formed a silicate crystal
structure (50.285°) after the denitration reaction. Due to the
occurrence of side reactions, the denitration reaction will be
affected.

The number of Mn/GGBS(U) (fresh) crystal structures of
the catalyst after ultrasonic treatment is reduced, and the
corresponding characteristic peak of manganese oxide is
relatively weakened. This indicates that manganese is more
uniformly dispersed on the surface of the catalyst after
ultrasonic treatment. The catalyst after ultrasonic treatment
still has no obvious diffraction peak of Mn,Oj;. This shows that
Mn,O; does not form a crystal structure; it is amorphous or
uniformly dispersed on the surface of the catalyst. Due to the
cavitation effect of ultrasound and active [SiO,]*", the catalyst
prepared by the ultrasound-assisted method showed a
characteristic peak of Mn,SiO, at 31.174°. 35.236 and
40.912° have weak characteristic peaks of MnO (PDF#75-
0257), 37.627° is the characteristic peak of MnO, (PDF#72-
1982). After denitration, the characteristic peak of manganese
oxide is significantly weakened, and the characteristic peak of
Mn,SiO, at 31.174° is also weakened. 42.401° is the weak
characteristic peak of MnO, (PDF#30-0820). The obvious
characteristic peaks appearing between 60 and 70° may be
formed by complex reactions with other components in the

slag.
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2.2.4. SEM Analysis. The scanning electron micrographs of
the manganese-based GGBS catalyst without ultrasonic
treatment (a), the manganese-based GGBS catalyst Mn/
GGBS (U) after ultrasonic treatment (b), and GGBS (c) are
shown in Figure 6. GGBS varies in size, presents irregular

Figure 6. SEM micrographs of different materials. (a) Unsonicated
GGBS catalyst. (b) Ultrasound-treated GGBS catalyst. (c) GGBS.

lumps, has a smooth surface, and contains many fine particles.
The prepared manganese-based GGBS catalyst does not have
distinct edges and small particles in the form of crumbs and
appears lamellar at high magnification. After loading
manganese salt, the large particles appear to be delaminated.
This can effectively increase the specific surface area of the
catalyst and improve the catalytic performance. The surface of
the ultrasonically treated catalyst particles is relatively smooth,
and there is no obvious boundary between the particles. This is
because the mechanical action of ultrasound has excellent mass
transfer ability at the solid—liquid interface, which promotes
the uniform dispersion of manganese nitrate in the GGBS. In
addition, the vibration and propagation of ultrasound in the

medium will produce a certain amount of friction, which will
smoothen the GGBS particles due to friction.

3. CONCLUSIONS

In this paper, GGBS is used as a raw material, and ultrasound-
assisted preparation of a manganese-based SCR denitration
catalyst is described. By simulating low-temperature SCR
process conditions, the effect of ultrasonic assistance on the
denitration performance of the manganese-based SCR
denitration catalyst was explored. The result shows that the
beneficial effects that can be obtained by using ultrasonic
treatment in catalyst synthesis. Under the conditions of
ultrasonic power of 80 W and ultrasonic time of 20 min, the
denitration performance of the Mn-based GGBS catalyst is
optimal, and the total NO removal rate has reached 56.81%,
and the denitration rate is 2.5 times that of the untreated blast
furnace. Through N, adsorption—desorption, FT-IR, XRD,
and SEM analyses, it is found that ultrasonic treatment can
make the surface of the catalyst particles smoother, the
distribution of active components is more uniform, and it is
easier to participate in the catalytic reaction.

4. EXPERIMENTAL SECTION
4.1. Preparation of the GGBS Catalyst. The GGBS used

in the experiment is granulated blast furnace slag powder after
vertical milling, produced in a steel plant in Hanzhong,
Shaanxi, China. The main chemical components of GGBS are
CaO, Si0,, Al,0; and MgO, and the correspondin§
percentages are 41.46, 30.19, 13.34, and 7.68%, respectively.”
The main mineral component of bentonite is montmorillonite,
which is produced by Tianyuan Non-Metallic Products Co.,
Ltd. Manganese nitrate is produced from Tianjin Dengfeng
Chemical Reagent Factory. The preparation process of the
denitration catalyst by the traditional mixing method was as
follows: dissolve manganese nitrate in water according to a 5%
load and add GGBS and bentonite (the quality of bentonite is
one-fourth of the blast furnace slag powder), and mix the
materials thoroughly with a mixer for 30 min. Then, put it into
the catalyst molding machine for extrusion molding. The
formed catalyst was dried in an oven at 100 °C for 1 h, cut into
small columns of about 0.5 cm, and then transferred to a
muflle furnace at 400 °C for 2 h. The preparation of the
denitration catalyst by ultrasonication-assisted method was as
follows: dissolve manganese nitrate in water according to a 5%
load, add GGBS, and then place it in an ultrasonic device to
adjust the ultrasonic power (60, 70, 80, 90, and 100 W) and
ultrasonic time (5, 10, 15, 20, and 25 min). Dry the modified
GGBS, add bentonite (the quality of bentonite is a quarter of
the GGBS powder) and water, and mix and stir for 30 min.
The material is extruded, dried, and roasted to make a
denitration catalyst. The muffle furnace is produced by
Luoyang Bright Test Electric Furnace Co., Ltd.,, and the
model is BLMT-1400. The ultrasonic instrument is produced
by Kunshan Ultrasonic Instrument Co., Ltd., and the model is
KQ-500DE.

4.2, Catalyst Evaluation. Test the catalyst activity by
simulating the industrial denitration environment. Simulated
gas was introduced to observe the changes of its NO data. Set
the denitration temperature to 150 °C. Turn on the gas supply
system, set O, to 6% (60 mL/min), NH; to 510 ppm (15 mL/
min), NO to 510 ppm (15 mL/min), and remaining filling gas
N, to 910 mL/min. Insert the Testo (flue gas analyzer) probe
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Figure 7. Catalyst preparation method and evaluation.
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in the side channel, and put 30 g of the catalyst into the
denitration experimental device. After the system is stable,
open the tee at the front end of the denitration experimental
device to allow the simulated gas to enter the main gas path
and the denitration experimental device from the bypass, and
then, detect the NO concentration at the outlet. The catalyst
was analyzed by N, adsorption—desorption, FT-IR, XRD, and
SEM. The JW-BK122W high-precision specific surface area
and pore analyzer of Beijing Jingwei Gaobo Science and
Technology Co., Ltd. was used to analyze the specific surface
area and pore structure of the sample. The adsorption
conditions are nitrogen adsorption at 77 K, and the relative
pressure P/P, ranges from 0.005 to 0.99 and 0.00001 to 0.99.
The FT-IR spectrometer was produced by Bruker, and the
model was VERTEX 70. The X-ray diffraction analyzer used is
produced by Beijing Puxi General Instrument Co., Ltd., and
the model is XD2/3. Operating conditions: start angle is 3°%;
end angle is 90°% step width is 0.02; the wavelength is
1.788972, Fe target, working voltage is 36 kV, current is 20
mA. The scanning electron microscope used was produced by
JEOL Co., Ltd, and the model was JSM6460LV. The
preparation method and evaluation of the catalyst are shown
in Figure 7.
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