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In view of the characteristics of high temperature denitrification and low water and sulfur resistance of
single manganese-based catalysts, a vanadium-manganese-based ceramic filter (VMA(14)-CCF) was
prepared by the impregnation method modified with V. The results showed that the NO conversion of
VMA(14)-CCF was more than 80% at 175-400 °C. At 225-300 °C, the conversion of NO can reach
100%. High NO conversion and low pressure drop can be maintained at all face velocities. The resistance

of VMA(14)-CCF to water, sulfur and alkali metal poisoning is better than that of a single manganese-
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Accepted 26th June 2023 ased ceramic filter. , , an were further used for characterization analysis. The
introduction of V protects the MnO, center, promotes the conversion of Mn** to Mn**, and provides

DOI: 10.1039/d3ra02561f abundant surface adsorbed oxygen. The development of VMA(14)-CCF greatly broadens the application
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1 Introduction

Nitrogen oxides (NO,), including NO, NO,, and N,O, are the
main air pollutants, which can cause a series of environmental
problems such as acid rain, photochemical smog, and haze,
posing a risk to human health.”® The use of various fuels and
vehicles are the main sources of NO,. To improve the environ-
ment and achieve sustainable development of society, the
development of new and efficient denitrification technologies
has become a research focus in the field of environmental
protection.*™®

Catalytic ceramic filter (CCF) is a filtration material used for
high-temperature gas purification.” The dust removal and
denitration in high-temperature flue gas can be carried out
synchronously in the same device.® This approach solves the
issues of a lengthy purification process and large footprint
associated with separate dust removal and denitrification steps
in traditional processes, as well as problems such as catalyst
poisoning and erosion caused by dust, alkali metals, and other
factors. It can effectively prolong the lifespan of catalysts and
reduce denitrification costs. CCF is a novel, promising, and
efficient denitrification technology. The catalyst commonly
used in CCF is V-W/Ti, and its active temperature range being
300-400 °C. It has poor low-temperature activity.” However,
V,0; exhibit excellent Selective Catalytic Reduction (SCR)
activity and strong water and sulfur resistance at high
temperatures.
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range of ceramic filters in denitrification.

The structure and electronic distribution of metal elements
can change due to mutual doping, resulting in differences in
catalytic performance under different flue gas conditions.'*™**
Liu et al** modified the low-temperature SCR activity of V/Ti
catalyst by loading Mn, and the results demonstrated that the
addition of MnO, enhanced the redox capability of V. Thanh
et al.” employed a co-precipitation method to prepare Ce/TiO,,
Mn-Ce/Ti, and Mn-V-Ce/Ti catalysts. They observed a signifi-
cant reduction in NH; oxidation and a substantial improvement
in the N, selectivity of the catalyst upon simultaneous addition
of V and Mn to the Ce/TiO, catalyst. Characterization results
indicated that this enhancement was due to the synergistic
effect between VO**/VO** groups in the VO, species and Mn*"/
Mn>" groups in the MnO, species, which suppressed NH;
oxidation and thereby increased the N, selectivity of these
catalysts. Niu et al.*® employed the sol-gel method to incorpo-
rate Ce and V into MnO,/TiO, catalysts to suppress the forma-
tion of nitric oxide (NO) at low temperatures and enhance the
N, selectivity of the catalyst. Various techniques, including
selectivity, XRD, XPS, NH;-TPD, and infrared spectroscopy, were
utilized for analysis. The results demonstrated that the addition
of Ce improved the conversion efficiency of NO, shifting the
high-performance region to lower temperatures. Meanwhile,
the addition of V reduced the generation of N,O while main-
taining high NO conversion efficiency and low N,O formation.

However, further research is needed to investigate the
coupling of V-Mn composite catalysts with CCF, as well as the
SCR reaction mechanism, water resistance, sulfur resistance,
and other aspects of V-Mn-based CCF, in both depth and
breadth. This study uses a small amount of V-doped Mn/y-Al,0;
to prepare V-Mn/y-Al,0;. V-Mn/y-Al,O; is loaded on ceramic
filter to prepare a CCF with a wide active temperature range,
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good water and sulfur resistance, and strong alkali resistance,
to expand the industrial application range of the CCF. In
addition, characterization and analysis using XRD, SEM, EDS,
and BET are conducted to investigate the influence of V on the
SCR activity of catalyst, as well as the reaction mechanism and
poisoning mechanism of V-Mn-based CCF.

2 Materials and methods

2.1 Preparation of catalyst ceramic filter

The precursor Mn(CH3COO),-4H,0 (99.9%, Guang Fu, China)
was selected for this study. It was combined with y-Al,O; (AR,
Sinopharm Chemical Reagent, China) in a beaker, followed by
the addition of a specific quantity of deionized water. After
vigorous stirring for 2 h, the mixture was allowed to age for 12 h
at a controlled temperature of 40 °C. Subsequently, the
impregnated product was subjected to a drying process and
then calcined at 400 °C in a muffle furnace, yielding the pristine
Mn/y-Al,O; catalyst. To prepare the V-modified catalyst, the
precursor NH,VO; (AR, Aladdin, China) was introduced using
the same methodology, resulting in the formation of V-Mn/y-
AlLO;.

For experimental purposes, the ceramic filter (Anhui Yiyi
Environmental Protection Equipment Co., Ltd) was cut into
cylindrical shapes with a length of 20 mm and a diameter of 16
mm. The ceramic filter (CF) was then subjected to a series of
treatments including water rinsing, acid treatment, and alka-
line treatment. Afterward, CF was placed in an oven and dried at
100 °C, followed by calcination in a muffle furnace at 400 °C for
3 h. The treated CF was carefully weighed and kept for further
use.

To prepare the catalyst, it was dissolved in a water solution
and polyethylene glycol (PEG) was added. The mixture was then
sonicated for 5 min at 40 °C. The catalyst was coated onto the
pre-treated CF, which is referred to as the first loading. The CCF
prepared using Mn/y-Al,O3 as the catalyst is denoted as MA(x)-
CCF, where x represents the loading amount of Mn/y-Al,0;.
Similarly, the CCF prepared using V-Mn/y-Al,O; as the catalyst
is denoted as VMA(y)-CCF, where y represents the loading
amount of V-Mn/y-Al,O;.

2.2 Sample characterization

The catalyst and the CCF were determined using a Dandong
Haoyuan DX-2700 X-ray diffraction (XRD). Since the CCF is
solid, the XRD requires the samples to be in powder form.
Therefore, the CCF was ground in a mortar and sieved through
a 200-mesh sieve. Cu Ka radiation was used, with experimental
conditions set at 40 kV (1 kV per step) for tube voltage, 30 mA for
tube current, and a scanning rate of 4° min~". Intensity data
was collected in the range of 26 from 5° to 75°.

The loaded state of the catalyst on the CCF was observed
using a scanning electron microscope (SU8020, Hitachi, Japan)
with a voltage range of 0.1-30 kV. During the sample prepara-
tion process, the CCF was cut into thin slices of 8 mm x 8§ mm
and attached to a sample stage with black conductive adhesive.
Vacuum gold sputtering was performed due to the good
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insulation properties of CCF. Energy-dispersive spectroscopy
(EDS) was used in conjunction to obtain the element compo-
sition and content of the designated area of the tested samples.
Since the content of the catalyst in the CCF was only about 10-
20%, and the content was low, XPS was directly used to deter-
mine the catalyst sample.

The elemental valence state content on the surface of the
catalyst sample was determined using an ESCALAB250Xi
(Thermo, America) with Al Ko radiation. The XPS spectra were
deconvoluted using XPSPEAK4.1. By normalizing the peak
areas, surface concentrations of each atom and the proportion
of different valence states of each element were calculated.

The specific surface area and pore volume of the catalyst
were determined using a BET (Brunauer-Emmett-Teller)
surface area and pore size analyzer (3H-2000PS2) by nitrogen
adsorption isotherm measurements at liquid nitrogen temper-
ature (77 K). The pore structure information was obtained using
the BJH (Barrett-Joyner-Halenda) method.

2.3 Catalytic performance test

The catalytic denitration performance of the CCF was studied in
a homemade fixed-bed reactor, as shown in Fig. 1. The flue gas
composition used was 500 ppm NHjz, 500 ppm NO, 3 vol% O,,
100 or 300 ppm SO, (when used), and 10 vol% H,O (when use),
with Ar as the balance gas. The outlet gas was analyzed using
a flue gas analyzer, and the pressure drop was measured using
a differential pressure gauge. The NO conversion is calculated
as:

Noin - Noout

NOconversion ((VO) - NO

% 100% (1)

3 Results and discussion
3.1 The optimal preparation of catalyst ceramic filter

V-Mn/y-Al,O; was loaded onto the CCF using a single-step
coating method with PEG as the binder, as shown in Table 1.
The actual loading rate of the catalyst is calculated by calcu-
lating the quality difference of CF load before and after opera-
tion. The loading rate was 8.8% after one coating, 14% after two
coatings, and 19% after three coatings.

LM]IE.CJ L!.‘;IFJ LM;.FSJ LMI.IFCJ LM;";?J Water ‘
,l- 1_ F e

p Differential

gauge

Flue gas
analyzer

Fig.1 Experimental device diagram.
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Table 1 The influence of the loading number of times on the loading rate of VMA(y)-CCF

Sample VMA(8.8)-CCF VMA(14)-CCF VMA(19)-CCF
The loading number of 1 2 3
times
The loading rate (%) 8.8 14 19
100
(a) (b) #7-ALO; #Si0, #B-MnO, va-Mn,0, IV,0,

80 -

—e— VMA(8.8)-CCF
—v— VMA(14)-CCF
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Fig. 2

The samples with different loading rates were tested for
denitration activity, as shown in Fig. 2(a). As the loading
amount of V-Mn/y-Al,O; increased, the denitration efficiency of
VMA(y)-CCF gradually increased. However, the increase in NO
conversion of VMA(19)-CCF compared to VMA(14)-CCF was not

Fig. 3 SEM of MA(14)-CCF and VMA(14)-CCF.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) NO conversion and (b) XRD patterns of MA(x)-CCF and VMA(y)-CCF.

significant, and increasing the number of loadings would
increase production costs and filter pressure drop. Therefore,
VMA(14)-CCF was chosen as the research object. The NO
conversion was greater than 80% at 175-400 °C, and could
reach 100% at 225-300 °C. VMA(14)-CCF exhibited excellent
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denitration efficiency over a wide temperature range. The
denitration performance of MA(14)-CCF, which was prepared
with the same mass fraction of Mn/y-Al,O;, was slightly higher
than VMA(14)-CCF at 100-150 °C, and significantly lower than
VMA(14)-CCF at 150-400 °C. This indicates that the addition
of V can improve the denitration efficiency of the catalyst at
medium to high temperatures.

3.2 Characterization

3.2.1 XRD. Fig. 2(b) shows the XRD spectra of MA(x)-CCF
and VMA(y)-CCF. CF consists mainly of Al,O; and SiO,. MnO,
exists mainly in the form of B-MnO, (PDF#72-1983) and o-
Mn,0; (PDF#71-0636). Vanadium oxide is mainly V,0,. And no
peaks of V,04 other than V,0, were found. The state of the
active components is an important factor affecting the catalyst's
denitration activity.””* The addition of V increases the peak
intensity and crystallinity of MnO, and y-Al,O; (PDF#81-2392),
resulting in the agglomeration of MnO, and the reduction of
available active sites.'>*?! Meanwhile, the interaction between
MnO, and y-Al,O; is weakened, resulting in a decrease in NO
conversion at low temperatures. With the increase in catalyst
loading amount, the peak intensity of V,0, and MnO, in
samples becomes stronger.

3.2.2 SEM. Fig. 3 shows the SEM results of MA(14)-CCF and
VMA(14)-CCF. It can be observed that catalyst particles
uniformly loaded on the interior and surface of CF, without
obvious agglomerates. The catalyst particles of VMA(14)-CCF
are smaller and more uniform than those of MA(14)-CCF. EDS
characterization of VMA(14)-CCF at 20 um depth shows that Si,
Al, and O elements are mainly distributed on the ceramic fibers.
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The mass percentage of Si is 13.12%, and the mass percentage
of Al is 31.78%. The main components of the ceramic filter tube
fibers are SiO, and Al,O;. The uniform distribution of Vand Mn
elements further confirms that the one-step coating method can
successfully and effectively load the catalyst on the filter. Highly
dispersed catalysts are favorable for exposing more active sites,
increasing the contact surface area with the treated gas, and
promoting efficient SCR reactions.

3.2.3 XPS. To further investigate the atomic composition
and elemental speciation on the surface of catalysts, XPS char-
acterization was performed on Mn/y-Al,O; and V-Mn/y-Al,O3.

Fig. 4(a) shows the XPS spectra of V2p, where the peak at
515.2-517.7 eV can be attributed to V**, while the peak at
around 516.2-518.7 €V corresponds to V>*.2*2 The main forms
of V,0 species are V,05 and V,0,, with a higher content of V°*
than V**. However, no diffraction peaks of V,05 were detected in
XRD, indicating that V,Os is highly dispersed on the surface of
the y-Al,O; support in an amorphous state. The V,0qHjg struc-
ture formed by the combination of V,05 with H,O exhibits more
Brgnsted acid sites.*

The binding energy spectra of Mn 2p for the samples are
shown in Fig. 4(b). The spectra include two characteristic peaks,
Mn 2py/, and Mn 2ps/,. The Mn 2p;,, peaks correspond to Mn>*
(642.03-643.38 eV) and Mn*" (643.53-644.38 eV) species,**’
indicating that MnO, in the catalyst mainly exists as a combi-
nation of Mn*" and Mn**, which is consistent with the XRD
results. According to Table 2, the percentage of Mn** in V-Mn/y-
Al, 03, indicates a strong interaction between V and Mn, and the
doping of V promotes the conversion of Mn*" to Mn*". Liu
et al."* loaded Mn on V/Ti catalyst to modify its low-temperature
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Fig. 4 XPS spectra of Mn/y-Al,O3z and V-Mn/y-Al,Os.
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Table 2 The ratio of VA" /(V** + V®%), Mn**/(Mn** + Mn®*") and O,,/(O,,
+ OB) of Mn/’Y'A1203 and V—Mn/"{'Al203
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Table 3 BET, pore volume, and average pore size of VMA(14)-CCF and
MA(14)-CCF

VYV + Mn**/(Mn** + 0,/(0, + Specific surface Average pore
Test samples v Mn*") Op) Sample area/(m®*g~")  Pore volume/(cm® g”') size/(nm)
Mn/y-Al, O3 — 57.1% 53.3% VMA(14)-CCF  47.45 0.17 8.20
V-Mn/v-Al,03 41.6% 70.5% 61.1% MA(14)-CCF 48.22 0.18 8.54

SCR activity, and the results showed that the addition of MnO,
enhanced the REDOX ability of V. Mn**-0*>"-V** & Mn*"-0*>"-
VY o Mn*-0*"-v*" & Mn*"-0®>"-V°" + e. This cycle can well
control the electron movement between Mn and V, and ensure
the REDOX capacity of the active species. The SCR activity at low
temperature was improved and the original SCR activity at high
temperature was maintained. Kapteijn et al.*®**® reported that
the NO conversion of pure manganese oxides follows the order:
MnO, > Mn;Og > Mn,O; > Mn;0O,. Since Mn*" in manganese
oxides has a higher oxidation state, it can promote the conver-
sion of NO to NO,, thereby facilitating the rapid SCR
reaction.*>*!

Fig. 4(c) shows the O Is spectra of Mn/y-Al,0; and V-Mn/y-
Al,O;. Generally, there are two types of oxygen species on the
catalyst surface, surface adsorbed oxygen and lattice oxygen
(0%7), denoted as O, and Op.>*** Surface adsorbed oxygen can
further be classified into physically adsorbed oxygen and
chemically adsorbed oxygen, which have higher mobility and
reactivity compared to lattice oxygen, such as O,, oxygen
vacancies (0®>~, 0**7), or hydroxyl groups (OH).** The binding
energy corresponding to O, of V-Mn/y-Al,0; is 532 eV, shifted
0.1 eV to the left compared to O, of Mn/y-Al,O3. The binding
energy corresponding to Og is 530.9 eV, shifted 0.4 eV to the left
compared to the lattice oxygen peak of Mn/y-Al,O;. This indi-
cates that V changes the electron binding energy of some oxygen
atoms, causing the peaks of lattice oxygen and surface adsorbed
oxygen to shift to higher binding energies.>**” Meanwhile, the
addition of V increases the proportion of O, in the catalyst,
which has higher mobility and activity compared to Og. In
a word, the presence of V promotes electron transfer and redox
capability of the catalyst.

3.2.4 BET. The N, adsorption-desorption experiments
were conducted on VMA(14)-CCF and MA(14)-CCF (Fig. 5). The
results are shown in Fig. 5. The specific surface area, total pore
volume, and average pore size were calculated using the BET
and BJH models (Table 3). According to the standard isotherms

for physical adsorption defined by the International Union of
Pure and Applied Chemistry (IUPAC), the N, adsorption-
desorption isotherms of the two samples all exhibit 1
isotherms. The adsorption branch line on the curve does not
overlap with the desorption branch line, which is caused by the
presence of hysteresis loops and is usually associated with
capillary condensation. The existence of hysteresis loop
suggests that the catalysts are mainly composed of mesopores
or micropores. The H4 hysteresis loops of VMA(14)-CCF and
MA(14)-CCF indicate the presence of many micropores.

A larger specific surface area is favorable for gas adsorption,
and a well-defined pore structure promotes the transfer of
reactants between gas and catalyst, thereby enhancing the SCR
reaction rate and significantly influencing the denitration
activity of the catalysts.*® The specific surface area, pore volume,
and pore size of VMA(14)-CCF are slightly smaller than those of
MA(14)-CCF. And there is no big difference, because the catalyst
content of CCF is only 14%.

3.3 Catalytic activity test of the VMA(14)-CCF

3.3.1 Effect of FV on the SCR catalytic activity and pressure
drop. The experiment changes the total gas to alter the face
velocity (FV) of VMA(14)-CCF. When the gas flow is large, the FV
is high, resulting in short residence time of gas in VMA(14)-CCF,
and shorter contact time with the catalyst. When the gas flow is
small, the FV is low, resulting in longer residence time of gas in
VMA(14)-CCF, allowing for more complete contact and reaction
with the catalyst, but this increases gas processing time.
Therefore, determining the appropriate FV is of great signifi-
cance for the industrial application of CCF. As shown in
Fig. 6(a), when the FV is 0.6 m min~", the NO conversion of
VMA(14)-CCF is greater than 80% at 150-400 °C; at 200-300 °C,
the NO conversion can reach 100%. When the FV is 0.8
m min ", the NO conversion is greater than 80% at 200-350 °C;
at 200-300 °C, the NO conversion can reach 100%. With the FV

(a)-o— VMA(14)-CCF

=

5 P
3 —g—3—0 20
2 ,o—&www&w&:l-——-" m;:
E S
5 2
2 a
S| o MAQ4-CeE e g
2 = ol S
S s

oo
—g—8—0"
=0

° 0-000- R BVDBP

0.0 02 04 06 08 10

Relative pressure (P/Py)

0.020 b)
0.015 |

0.010 ji ]
0.005 \o
0.000
0.015 -r
0.010

0.005

—o— VMA(14)-CCF

—o— MA(14)-CCF

©
o

0.000 I I I

20 40

)
T o'ee

I
60 80 100 120
Pore Diameter(nm)

Fig. 5 N absorption and desorption curves and pore size distribution of VMA(14)-CCF and MA(14)-CCF.
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increased to 1.2 m min ', the NO conversion is greater than
80% at 200-350 °C. When the FV is 1.4 m min ', the NO
conversion is greater than 80% at 200-350 °C. In industrial
applications, when the FV is small, the applicable temperature
range is 150-400 °C, while the FV is large, it can only be applied
to flue gas treatment within the range of 200-350 °C.

The increase in temperature will cause the gas molecules to
move faster, which will increase the pressure drop of the filter.
Excessively high FV will also increase the pressure drop across
the filter, not only causing resistance to dust removal, but also
increasing the risk of unstable operation of the equipment. As
shown in Fig. 6(b), the pressure drop of VMA(14)-CCF at various
FV is relatively low. This may be due to the smaller particle size
of V-Mn/v-Al,O; under the same loading amount, which is not
easy to block the pores of the ceramic fibers, as confirmed in
SEM. When the FV is 0.6 m min *, the pressure drop at 400 °C is
only 0.75 kPa. The actual FV used in industrial factories is
generally around 1 m min~ ", and the pressure drop of VMA(14)-
CCFis 0.4 kPa at 100 °C, 0.5 kPa at 200 °C, 0.8 kPa at 300 °C, and
1.25 kPa at 400 °C. At 400 °C, the maximum pressure drop of
VMA(14)-CCF is 1.7 kPa, greatly increasing the applicability of
this filter.

3.3.2 Effect of SO, and H,0 on the SCR catalytic activity. In
actual flue gas from factories, SO, and H,O are widely present
and have toxic effects on catalysts, further limiting the activity
of catalysts.*** Therefore, the tolerance of SO, and H,O for
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(a) NO conversion and (b) Pressure drop of VMA(14)-CCF with different FV.

VMA(14)-CCF should be tested under conditions of 225 °C,
0.05% NO, 0.05% NHj3, and 3 vol% O, (Fig. 7(a)). Under the
action of 100 ppm SO,, VMA(14)-CCF maintained 100% deni-
trification efficiency within 300 min. After introducing 10% H,O
into the reaction gas, the NO conversion of VMA(14)-CCF was
not affected within 5 h, indicating excellent sulfur and water
resistance of VMA(14)-CCF. Under the same conditions, when
100 ppm SO, and 10% H,O were added simultaneously, the NO
conversion of VMA(14)-CCF was slightly affected, with the
lowest decreasing to 99.4%, indicating a synergistic effect of
H,0 and SO, in jointly inhibiting the catalytic activity.*’

Since VMA(14)-CCF shows good sulfur resistance under
100 ppm SO, concentration, and some industries such as power
generation, steelmaking, and building materials are prone to
high-temperature oxygen-rich environments in their production
processes, resulting in higher SO, content in flue gas. There-
fore, the denitrification performance of VMA(14)-CCF was
tested under 300 ppm SO,. Within 1 h, VMA(14)-CCF still
maintained 100% NO conversion, and then gradually decreased
to 86.8% within 140 min. After cutting off the supply of SO,, it
recovered to 98.6% within 60 min, which was consistent with
the performance before introduction. MA-CCF with the same
catalyst loading amount of 14% was selected for the 300 ppm
SO, test, and the NO conversion decreased rapidly within the
first 100 min, reaching a minimum of 70.6%. Afterward, the
decrease was slower, with a minimum of 63.2%. It was 23.6

(b) 100 ppm SO,

#-ALO, #SiO, #B-MnO, va-Mn,0, IV,0,

300 ppm SO,

300 ppm SO, MA(14)-CCF)|
*

1 10%H,0

Intensity(a.u.)

(og1)

20(°)

(a) NO conversion and (b) XRD spectrum of VMA(14)-CCF and MA(14)-CCF in the presence of SO, and H,O at 225 °C.
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Fig. 8 (a) SEM and EDS of VMA(14)-CCF and MA(14)-CCF after 300 ppm SO, at 225 °C.

percentage points lower than that of VMA(14)-CCF under the
same environment. This indicates that MnO, is more affected
by SO,, and manganese-based catalysts are not suitable for
application in high-sulfur environments. V,04 has good sulfur
resistance, and the introduction of vanadium can broaden the
applicable range of MnO,.

The VMA(14)-CCF after environmental testing with 100 ppm
SO, and 10% H,O was characterized by XRD, and the results
showed no significant changes compared to the VMA(14)-CCF
before the experiment (Fig. 7(b)). Higher Mn*" concentration
plays a critical role in the SCR activity, as evidenced by XPS
characterization results indicating that the introduction of V
promotes the conversion of Mn** to Mn*'. Higher Mn*'
concentration enhances the catalyst's catalytic reduction ability
and improves its resistance to sulfur and water.** The impact of
SO, on the catalyst can be summarized in three aspects: first,
SO, reacts with NH; to form (NH,),SO, or NH,HSO,, which
blocks the active sites of the catalyst and hinders the reaction
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between NO, and the active sites;*"** second, SO, competes with
NO for adsorption, leading to a decrease in the conversion rate
of nitrogen oxides by the catalyst;**** third, SO, reacts with
active components to form inert metal sulfates, which reduces
the quantity of catalyst available for gas reactions and leads to
a decrease in denitration performance.*** XRD and SEM
characterization of VMA(14)-CCF and MA(14)-CCF after anti-
sulfur experiments with 300 ppm revealed that the MnO, peak
disappeared in MA(14)-CCF, while the MnO, in VMA(14)-CCF
showed no significant change compared to before the experi-
ment (Fig. 8). SEM combined with EDS results showed block-
like substances larger than the catalyst particle size in MA(14)-
CCF, with S content of 0.32%. In contrast, particles on the
ceramic fibers of VMA(14)-CCF were still uniformly distributed,
with only a small amount of small block-like substances and S
content of only 0.07%. Combined with XPS results, the addition
of V,0, provides more surface adsorbed oxygen for the catalyst,
allowing NH; to react with the abundant surface adsorbed
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Fig. 9 NO conversion of (a) VMA(14)-CCF and (b) MA(14)-CCF in the presence of Na.
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Fig. 10 (a) SEM and EDS of VMA(14)-CCF and MA(14)-CCF after 3% Na.

Table 4 BET, pore volume, and average pore size of VMA(14)-CCF and

Energy [keV]

MA(14)-CCF after 3% Na

Specific surface

Average pore

Sample area/(m* g ") Pore volume/(cm® g~ ) size/(nm)
3% Na-VMA(14)-CCF 46.41 0.11 9.54
3% Na-MA(14)-CCF 40.56 0.10 8.34

oxygen even in the presence of SO,, resulting in less formation
of (NH,),SO, or NH,HSO,. On the other hand, in the presence
of SO,, active V,0; preferentially react with SO,, protecting the
active centers of MnO, and reducing the degree of catalyst
poisoning by SO,.

3.3.3 Effect of Na on the SCR catalytic activity. Alkali in the
flue gas is one of the important factors causing catalyst deac-
tivation.***” The main sources of alkali in production are fuel
combustion, lubricant additives, urea, etc. As shown in Fig. 9(a),
the addition of Na had a relatively small effect on VMA(14)-CCF.
However, the addition of Na significantly reduced the deni-
tration efficiency of MA(14)-CCF, as shown in Fig. 9(b). The
largest decrease in denitration efficiency occurred at 275 °C,
with a 15.1% decrease in denitration efficiency with 1% Na
addition. With the increase of Na content, the NO conversion at
various temperatures decreased slightly.

EDS and BET characterization were performed on MA(14)-
CCF and VMA(14)-CCF after treatment with 3% Na, and the
results are shown in Fig. 10 and Table 4. The content of Na in
both samples increased, and block-like substances were
observed to adhere to the surface in the electron microscope
images. Moreover, the specific surface area and pore volume of
MA(14)-CCF and VMA(14)-CCF decreased. This indicates the
sodium compound is enriched and deposited on the surface of
the catalyst's active sites, blocking the pores and reducing the

19972 | RSC Adv, 2023, 13, 19965-19974

activity centers for gas treatment. In addition, the addition of
alkali metals generates basic centers after the reaction, which
enhances the alkalinity of the catalyst surface and reduces its
adsorption capacity for NH;.*® At the same time, the addition of
alkali metals also weakens the catalytic reducibility of the
catalyst, and multiple factors lead to a decrease in denitration
efficiency of the catalyst, consistent with the experimental
results.* Although the specific surface area of the two samples
is similar, the alkali resistance of VMA(14)-CCF is significantly
better than that of MA(14)-CCF, due to the close relationship
between the redox performance and alkali resistance of the
catalyst. The presence of V,04 results in a more abundant
surface adsorbed oxygen and Mn**, which enhances the surface
acidity and redox properties of the catalyst, making VMA(14)-
CCF exhibit excellent alkali resistance and maintain high NO
conversions in experiments with different alkali metal mass
fractions.

4 Conclusions

A novel ceramic filter for selective catalytic reduction of NO,
catalyst was developed. The ceramic fibers retain their original
shape. The catalyst particles are uniformly distributed on CF,
and the denitration effect is not affected by the loading process.
The feasibility of Mn-based CCF modified by V is proved. When

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the FV is 1 m min ™", the NO conversion rate of VMA(14)-CCF
reaches more than 80% at 175-400 °C, and 100% at 225-300 °
C. It shows excellent denitration efficiency over a wide
temperature range. High NO conversion and low pressure drop
can be maintained at various filtration speeds. It has excellent
resistance to water, sulfur and alkali metal poisoning. The
possibility of practical application and popularization of
VMA(14)-CCF is greatly increased. Its strong anti-poisoning
ability is due to the introduction of V not only protects the
active center of MnO,, but also promotes the transformation of
Mn>*" to Mn**. This provides abundant surface adsorbed oxygen
for the catalyst, and enhances the adsorption of NH; and NO by
the catalyst, thus improving the surface acidity and oxidation
reducibility of the catalyst.
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