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a b s t r a c t

This study investigated the catalytic activity of vanadium-manganese supported on USY-zeolite as a cat-
alyst for low-temperature NO removal, and embedded the powder catalyst in PTFE filter of bag filter. The
V2O5-MnO2/USY-zeolite catalyst was prepared using the co-impregnation method, and the V2O5/MnO2

ratio was 0/10, 2.5/7.5, 5/5, 7.5/2.5, or 10/0. The catalytic activity test for NH3-SCR(selective catalytic
reduction) of NO was performed at 150–230 �C. An enhanced NO conversion above 60% was exhibited
in the low-temperature region below 230 �C, and the NO removal efficiency increased as the MnO2 con-
tent increased. The NH3-TPD and NO-TPD(Temperature Programmed Desorption) analysis confirmed that
the NH3 adsorption of the catalyst more significantly influences the NO removal performance than the NO
adsorption. As the MnO2 content on the catalysts increased, the strength and amount of adsorbed NH3

increased, resulting in enhanced NO conversion. The catalyst-embedded PTFE (polytetrafluoroethylene)
fiber was prepared by extruding physically mixed PTFE and catalyst powder. Scanning electron micro-
scopy/energy dispersive X-ray spectroscopy confirmed that the catalyst was well dispersed on the surface
and inside the PTFE fiber. The NO removal performance of the catalyst included PTFE fiber increased as
the amount of the catalysts added was increased.
� 2023 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

The use of fossil energy has increased the emission of nitrogen
oxides and sulfur oxides, which cause ultrafine dust, into the atmo-
sphere. The precursors of ultrafine dust are composed of nitrogen
oxides, sulfur oxides, ammonia, volatile organic compounds, and
heavy metals [1,2]. Air pollution gases are produced in large quan-
tities in power generation industries, such as coal and natural gas
power plants. Large-scale coal and natural gas power plants are
equipped with the selective catalytic reduction (SCR) process and
the flue-gas desulfurization (FGD) process to reduce nitrogen oxi-
des and sulfur oxide emissions and control the emission concentra-
tion according to air pollutant emission regulations [3–7]. Exhaust
gas is discharged into the atmosphere after significant amounts of
nitrogen oxides and sulfur oxides have been removed by the emis-
sion reduction technology. On the other hand, in small and
medium-scale processes, where heating processes are being oper-
ated, there is still a shortage of facilities to remove nitrogen oxides.
Indeed, the industrial sector has a significant amount of emissions
[8–10].

Implementing air pollutant control technology in small and
medium-scale processes is difficult because of the high capital
and operating costs, limited site, and insufficient operational tech-
nology. In particular, in industrial facilities operating combustion
and incinerators, the generation of thermal NOx is inevitable dur-
ing high-temperature combustion. In such a process, a facility for
removing nitrogen oxides can be built using selective noncatalytic
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reduction (SNCR) technology without using a catalyst. Because
SNCR reduces nitrogen oxide by directly spraying ammonia or urea
in a combustion furnace and an incinerator, there is no need for a
separate catalytic process. Although SNCR technology is operated
at temperatures above 900 ℃, the reduction efficiency of nitrogen
oxides is approximately 60%. Therefore, it cannot satisfy the
strengthened air pollutant emission regulations [11–13]. Hybrid
NOx removal technology is being developed to actively respond
to recently strengthened emission regulations [14–16]. Hybrid
NOx removal technology can link previously developed SNCR and
SCR technologies. SCR technology reduces nitrogen oxides using a
catalyst at 300 to 400℃ and removes nitrogen oxides emitted from
power plants and internal combustion engine vehicles [17–20]. In
the hybrid NOx removal process, the level of nitrogen oxide
removal can be further improved because nitrogen oxide is first
reduced by SNCR technology, and secondary reduction is per-
formed by SCR technology.

A honeycomb-type NOx removal catalyst has been developed
and used commercially in the SCR process [21–23]. A catalytic filter
is additionally applied to remove low-concentration nitrogen oxi-
des simultaneously with the dust removal. As the catalytic filter,
the filter of ceramic and fabric material has been developed [24–
32]. Considerable research has been conducted on catalytic filters
because the NO removal efficiency can be improved by simply
replacing the catalytic filter in the existing dust collection filter.
However, adding high-activity catalyst powder into PTFE fibers still
remains a challenge to be solved. Because the diluted exhaust gas
including dust passes through a thin filter, the filter bag should fil-
ter out dust and reduce nitrogen oxide at low concentrations.
Therefore, the activity of the catalyst must be high enough to
reduce low-concentration nitrogen oxide. In addition, it must have
low-temperature NOx removal performance because the tempera-
ture in the dust collecting facility equipped with the filter bag is
150–230 ℃. Furthermore, because the filter bag must periodically
backwash the dust adhering to the outer wall of the filter, the cat-
alyst must be strongly bonded with the filter so as not to be
removed during the backwashing process. Thus, in this study,
vanadium oxide and manganese oxide were used as active materi-
als for the NOx removal catalyst on a zeolite support with a high
surface area to improve the low-temperature NOx removal perfor-
mance compared to the commercially used V2O5/TiO2. Moreover,
the catalyst powder was pre-mixed with PTFE fiber to be strongly
entangled in the filter.

Although vanadium has been widely known as an active cat-
alytic material for nitrogen oxide reduction, it has been reported
that the reaction activity is high at a temperature above 250 �C
[33–37]. On the other hand, manganese oxide was reported to have
high activity in the low-temperature region of 150 ℃ or higher
[38–42]. Nevertheless, manganese oxide is easily poisoned by sul-
fur oxides contained in the exhaust gas when used alone, and cat-
alyst deactivation occurs [38,41,43]. In addition, ammonium salt is
formed at low temperatures, and the catalytic activity is reduced
Fig. 1. Images of V2O5-MnO2/USY-zeolite catalysts prepared using the impregnation me
MnO2(5.0)/USY-zeolite, (d) V2O5(2.5)-MnO2(7.5)/USY-zeolite, (e) MnO2(10)/USY-zeolite.
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[44,45]. A previous study reported that the influence of sulfur
oxide was improved using a combination of vanadium and man-
ganese oxide [46–49].

This study examined the performance of the catalyst by chang-
ing the vanadium and manganese mixing ratio. USY-zeolite sup-
port with a high surface area was used to increase the removal
efficiency of low-concentration NO. USY zeolite was relatively
hydrophobic due to its high Si/Al ratio, which can minimize the
effect of moisture in the exhaust gas. The prepared V2O5-MnO2/
USY-zeolite catalyst powder was mixed with PTFE powder, com-
pressed, rolled, stretched, and slitted to prepare catalytic fiber
materials, and their NO removal performances were tested at
200 �C. The prepared V2O5-MnO2/USY-zeolite catalyst in PTFE fiber
can be potentially used for the simultaneous removal of NO and
dust.
Experiments

Preparation of catalysts

A V2O5-MnO2/USY zeolite-based catalyst was prepared using
the co-impregnation method. The loading of active material sup-
ported on the surface of the zeolite support was fixed at 10 wt.
%, and the V2O5/MnO2 content weight ratio was 0/10, 2.5/7.5,
5/5, 7.5/2.5, and 10/0. As shown in Fig. 1, a yellow color appeared
as the vanadium content was increased, and a dark gray color was
exhibited as the manganese content increased. USY-zeolite (Si/
Al = 90) powder (Visionchemical Co.) was used as the support.
Ammonium metavanadate (NH4VO3, Duksan Co.) and manganese
nitrate solution (Mn(NO3)2, 50%, Duksan Co.) were used as precur-
sors of the active materials V2O5 and MnO2, respectively. The pre-
cursors were prepared as an aqueous solution and mixed. The
precursor solution and zeolite powder were mixed in the round
flask. A rotary vacuum evaporator slowly removed moisture to
impregnate vanadium and manganese on the zeolite surface. The
zeolite-based catalyst, in which the precursor was impregnated,
was dried at 150 �C for 12 h in a dry oven and heat-treated at
400 �C for 4 h in a muffle furnace. The thermal-treated catalyst
powder was named as V2O5(x)-MnO2(10-x)/USY-zeolite. The cata-
lyst finely pulverized by a ball mill was mixed with PTFE powder
and used to prepare a PTFE-based catalytic fiber for use in a bag
filter.
Preparation of PTFE-based catalytic fiber

The catalyst filter is manufactured as a bag filter by making a
nonwoven fabric using PTFE fiber, a polymeric hydrophobic fiber.
The PTFE-based catalytic fibers were prepared using the following
procedure to add a powder-form catalyst in PTFE-based fibers.
PTFE powder and V2O5-MnO2/USY-zeolite prepared were physi-
cally mixed. The catalyst used for PTFE-based catalytic fiber is
thod, (a) V2O5(10)/USY-zeolite, (b) V2O5(7.5)-MnO2(2.5)/USY-zeolite, (c) V2O5(5.0)-



Fig. 2. Manufacturing procedure of the PTFE-based catalytic fiber.
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V2O5(2.5)-MnO2(7.5)/USY-zeolite. As shown in Fig. 2, the raw
material mixed with PTFE and catalysts was made into a PTFE billet
through a compression process, and the prepared PTFE billet was
made into a thin PTFE rod using an extrusion method. After rolling
and stretching into a PTFE film using a heated roller, the film was
slitted to prepare a fiber-containing catalyst. A nonwoven fabric
was prepared using the prepared PTFE fiber, and both sides of
the fabric were laminated with a membrane filter to prepare a
bag filter. In this study, the NO removal performance of the pre-
pared PTFE fibers was evaluated. As shown in Fig. 3, three samples
were prepared for the PTFE-based catalytic filter fibers according to
the amount of catalyst added. The amount of catalyst was varied
between 3, 4, and 5 wt. %. The fiber became dark gray as the
amount of catalyst was increased.

Catalytic activity tests

As shown in Fig. 4, the activity of the NO removal catalysts pre-
pared in this study was tested using a fixed-bed type catalytic reac-
tor system. After packing the catalyst in the center of a tubular
reactor, 170 ppmv nitrogen oxide was flowed, and ammonia gas
corresponding to the stoichiometric ratio was then supplied to
the catalytic reactor packed with catalysts for NH3-SCR. To investi-
gate the sulfur tolerances of catalysts, NO reactant gas containing
Fig. 3. PTFE fibers prepared with different amounts of NO removal catalyst.
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20 ppmv of SO2 was supplied to the catalysts. In addition, the effect
of moisture in the reactant gas mixture was further examined by
supplying NO reactant gas containing 2, 5, 8, and 10 vol% of mois-
ture. In the catalytic reaction system, a 1/2-inch or 1.0-inch tubular
reactor was installed in a vertical tube-type electric furnace, nitro-
gen oxide, nitrogen, and ammonia gas were connected to the front
end of the reactor, and air was supplied using an air compressor.
The gas inflow was controlled using a mass flow controller (MFC,
Line Tech M3030V) for mixing these reaction gases, and a gas
mixer was installed just before being supplied to the reactor to
mix the simulated gas. In addition, to preheat the incoming gas,
the gas supply line was heated to reaction temperature using a line
heater. The catalyst bed temperature was measured by inserting a
thermo-couple into the catalyst-packed bed in the reactor. A pres-
sure gauge was installed at the top of the reactor to observe the
pressure change in the reactor due to the packing of the powder
catalyst. The reactor outlet was connected directly to a dedicated
gas analyzer (Testo 350 K), and the nitrogen oxide concentration
at the reactor outlet was measured before and after ammonia gas
was introduced. The initial concentration of NO before the reaction
was measured without passing through the catalyst bed by flowing
the reaction gas through the by-pass line. The reaction tempera-
ture was adjusted to 150–230 ℃, and the catalyst activity accord-
ing to the temperature was measured. The performance of the
powder catalyst was compared by charging the catalyst in a 1/2-
inch tubular reactor, and the fibrous catalyst was charged in a
1.0-inch tubular reactor to compare the performance. The amount
of the powder catalyst was approximately 0.51 g, and the fibrous
catalyst was approximately 6.0 g. The space velocity (WHSV) was
approximately 260,000 mL∙g�1∙h�1 based on the weight of the cat-
alyst. The NO conversion and N2 selectivity by the NH3-SCR reac-
tion was calculated as in Equation (1) and Equation (2),
respectively.

XNOð%Þ ¼ CNOx�input � CNOx�output

CNOx�input
� 100 ð1Þ

SN2 %ð Þ ¼ 1� 2� CN2O�output

CNOx�input þ CNH3�input � CNOx�output � CNH3�output
� 100

ð2Þ



Fig. 4. Schematic diagram of the experimental apparatus for the catalytic activity tests by NH3-SCR.
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XNO: Conversion of NO
SN2: Selectivity of N2

CNOx-input: Concentration of NO flowing into catalytic reactor
CNOx-output: Concentration of NO effluent from catalytic reactor
CNH3-input: Concentration of NH3 flowing into catalytic reactor
CNH3-output: Concentration of NH3 effluent from catalytic reactor
CN2O-output: Concentration of N2O effluent from catalytic reactor

Characterization of the catalysts

The surface area, pore volume, and pore size of the catalyst sup-
porting vanadium and manganese on the surface of the hydropho-
bic zeolite were measured using the N2 adsorption method
(Micromeritics, 3-Flex). Samples were degassed at 200 �C under
vacuum before measuring N2 adsorption–desorption isotherms.
In addition, the crystal structure of the catalytic active material
supported on the zeolite support was analyzed by X-ray diffraction
(XRD, DIAOME, MOD for bulk (powder)). The binding energy spec-
trum of V and Mn was analyzed by X-ray photoelectron spec-
troscopy (XPS, Thermoscientific Co., K-Alpha) to confirm the
oxidation states of trace amounts of catalytic active material not
confirmed by XRD. NH3 and NO TPD tests (BEL Japan Inc., BELCAT
II) were performed to observe the adsorption and desorption
behavior of NH3 and NO of the prepared catalyst. The NH3-TPD
and NO-TPD tests were performed as follows. The catalyst was
charged in the reactor chamber for the TPD experiment, purged
while flowing with argon gas at 300 �C for 2 h, and approximately
1 vol% of NO gas or 5 vol% of NH3 gas with an argon balance at
room temperature. After adsorbing the adsorbed gas to the catalyst
while flowing, the desorption amount was measured while the
temperature was increased from room temperature to 900 �C at
a rate of 10 �C/min. The surface morphology of the PTFE fiber
was observed by scanning electron microscopy (FE-SEM/EDS(3),
HITACHI, Ltd, S-4800), and the distribution of V, Mn, Si, and Al
on the surface and inside of the PTFE fiber was observed by energy
dispersive X-ray spectroscopy (EDX) mapping. Thermogravimetric
analysis (TGA, Scinco TGA N-1000/1500) was performed to quanti-
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tatively measure the amount of catalyst contained in the PTFE-
based catalytic fiber.
Results and discussion

N2-adsorption analysis

The surface area, pore volume, and pore size of the five zeolite-
supported catalysts with controlled vanadium and manganese
contents prepared in this study were measured using a nitrogen-
adsorption method. As shown in Table 1, the catalyst had a large
surface area of approximately 681 to 715 m2∙g�1, and the case
where only vanadium or manganese was supported showed a rel-
atively low surface area. However, no significant surface area
change was observed because the same zeolite support was used
in the catalysts. The pore volume and mean pore size were 0.19
to 0.22 cm3∙g�1 and 4.6 to 5.2 nm, respectively. No significant
change was observed because the total amount of vanadium and
manganese supported on the zeolite support was maintained at
approximately 10 wt.%.
XRD analysis

XRD analysis was performed to confirm the crystal structures of
the vanadium and manganese catalysts supported on the powder
catalyst; Fig. 5 shows the XRD patterns of each catalyst. The XRD
pattern showed a strong diffraction pattern of the zeolite used as
a support, with low intensities peaks of V2O5 and MnO2. Neverthe-
less, the characteristic MnO2-related XRD peaks of the MnO2/USY-
zeolite catalyst were observed at 28�, 38�, 44�, 56�, and 59� 2h
[50,51]. On the other hand, a peak capable of identifying vanadium
could not be confirmed, suggesting that the small amounts of
active catalytic metals were highly dispersed over the high surface
of the zeolite. Because XRD could hardly detect the crystallinity of
active metals, the crystal structure could not be specified, and the
change in the oxidation state of vanadium and manganese into a
composite oxide could not be observed.



Table 1
Surface area, pore volume, and pore size of V2O5-MnO2/USY-zeolite catalysts measured by the N2-adsorption method.

Catalysts Surface area, m2∙g�1 Total pore volume, cm3∙g�1 Mean pore size, nm

V2O5(10)/USY-zeolite 681.1 0.22 5.2
V2O5(7.5)-MnO2(2.5)/USY-zeolite 715.2 0.23 4.9
V2O5(5.0)-MnO2(5.0)/USY-zeolite 711.0 0.19 5.2
V2O5(2.5)-MnO2(7.5)/USY-zeolite 705.1 0.19 4.9
MnO2(10)/USY-zeolite 681.2 0.19 4.6

Fig. 5. XRD patterns of V2O5-MnO2/USY-zeolite catalysts.
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XPS analysis

XPS was performed to investigate the oxidation state of active
metal oxides in the catalysts [52–55]. Fig. 6 presents the XPS anal-
ysis results of V2p, Mn2p, and O1s. Fig. 6(a) showed typical binding
energy spectra of V2O5. The binding energy of Vp3/2 and Vp1/2 was
confirmed at 516.8 eV and 524.3 eV, which corresponded to the
binding energy of V2O5 [52,53]. The peak intensity decreased with
decreasing the amount of V in catalysts. In addition, no shift in V2p
binding energy was observed, suggesting a V-Mn composite oxide
was hardly formed. Reddy et al. reported that when vanadium
oxide is mixed with an additive, a composite metal oxide is formed
in the calcination process above 700 �C, thereby shifting the bind-
ing energy [52]. On the other hand, the binding energy of Mn2p3/2

and Mn2p1/2 appeared at 641.8–642.3 eV and 653.4–654.1 eV,
respectively (Fig. 6(b)), which is the XPS spectrum for Mn2O3 and
MnO2; hence MnO2 and Mn2O3 coexisted [54,55]. In the XPS spec-
trum of Fig. 6(c), the small peak of O1s binding energy at 529 eV
can be seen as the binding energy of Mn–O bonding of MnO2,
and the peak at 530 eV is the O1s spectrum corresponding to V–
O of V2O5. [53,55]. As the amount of Mn increased in the catalyst,
the small peak shifted from 530 eV (V-O) to 529 eV (Mn-O). The
strong peak at a binding energy of 532.5 eV is the spectrum of
O1s corresponding to the Al–O and Si–O bonds in the zeolite struc-
ture [56–59].
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NH3-TPD analysis

NH3-TPD tests were performed to investigate the adsorption
properties of NH3 for the five catalysts prepared in this study. As
shown in Fig. 7, the NH3 desorption behaviors of the five catalysts
showed significant differences. A comparison of the desorption
behavior of NH3 in the range of 100–250 ℃ showed that the
amount of NH3 desorption increased as the V2O5 content was
increased. On the other hand, the amount of NH3 desorption in
the range of 250–500 ℃ increased as the content of MnO2

increased. Furthermore, the NH3 desorption amount in the range
of 500–900 ℃ also increased with increasing MnO2 content. Based
on these results, as vanadium content increased, most of the NH3 is
desorbed in the low-temperature region below 250 �C. On the
other hand, as the MnO2 content increased, the desorption of
NH3 decreased below 250 �C and the desorption increased above
250 �C. The strong adsorption sites which desorb NH3 above
250 �C were more related to the NH3-SCR reaction. Therefore, the
NO removal performance in the low-temperature NH3-SCR reac-
tion is improved by increasing the MnO2 content due to the high
adsorption amount of strongly adsorbed NH3 as a reducing agent
of NO. It has been well known that the desorption of NH3 in the
range of 100–200 �C corresponds to the weak Bronsted acid sites,
and the desorption in the range of 300–400 �C corresponds to
the Lewis acid sites [60–62]. Wang et al. [60] reported that the
NOx conversion is directly related to Lewis acid site of the Ce/
TiO2 catalyst. Although new adsorption sites of NOx were gener-
ated by adding alkali metals (Na, K) to the catalyst, weakening of
Lewis acid sites was observed in the NH3-TPD profile, resulting in
the decrease of the catalytic activity for the SCR reaction. Liu
et al. [61] reported that desorption peaks by NH4

+ bonded to strong
Bronsted acid sites and Lewis acid sites and coordinated NH3 at
temperatures above 200 �C on FeTiOx and TiO2 catalysts affected
the high denitrification performance of the catalysts. Li et al. [62]
have confirmed that a high-temperature NH3 desorption peak
above 300 �C in the NH3-TPD experiment of the MnO2-Nb/TiO2 cat-
alyst was mainly attributed to its enhanced catalytic activity for
SCR reaction. Among the V2O5-MnO2/USY-zeolite catalysts pre-
pared in this study, the adsorption of coordinated NH3 bound to
the Lewis acid sites increased as the content of MnO2 increased.

NO-TPD analysis

NO-TPD tests were performed over five catalysts to observe the
adsorption/desorption behavior of NO, the reactant of the SCR reac-
tion. As shown in Fig. 8, the desorption of NO adsorbed on the cat-
alysts in NO-TPD tests showed a significantly different trend
compared to the NH3-TPD tests. A large amount of NO was des-
orbed in the high-temperature region, and there was no difference
in the low-temperature region. Nevertheless, the desorption
amount of NO was relatively higher when manganese was added
to the catalyst than that of only V2O5 in the 100 to 400 �C. In par-
ticular, the desorption amount of adsorbed NO was highest when
manganese and vanadium were supported at a ratio of 5:5 in the
low-temperature region. On the other hand, most of the adsorbed



Fig. 6. XPS results of V2O5-MnO2/USY zeolite catalysts, (a) V2p, (b) Mn2p, (c) O1s.

Fig. 7. NH3-TPD diagram over the V2O5-MnO2/USY zeolite-based catalysts.
Fig. 8. NO-TPD diagram over V2O5-MnO2/USY zeolite-based catalysts.
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NO was desorbed above 400 �C, and the desorption amount of NO
increased as the MnO2 content was increased. However, the
adsorption strength was maximized when the V:Mn ratio was
2.5:7.5. When considering the NO adsorption amount and strength
together, V(2.5)-Mn(7.5)/USY-zeolite was selected as the poten-
tially optimized catalyst. When it was considered that all five cat-
alysts have strong adsorption capacity for NO, the adsorption of NO
163
does not make a significant difference in catalytic activity, but
rather the adsorption of NH3 determines the overall activity.

Catalytic activity analysis

The activity of the powder catalysts on the NH3-SCR reaction
was compared by measuring the NO removal performance over
five catalysts by changing the reaction temperature. As shown in
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Fig. 9, the NO conversion increased as the reaction temperature
increased. In addition, the NO conversion also showed a significant
difference according to the composition of the catalyst at each
Fig. 9. Catalytic activity tests over V2O5-MnO2/USY-zeolite catalysts for SCR, (a) NO
conversion, (b) N2O concentration, (c) N2 selectivity.
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reaction temperature. The V2O5/USY-zeolite catalyst showed NO
conversion of 14.0%, 18.2%, and 21.9% at 150, 200, and 230 �C,
respectively. The V2O5(7.5)-MnO2(2.5)/USY-zeolite catalyst exhib-
ited NO conversions of 23.6%, 26.5%, and 29.9% at 150, 200, and
230 �C, respectively, indicating a higher NO conversion than the
catalyst only impregnated with V2O5. The V2O5(5.0)-MnO2(5.0)/
USY-zeolite catalyst showed a higher NO conversion under the
same temperature conditions than the catalyst only impregnated
with V2O5. In particular, a sharp increase in the NO conversion
above 200 �C was observed. The V2O5(2.5)-MnO2(7.5)/USY-zeolite
and MnO2(10)/USY-zeolite catalysts exhibited a similar level of
NO conversion under the same temperature condition, and a high
NO conversion of above 63% was indicated. These catalysts exhib-
ited a NO conversion of approximately 77% at a reaction tempera-
ture of 230 �C. In addition, the catalyst produced approximately
38% NO conversion, even at a low temperature of 150 ℃. Zhang
et al. [63] reported the generation of NO2 and N2O by oxidation
of NO and NH3, respectively, on Mn-based catalysts during the
SCR reaction. The concentration of NO2 and N2O in the outlet of
the catalytic reactor increased as the reaction temperature
increased due to the promoted oxidation of NO and NH3. The oxi-
dation reactions and resulting NO2 and N2O generation were signif-
icantly dependent on the composition of the support. In this study,
NO2 was hardly detected during the NH3-SCR reaction of NO. Even
if the small amount of NO2 was produced by MnO2, the generated
NO2 might be rapidly reduced into N2 by NH3 on the catalysts.
According to the Langmuir-Hinshelwood mechanism for the NH3-
SCR reaction proposed by Li et al. [62], the adsorbed NO2 is reduced
to N2 by the reaction with nearby adsorbed NH3 on the catalyst
before being desorbed. Therefore, gas-phase NO2 may not be
detected under the reaction conditions conducted in this study.

As shown in Fig. 9(b), a negligible level of N2O was detected at
150 ℃. However, it increased to almost 4 ppmv at 200 ℃, and 18
ppmv at 230 ℃. As reported by Zhang et al. [63], the concentration
of N2O increased as the reaction temperature increased. The five
catalysts prepared in this study showed the same tendency, and
the catalyst with a high amount of MnO2, showed a relatively
greater increase of N2O by NH3 oxidation. Yao et al. [64] reported
that the exhaust of N2O by NH3-SCR reaction on a MnO2-based cat-
alyst was greatly influenced by the type of support.

The N2 selectivity was maintained above 97% on all V2O5-MnO2/
USY-zeolite catalysts in the NH3-SCR reaction below 200 ℃, and
decreased in the range of 87–94% at 230 ℃ due to the generation
of N2O. Among the catalysts prepared in this study, higher N2

selectivity was obtained on the V2O5(2.5)-MnO2(7.5)/USY-zeolite
catalyst.

The catalytic activity at a low temperature below 230 �C was
high with a higher MnO2 content. The catalytic activity of the NO
removal reaction depends on the adsorption strength of NH3 and
NO over the catalyst surface. Although the NO-TPD showed differ-
ent adsorption strengths depending on the composition of the cat-
alysts, NO molecules adsorbed on catalysts were hardly desorbed
from 100 to 400 �C. However, the strength of NH3 adsorption var-
ied among catalysts in this temperature range. Therefore, the NH3

adsorption had a dominant effect on the reaction rate for NH3-SCR
reaction when comparing the adsorption strength of NO in the
temperature range below 230 �C.

To investigate the catalytic activities inhibited in the presence
of SO2, approximately 20 ppmv of SO2 was mixed in the reaction
gas. Other compositions of reactant gas introduced into the reactor
was kept same except for adding SO2. As shown in Fig. 10(a), the
initial NO concentration (170 ppmv) decreased by SCR reaction
as soon as NH3 was supplied into the catalyst, but the NO concen-
tration increased with the introduction of SO2. From results, the NO
conversion of the catalyst in the presence of SO2 was plotted versus
the time in Fig. 10(b). In the case of MnO2(10)/USY-zeolite, the NO



Fig. 10. NO concentration versus time and (b) NO conversion versus time over
V2O5-MnO2/USY-zeolite in the presence of 20 ppmv SO2 at 200 ℃.

Fig. 11. NO conversion versus time over V2O5-MnO2/USY-zeolite in the presence of
moisture at 200 ℃.
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conversion of approximately 60–70% was initially maintained even
in the presence of SO2. However, the NO conversion rapidly
decreased to 5%, 30 min after SO2 was introduced. On the other
hands, about 60% of the initial NO conversion of V2O5(2.5)-
MnO2(7.5)/USY-zeolite was gradually decreased without showing
sharp decease even in the presence of SO2. For remaining catalysts,
although the decease of NO conversions by SO2 were insignificant,
their catalytic activities were much lower than those of MnO2(10)/
USY-zeolite and V2O5(2.5)-MnO2(7.5)/USY-zeolite in the presence
of SO2. Overall, the NO conversion increased with the increase of
MnO2 content in the catalyst under NO-NH3-SO2 mixed flow, but
MnO2(10)/USY-zeolite showed the significant deactivation by
SO2. Zhang et al. [65] reported the effect of SO2 is insignificant
when the desulfurization process is installed in the up-stream of
NH3-SCR process. However, low-concentration SO2 might be intro-
duced into NH3-SCR process even after the desulfurization process.
Thus, although the catalysts with high MnO2 content show high
activity for NH3-SCR reaction at low temperature, V2O5 should be
mixed with MnO2 to minimize the catalytic deactivation by SO2.
In this study, V2O5(2.5)-MnO2(7.5)/USY-zeolite was chosen as the
optimized catalyst for NH3-SCR process..
165
Wet NO-NH3 mixture gas containing 2, 5, 8, and 10 vol% of
steam was injected into the catalyst to examine the effect of mois-
ture on the catalytic activity for NH3-SCR reaction, as shown in
Fig. 11. A slight decrease in NO conversion was observed as the
moisture increased in the reaction gas mixture. As the MnO2 con-
tent increased in the catalyst, its catalytic activity was less affected
by moisture. Zhang et al. [65] added 10 wt.% of hydrophobic PTFE
into the SCR catalyst to hinder the deactivation of MnO2 catalyst by
moisture in the exhaust gas. In this study, because hydrophobic
USY-zeolite was used as the support, the water-resistance of
V2O5-MnO2-based catalyst can be enhanced.
SEM analysis

When considering the catalytic activity and the potential sulfur
and water resistance together, V2O5(2.5)-MnO2(7.5)/USY-zeolite
was selected as the optimum catalyst. Therefore, the catalytic PTFE
fiber was prepared using V2O5(2.5)-MnO2(7.5)/USY-zeolite. The
surface morphology of PTFE fibers containing V2O5(2.5)-
MnO2(7.5)/USY-zeolite catalyst was observed by SEM. As shown
in Fig. 12, the catalyst particles were dispersed uniformly on the
surface of the PTFE fibers. In the process of manufacturing the
PTFE-based catalytic fibers, the amount of catalyst mixed in the
fiber was varied to approximately 3.0, 4.0, and 5.0 wt. %. The size
of the catalyst particles observed by SEM was mostly less than
1.0 lm, and relatively uniform particles were distributed. Particles
larger than 2.0 lm were also partially observed, but they were not
distributed at a level to be representative. A large amount of cata-
lyst was distributed in the valleys formed in the longitudinal direc-
tion on the PTFE fibers. As shown in Fig. 12(a)-(c), the valleys
containing many catalyst particles were formed during the stretch-
ing process of PTFE film. Most of the catalyst was entangled pre-
sent inside the polymer fiber when the fiber was manufactured
by mixing the polymer material PTFE and the solid inorganic cata-
lyst. The catalyst particles exposed to the outer surface of the fiber
can only be used as an active catalyst site. Therefore, the activity of
the catalytic PTFE fiber can be lower than powder catalysts.

As shown in Fig. 13, PTFE fibers were prepared by the following
procedures; (1) physically mixing PTFE powder and catalyst pow-
der, (2) compression of the PTFE-catalyst mixture powder, (3) pro-
duction of a PTFE rod in which the catalyst was dispersed by hot
extrusion, (4) formation of a PTFE film by hot rolling, (5) stretching
of the PTFE film, (6) slitting of stretched thin PTFE films to foam the
fiber. Here, the physically mixed PTFE and catalyst powder was



Fig. 12. SEM images of surface morphology over PTFE-based catalytic fibers prepared by mixing various amounts of V2O5(2.5)-MnO2(7.5)/USY-zeolite, (a) 3.0 wt. %, (b) 4.0 wt.
%, (c) 5.0 wt. %, (d) catalyst free PTFE fiber.

Fig. 13. Schematic diagram of the surface modification of catalytic PTFE.
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compressed to form a cylindrical product having 100 mm of diam-
eter and 300 mm of length. In the hot extrusion step, a long PTFE
rod having high density and flexibility was manufactured by the
166
extrusion of PTFE billet and the catalyst was homogeneously dis-
persed inside the PTFE rod. The catalyst-contained PTFE rod was
again passed between two heated rolls to produce a PTFE film. In
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this step, the pressure was applied in the vertical direction of the
rod and therefore, the catalyst particles migrated toward the out-
side surface of the film. During the stretching process, the PTFE
film was pulled in the longitudinal direction, and valleys were
formed on the external surface of the PTFE film. A large amount
of the catalyst was present in the valleys formed on the surface
of the PTFE fibers, which can enhance the activity of the catalytic
PTFE fiber. On the other hand, the catalyst-free PTFE fibers pre-
pared using the same method showed no valleys, as shown in
Fig. 12(a).
EDX analysis

The distribution of catalyst particles on the cross-section of the
PTFE fiber was examined. A knife cut the PTFE fibers after freezing
with liquid nitrogen, and their cross-section was observed using
the EDX mapping technique. Although the catalyst content in the
PTFE fiber was approximately 3.9–5.0 wt. %, the total amount of
V and Mn supported on the catalyst was less than 10 wt. %. Thus,
the maximum Mn and V content was approximately 0.5 wt. % on
the PTFE fiber. Due to the low Mn and V contents in the fiber,
the distribution of catalyst could not be clearly observed with their
images. It was effective to observe the dispersion of the catalyst
inside the PTFE using the mapping image of Si and Al with the
Table 2
Cross-section images of V2O5(2.5)-MnO2(7.5)/USY-zeolite-added PTFE fiber by SEM and ED
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highest content. As shown in Table 2, the image of Si and Al on
the inside cross-section of PTFE fibers was brighter with an
increasing amount of catalyst added in the PTFE fiber. The rela-
tively large catalyst particles observed on the surface of the PTFE
fiber (Fig. 12) were not observed in the cross-section, and it
appeared that more catalyst was distributed on the fiber surface.
Activity tests of PTFE fiber with the addition of catalyst

The catalytic activity of PTFE catalytic fibers containing
V2O5(2.5)-MnO2(7.5)/USY-zeolite catalysts of 3, 4, and 5 wt. % were
investigated by NH3-SCR reaction. As the condition for the catalytic
activity, 6.0 g of PTFE catalytic fibers were packed into the 1-inch
tubular reactor. The NO concentration in a simulated exhaust gas
was approximately 170 ppmv, and the reactant gas was supplied
to the reactor at a flow rate of 1.5 L/min. The reaction temperature
was maintained at 200 �C. The NO conversion obtained by the cat-
alytic activity tests in the fixed-bed reactor system increased as the
amount of catalysts added to the fiber increased, as shown in
Fig. 14. The NO conversion over the PTFE catalytic fiber prepared
with 3.0, 4.0, and 5.0 wt. % of V2O5(2.5)-MnO2(7.5)/USY-zeolite cat-
alysts was 8.3, 11.2, and 14.2%, respectively.

The actual catalyst content of the PTFE catalytic fiber prepared
by adding the catalyst was measured by TGA. The PTFE catalytic
X mapping.



Fig. 16. NO conversion by NH3-SCR reaction at 200 ℃ on powder type V2O5(2.5)-
MnO2(7.5)/USY-zeolite catalysts corresponding to the content of catalysts con-
tained in the PTFE catalytic filter.
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fiber samples were oxidized in air at a heating rate of 5℃/min from
room temperature to 900 ℃, and the weight change was observed.
As shown in Fig. 15, the weight loss was confirmed at 400 ℃ for all
three samples, and PTFE was completely oxidized at 580 ℃. A dif-
ference in the residual weight was observed after complete oxida-
tion depending on the amount of catalyst added in PTFE. After
oxidation of PTFE catalytic fibers, the residual amounts prepared
with 3, 4, and 5 wt. % catalysts were 1.29%, 1.88%, and 2.18% of
the initial weight, i.e., the actual content of the catalyst contained
in the three PTFE catalytic fiber samples. Only approximately 43%
of the amount of catalyst added in the manufacturing process of
the PTFE catalytic fiber was present in the PTFE fiber. Therefore,
approximately 57% of the catalyst was lost during the slitting pro-
cess when manufacturing PTFE film into a fiber.

Based on TGA results, the NO removal performance of PTFE fiber
was compared with a powder catalyst corresponding to the
amount of catalyst contained in the PTFE catalytic fiber. As shown
in Fig. 16, when the powder catalyst was charged corresponding to
the 1 wt. % catalyst in the PTFE fibers, the NO conversion was main-
tained at approximately 15%, and a NO conversion of approxi-
mately 22% was obtained when the powder catalyst
corresponding to the 2 wt. % catalyst was charged. The NO conver-
sion increased sharply to approximately 57% when the powder cat-
alyst corresponding to 3 wt. % was charged. These results mean
Fig. 14. NO conversion by NH3-SCR reaction at 200 ℃ on PTFE-based catalytic filter
prepared with a mixing content of V2O5(2.5)-MnO2(7.5)/USY-zeolite catalyst.

Fig. 15. TGA results of PTFE fiber containing 3.0, 4.0, and 5.0 wt. % of V2O5(2.5)-
MnO2(7.5)/USY-zeolite catalysts under air-flow conditions.
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that maintaining the impregnation amount of catalyst above 3
wt. % in the PTFE fiber can achieve a high NO conversion which
is comparable to a powder-type catalyst. On the other hand, the
performance of approximately 8.3, 11.2, and 14.2% was maintained
when the catalyst in the PTFE catalytic fiber shown in Fig. 15 con-
tained approximately 1.3, 1.9, and 2.2 wt.%, respectively. Therefore,
approximately 49.5, 55.6 and 56.8% of the performance of the pow-
der catalysts was obtained when the catalyst was impregnated in
the PTFE fiber. From these results, the catalyst particles entangled
inside PTFE polymer fiber cannot be used as a catalyst due to gas
diffusion resistance. Only the catalyst exposed on the external sur-
face of PTFE fiber can be used for the NH3-SCR reaction. It can be
concluded that approximately 50–57% of the catalysts added to
PTFE was present on the external surface of the PTFE fibers, and
the remaining fine particles were buried in the fibers.
Conclusion

This study prepared catalyst-embedded PTFE fibers to remove
low-concentration NOx and dust collection in a bag filter. In the
previous study, catalytic filters were produced by coating the cat-
alyst on the surface of the filter. However, since PTFE-based fibers
are hydrophobic fluorine-based polymer fibers, an organic solvent
is needed to coat the powder catalyst on the PTFE fiber. In addition,
the coated catalyst can be easily separated from the bag filter dur-
ing the backwashing process due to the week interaction between
catalyst powder and fiber. In this study, a catalyst was pre-added
during the fiber manufacturing process to produce a uniform dis-
persion in the PTFE fiber. A high surface area and hydrophobic
USY-based zeolite were used as a catalytic support material to
improve the catalytic activity for reducing low concentration of
NO in the exhaust gas. In addition, V2O5 and MnO2 were used as
catalytically active materials to obtain high activity at a low tem-
perature in the bag filter process. The catalytic activity of V2O5-
MnO2/USY-based zeolite for NH3-SCR reaction was enhanced due
to the strong NH3 adsorption strength on MnO2. The ratio of
V2O5 to MnO2 contained in the catalyst was optimized to minimize
the catalytic deactivation by SO2 poisoning. The prepared catalyst
was embedded in the PTFE fibers by pre-mixing catalyst and PTFE
powder before being compressed. The amount of catalyst con-
tained in the PTFE catalytic fiber was confirmed to be approxi-
mately 43% of the amount added. A considerable amount of
catalyst loss occurs in manufacturing the fibers by slitting the PTFE
film. In addition, the NH3-SCR performance of the PTFE catalytic
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fiber was approximately 60% of that of the powder catalyst corre-
sponding to the same catalyst. This is because the fine catalyst par-
ticles inside the PTFE fibers do not come into contact with the
exhaust gas. Nevertheless, considerable catalytic activity was
observed due to the formation of valleys on the fiber surface and
the migration of catalyst particles during the rolling and stretching
process of the PTFE rod. High NOx removal performance is
expected if the actual catalyst content in the PTFE fiber is more
than 3 wt. %. Finally, the catalyst could be added uniformly to
the PTFE fibers. Therefore, catalyst-embedded PTFE fibers can be
used for the removal of nitrogen oxides and dust as raw materials
of the bag filter.
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