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Abstract—The deactivation and thermal regeneration characteristics of a V,05-WO,/TiO, catalyst modified with tita-
nium isopropoxide (TTIP) were investigated after it was applied for 2,400 h at 240 °C in a selective catalytic reduction
(SCR) pilot plant to purify the exhaust gas from an iron ore sintering process in steelworks. Evolved gas analysis/mass
spectrometry (EGA/MS) analysis was adopted to determine the temperature for thermal regeneration, and thermal
treatment was performed at the determined temperature for 3h in a N, atmosphere. The catalysts (Fresh catalyst: N-
Cat, used catalyst: U-Cat, and thermally regenerated catalyst: R-Cat-X (X is thermal regeneration temperature)) were
analyzed by elemental analyzer, X-ray fluorescence (XRE, component analysis), Brunauer-Emmett-Teller (BET, specific
surface area and porosity), scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS, surface
micro-structure and components), X-ray diffraction (XRD, crystalline structure), and Fourier-transform infrared (FT-
IR, surface functional group). Thermal regeneration of catalyst was evaluated by NO, removal efficiency, depending on
the regeneration temperature. It was found that the deactivation of the catalyst occurred due to the reduction of spe-
cific surface area and porosity by ammonium (bi)sulfate (AS or ABS). The NO, removal efficiency of the R-Cat-400
and the R-Cat-500 reached to 98.5% and 99.1%, respectively. Due to the breakdown of AS and ABS during the ther-
mal regeneration, those results were quite similar to those of the N-Cat. Although the NO, removal efficiency of the R-
Cat-500 was higher than that of the R-Cat-400, the temperature for thermal regeneration needs to be determined
under consideration of the emission of high concentration of SO, emitted during thermal regeneration.

Keywords: Selective Catalytic Reduction (SCR), Titanium Oxide, Titanium Isopropoxide (TTIP), Thermal Regeneration,

Ammonium (Bi)Sulfate

INTRODUCTION

Urban environmental pollution brought on by municipal solid
waste, particulate matter, volatile organic compounds (VOCs), NO,,
SO,, and global warming is a severe issue worldwide [1-5]. As a
solution to urban environmental pollution, bio-oil synthesis through
biomass pyrolysis [6-10], bio-hydrogen production via biomass gas-
ification [11-18], bio-diesel synthesis through esterification [19,20],
biofuel production [21-23], carbon sequestration using bio-char
[24], hydrogen production via water splitting [25-27], and treat-
ment of waste plastics [28-30] can be considered.

Fine dust (PM2.5) has been one of the major air pollution prob-
lems in Korea for the past several decades. According to the PM
2.5 measurement results of 35 countries of the Organization for
Economic Cooperation and Development (OECD) announced in
2017, the worldwide average PM 2.5 concentration was 12.5 g/
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m’, while Korea had the highest value of 25.1 pg/m” [31].
According to the “Comprehensive Measures for Fine Dust Man-
agement” jointly announced in 2017, fine dust emissions can be
divided into direct emissions and indirect emissions (secondary
generation). Although fine dust can be removed by using cyclone or
filter [32], indirect emissions refer to the conversion of sulfur oxides
(SO,), nitrogen oxides (NO,), and volatile organic compounds
(VOCs) into fine dust through chemical reactions [33]. In the case
of Korea, indirect emissions accounted for 72% of the total emis-
sions nationwide [34]. The “Comprehensive Fine Dust Manage-
ment Plan’ released in 2019, enhanced the emission standards for
dust, NO,, SO,, ammonia, and hydrogen sulfide, which are the
causes of fine dust, to an average of 30% in accordance with the
severity of domestic fine dust. In particular, it was announced that
air pollution fees for nitrogen oxides will be implemented [35].
NO, is not only a precursor of fine dust, but also a substance
that has harmful effects on the human body and the environment
by acting on acid rain, greenhouse gases, ozone depletion, and pho-
tochemical smog [36,37]. Various technologies have been developed
to remove NO,, but the selective catalytic reduction (SCR) process,
which reduces NO, to N, and H,O by reacting with the reducing
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agent NH; on a catalyst, is the most widely used where a large
amount of NO, is generated [38-43]. The most commercially avail-
able SCR catalyst is V,0s-WO; (MoO5)/TiO,, which has been widely
applied to fossil fuel power plants because of its high activity in the
temperature range of 300-400 °C, N, selectivity, and resistance to
SO, [44-46]. However, there is a limit to the application of the cat-
alyst because it is known that gases released from non-electric sec-
tors, such as steel and cement, have different characteristics from
those of fossil fuel power plants, such as temperature and exhaust
gas composition [47,48].

The steel industry is one of the major domestic emitters of fine
dust, accounting for roughly 40% of total fine dust emissions [49].
Recently, as emission standards have been strengthened, the appli-
cation of the SCR process to steel mills and sintering furnaces has
expanded. The SCR of the sintering furnace at the steelworks is a
tail-end system installed after the particulate matter removal device
and the desulfurization facility. The concentration of SO, and par-
ticulate matter in the exhaust gas is low; but there is a difficulty in
maintaining performance at low temperatures (about 80 to 200 °C)
[50]. At that temperature, the commercial catalyst of V,0s-WO,
(Mo0Q5)/Ti0O, has very low activity, so additional energy must be
input to maintain the reaction temperature at around 280 °C [45,
51]. To solve these problems, the need to develop a low-tempera-
ture SCR catalyst is emerging, but the poisoning problem of the
catalyst is the biggest obstacle to commercializing the low-tem-
perature SCR catalyst [37,47]. In particular, when SO, is included
in the exhaust gas, SO, itself is adsorbed on the catalytic material
and is poisoned. At low temperatures below 250 °C, SO, and H,0
in the exhaust gas react with the reducing agent NH; to produce
NH,HSO, (ammonium bisulfate, ABS) or (NH,),S,0, (ammonium
sulfate, AS) [52,53]. These substances are reported to reduce the
activity of the catalyst by blocking the pores of the catalyst or com-
bining with the active site [51]. Since ABS generally decomposes
at 350 °C or higher, it has been reported that in-situ regeneration
by thermally treating the poisoned catalyst at 350 °C is possible [45].
However, it is reported that the exact decomposition temperature
of ABS is affected by the chemical composition of the catalyst [54],
and thus it is necessary to set the regeneration temperature through
the evaluation of catalyst characteristics.

In this study; a catalyst containing V,05-WO; on TiO, modified
with titanium isopropoxide (TTIP) was prepared and applied to
the steel mill sintering process. Although many studies related to
developing Ce, Mn, and Cu-based SCR catalysts have been con-
ducted, their resistances to sulfur and water poisoning still require
improvement [55-59]. The V,0;-WO,/TiO, composition used in
this study was selected because it is known to show good sulfur-
and water-tolerance. Modification with TTIP was also chosen as a
method to improve the low-temperature activity of the catalyst.
Lee et al. studied the SCR reaction of a vanadium-based catalyst
prepared by modifying TiO, as a support with TTIP [60]. The NO,
removal performance at 240 °C increased by more than 10% at
most due to the change of the support, which also enlarged the
catalysts active site and improved the dispersity of the active mate-
rial. Also, it was reported that the resistance to H,O and SO, in the
exhaust gas was improved with TTIP compared to the previous cat-
alyst. Therefore, in this study, a honeycomb-type V,0,-WO,/TTIP-

modified TiO, catalyst was prepared and applied for 2,400 hours at
240 °C in the SCR process at the rear end of the steelworks sinter-
ing furnace. The poisoned catalyst was carefully characterized to
reveal the main cause of the catalyst degradation during the long-
term SCR. Furthermore, in-situ thermal regeneration methods for
a commercial application were evaluated by analyzing the thermal
decomposition behaviors of the catalyst.

EXPERIMENTAL PROCEDURE

1. Catalyst Preparation

The SCR catalyst for steel mill sintering furnace application was
manufactured by extrusion molding in the form of honeycomb
based on the V,05-WO,/TiO, composition. Ammonjum vanadate
(AMV, NANO Co.) and ammonium metatungstate (AMT, NANO
Co.), which are catalytic components, were dissolved in monoeth-
anolamine (MEA, NANO Co.) and distilled water, and sufficiently
ionized. A catalyst composite was prepared by adding it to a solu-
tion of titanium (IV) isopropoxide (TTIP, Alfa Aesar) separately
dispersed in distilled water, followed by additional stirring. Then,
TiO, (NANO Co.), organic/inorganic binders, and surfactants were
placed into an open kneader. After moderately evaporating mois-
ture in an open kneader at 80 °C, the clay was mixed at 60 °C for
8h, and vacuum treatment was performed to minimize pores inside
the clay. The vacuum-treated clay was extruded in a honeycomb
form using a vacuum extrusion molding machine, maintained at
room temperature for 24 hours, and then dried in a constant tem-
perature and humidity chamber at 80 °C for 24 hours. A honey-
comb type V,05-WO,/TTIP modified TiO, catalyst was prepared
by calcinating twice at 350-420 °C. This fresh catalyst sample was
denoted as N-Cat.

The prepared catalyst was installed in the SCR pilot plant where
the exhaust gas from the sintering furnace of the steel mill was intro-
duced and applied at 240 °C for 2,400 h. The space velocity applied
to the site was 4,444 h™, and the exhaust gas composition of the site
is shown in Table 1. After the experiment, the catalyst applied to
the sintering furnace of the steel mill was denoted as U-Cat.

2. Thermal Regeneration

The decomposition temperature of catalyst poisoning compo-
nents was analyzed by evolved gas analysis/mass spectrometry (EGA/
MS). For analysis, a pyrolyzer (EGA/Py-3030D, Frontier Lab.) con-
nected to GC/MS (7890A/5975, Agilent) was used. After 10 mg of
the catalyst was loaded into the pyrolyzer, it was heated from 100°C
to 800 °C at a rate of 20 °C/min, and the gas generated as the tem-
perature increased was analyzed with a mass spectrometer. The
components of the generated gas were analyzed by referring to the
National Institute of Standards and Technology (NIST) library 08.
After the thermal regeneration temperature was selected based on
the results of EGA/MS, N, gas was flowed at a face velocity of 10
m/h, and thermal regeneration was performed for three hours at

Table 1. Composition of exhaust gas emitted from the sintering
process

Gas composition NO, SO, CO CO, HO O,
150-220 30-50 1% 5% 10% 15%

Concentration
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Fig. 1. Results of evolved gas analysis/mass spectrometry (EGA/MS) analysis for the U-Cat.

each temperature. The thermally regenerated catalyst was denoted
as R-Cat-X, and X represents the thermal regeneration temperature.
3. Catalytic Activity Measurement

The performance of the catalyst was measured in a micro reac-
tor by applying the round-robin test conditions of the VGB Guide-
line. The gas composition for catalytic performance evaluation before
and after application to steelworks was NO, 300 ppm, SO, 300
ppm, NH; 300 ppm, O, 5%, and H,O 10%. When evaluating the
NO, removal efficiency, an area velocity of 10 m/h and a tempera-
ture of 240 °C were applied. The gas concentration after the reac-
tion was analyzed using a NO, analyzer (T200H, Teledyne), SO,
analyzer (T100H, Teledyne), O, analyzer (OXITEC-5000, ENO-
TECH), and NH; analyzer (Airwell+7, KINSCO). The NO, removal
efficiency was calculated by applying the formula below:

NOY-NO
in

NO, removal efficiency (%)= %100

4. Catalyst Characterization

To evaluate the characteristics of each catalyst, elemental analy-
sis, component analysis, specific surface area and pore characteris-
tics, micro-surface shape and components, and surface functional
groups were analyzed. Using an elemental analyzer, elements includ-
ing C, H, N, and S were examined to learn more about the ele-
mental characteristics of the catalyst (2400 Series II, PerkinElmer).
The chemical composition was analyzed by X-ray fluorescence
(XRF), ZSX Primus IV, Rigaku. The specific surface area and pore
characteristics of the catalyst were analyzed using N, adsorption-
desorption (3 Flex, Micromeritics) after pretreatment in a vacuum
atmosphere at 150 °C. Microsurface morphology and components
were analyzed with scanning electron microscopy (SEM, MIRA 3
XMU, TESCAN) and energy dispersive X-ray spectrometer (EDS,
X-act, OXFORD) equipment connected to SEM. The change in
crystal phase structure of the catalyst was analyzed by X-ray dif-
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fraction (XRD, X’pert PRO, Panalytical). The XRD analysis was
performed under Cu Ke radiation, 26=10-90° conditions. Surface
functional groups were analyzed by FT-IR (VERTEX 70, Bruker)
after preparing a disk form by mixing pulverized catalyst powder
with KBr. Wavenumber range at this time was analyzed under 4,000-
400 cm™" with 4 cm™ resolution.

RESULTS AND DISCUSSION

1. Thermal Regeneration

The components of the gas created by the catalyst were tested
according to temperature using EGA/MS, and the findings are
given in Fig. 1 in order to calculate the thermal regeneration tem-
perature of the catalyst used in the sintering furnace in steelworks.
For SO,, m/z=64 and 48, for H,O, m/z=18, and for H,O or NH,,
m/z=17. The results showed that H,0O and NH; decomposed at a
low temperature of less than 200 °C, whereas SO, started decom-
position at about 350 °C and formed the highest peak at 425 °C.
This SO, evolution peak implied the desorption of adsorbed SO,
or decomposition of ammonium (bi)sulfates (ABS). Based on these
EGA/MS results, the catalysts applied to the steelworks sintering
furnace were thermally regenerated at 300, 400, and 500 °C for three
hours, respectively, and then the deNO, performance and charac-
teristic changes were examined.
2. Catalytic Performance

Fig. 2 shows the NO, removal performance of the catalyst before
and after application to the steel mill sintering furnace and the regen-
erated catalyst by thermal regeneration temperature. The deNO,
efficiency of the N-Cat was 93.8%, but the performance of the cat-
alyst after 2,400 hours of application in the steelworks was about
65%, which was analyzed to reduce the efficiency by about 30.7%
compared to the new catalyst. For the effect of the thermal regen-
eration temperature, the deNO, efficiency of the catalyst thermally
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Fig. 2. NO, removal efficiency of the catalysts.

regenerated at 300 °C was 68.5%, showing little improvement in
efficiency after thermal regeneration. On the other hand, as the ther-
mal regeneration temperature increased, the deNO, efficiency of
the catalyst increased to 92.4% in the R-Cat-400 and 93.0% in the
R-Cat-500, and it was evaluated that the performance was restored
to a performance similar to that of the fresh catalyst. A number of
studies on the regeneration of SCR catalysts applied to coal- or bio-
mass-fired power plants have been reported [36,61,62]. According
to these reports, the catalysts were poisoned by various materials,
such as alkali and alkaline earth metals (Ca, Na, and K), heavy met-
als (As and Pb), Cl, and B, as well as AS/ABS. Off-site regenera-
tion methods, such as solution washing, have been widely used to
regenerate the poisoned catalysts. However, these methods require
additional process and significant operating cost. Recently, in order
to solve this problem, in-situ regeneration methods using high-
temperature steam were applied and reported [63]. It is well known

Table 2. Elemental and chemical composition of the catalysts
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Fig. 3. SO, emission concentration by the thermal regeneration tem-
perature.

that high-temperature steam regeneration can effectively remove
water-soluble elements like K, As, Fe, Ca, and Na in addition to
sulfate species. As shown in Fig. 2, the thermal regeneration was
able to fully restore the catalytic performance of the V,0,-WO,/
TTIP-modified TiO, catalyst that had been harmed by the exhaust
from the sintering of iron ore.

Fig. 3 shows the result of measuring the concentration of SO,
emitted during thermal regeneration. At 400 °C thermal regenera-
tion, the maximum SO, concentration was about 700 ppm, while
at 500 °C it was analyzed to be about 3,000 ppm, indicating that
the SO, emission concentration increased as the thermal regenera-
tion temperature increased. According to this result, ABS decom-
position and SO, desorption were facilitated when the thermal
regeneration temperature was increased to 500 °C. Although a larger
amount of SO, could be emitted during thermal regeneration at

Element N-Cat U-Cat R-Cat-300 R-Cat-400 R-Cat-500
C 0.03 0.04 0.02 0.03 0.00
Cfﬁ;z?:;ln H 025 0.70 042 026 022
N 0.06 0.30 025 0.08 0.04
(wt%)
S 032 1.85 1.77 1.02 023
TiO, 79.9 76.3 75.6 77.2 79.4
V,0, 458 414 433 448 445
WO, 212 1.87 192 1.98 2.05
Sio, 7.28 7.52 7.73 7.63 7.41
, ALO, 228 222 230 230 221
Chemical Ca0 1.69 175 172 171 1.69
composition
(%) Na,O 0.062 0.085 0.116 0.101 0.099
MgO 0258 0267 0.265 0257 0259
P,0. 0.052 0.078 0.082 0.084 0.085
SO, 0.816 513 513 346 1.33
K,0 0.105 0.101 0.109 0.109 0.114
Fe,O, 0359 0.360 0372 0.387 0.399

Korean J. Chem. Eng.(Vol. 40, No. 4)
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Table 3. Specific surface area and porosity of the catalysts

N-Cat U-Cat R-Cat-300 R-Cat-400 R-Cat-500
BET surface area (m’/g) 55 52 52 54 57
Total pore volume (cm’/ 2) 0.25 0.23 0.24 0.25 0.26
Average pore diameter (nm) 18.2 17.9 184 18.5 18.4
Table 4. Surface chemical composition of the catalysts analyzed by XRF
Element N-Cat U-Cat R-Cat-300 R-Cat-400 R-Cat-500
C 3.73 3.71 3.88 3.99 4.63
Chemical O 48.68 50.02 48.37 47.13 48.18
Comeglslizon i 159 1.90 150 133 1.60
( Vlit " s 0.32 1.95 1.98 0.95 0.46
Ti 43.00 39.54 41.75 44.39 42.77
A\ 2.68 2.25 2.52 2.20 2.35

500 °C, there is no significant difference in the NO, removal per-
formance between the R-Cat-400 and R-Cat-500 catalysts (Fig. 2).
Therefore, it should be taken into account that selecting a suitable
regeneration temperature is vital in terms of energy usage and envi-
ronmental impact.

3. Catalyst Surface Characteristics

Table 2 shows the results of elemental analysis and chemical com-
position analysis of the catalyst before and after application to the
steelworks sintering furnace and the regeneration catalyst by ther-
mal regeneration temperature. For the U-Cat applied to the steel-
works sintering furnace for 2,400 hours, it was analyzed that the
concentrations of N and S increased significantly compared to the
new catalyst, and the concentration of H also increased, suggest-
ing that poisoning by substances containing N, S, and H occurred.
R-Cat-500 demonstrated outcomes comparable to those of the
fresh catalyst (N-Cat) as the element concentration gradually de-
creased as the thermal regeneration temperature increased.

XRF analysis showed that there was no change in the main
components of the catalyst (TiO,, V,0s, and WO;) after applica-
tion to the steelworks sintering furnace exhaust, and the poison-
ing effect by alkali and alkaline earth metal substances, such as Na,
K, Ca, and Mg, was not insignificant. Since the sintering exhaust
did not contain alkali/alkaline earth metals, it was apparent that
the poisoned SCR catalyst could be sufficiently regenerated by
thermal regeneration only. However, elemental analysis revealed
that the SO, content increased by over six times, indicating that
poisoning by sulfur-containing compounds did indeed occur. In
terms of the effect of thermal regeneration temperature, the S(SO)
concentration in the R-Cat-300 was nearly identical to that of the
U-Cat, so thermal regeneration at the corresponding temperature
had no significant effect on the decrease in S concentration. On
the other hand, as the thermal regeneration temperature increased,
the S(SO;) content in the catalyst tended to decrease.

Table 3 shows the specific surface area and pore characteristics.
It was analyzed that the specific surface area, total pore volume,
and average pore size of the catalyst were slightly reduced com-
pared to the N-Cat. Shi et al. explained that the total pore volume
of a catalyst is related to the specific surface area, and that the
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reduction in the total pore volume of the catalyst used is due to
clogging of some pores, which also reduces the specific surface
area [64]. Thus, it is determined that the specific surface area and
pore volume are reduced due to the clogging of the pores of the
catalyst by the poisoning substance.

For the specific surface area and pore characteristics of the cata-
lyst for each thermal regeneration temperature, recovery of the
specific surface area was hardly observed in the R-Cat-300. On the
other hand, when the thermal regeneration temperature increased
to 400 °C, the specific surface area increased to 98.7% compared
to the new catalyst, and when increased to 500 °C, the specific sur-
face area and pore characteristics were recovered to the level of the
fresh catalyst.

Fig. 4 summarizes the SEM and EDS mapping results for each
catalyst type, and Table 4 displays the EDS measurement results.
The temperature of the SCR applied to the steelworks’ sintering
furnace was 240 °C, which was not a high operating temperature,
and thus it was found that there was no significant change in the
catalyst surface itself. In the XRD analysis of Fig. 6, the main crys-
tal structure was determined to be TiO, anatase (20=25.3, 37.8,
48.0, 53.9, 55.10) [65,66], and it was believed that there was no
change in the crystal structure.

As a result of the EDS measurement in Table 4, the S content
increased significantly after the application of the steelworks sin-
tering furnace, and the distribution map by mapping also showed
that the S distribution on the catalyst surface increased, indicating
that poisoning by S-containing materials occurred. Looking at the
results according to the thermal regeneration temperature, the S
content gradually decreased as the thermal regeneration tempera-
ture increased, in the same manner as the elemental analysis and
XREF results, and the distribution of S on the catalyst surface also
decreased in the mapping result. Thus, it is clear that when the
thermal regeneration temperature rose, the rate of disintegration
and removal of the S-containing substance poisoning the catalyst
surface increased.

Fig. 5 shows the results of crystal phase analysis by catalyst type.
It was analyzed that TiO, anatase was maintained in the crystal phase
structure of the catalyst even after thermal regeneration. This led
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SEM HV: 100KV
SEM MAG: 5.00 kx

Fig. 4. Scanning electron microscopy (SEM) image and energy dis-
persive X-ray spectroscopy (EDS) mapping results of (a) N-
Cat, (b) U-Cat, (c) R-Cat-300, (d) R-Cat-400, and (e¢) R-Cat-
500.

to the conclusion that the catalyst renewal process can be carried
out at temperatures of up to 500 °C.

Fig. 6 shows the FT-IR analysis results for each type of catalyst.
After applying the steel mill sintering furnace, it was found that
the FT-IR peaks increased at about 980 cm™, 1,050 cm™, and 1,400
cm'. These findings are consistent with those in earlier works,
and Cimino et al. explained that 1,050 cm™" is the result of TiO,
sulfation [67]. In addition, it was explained that the 1,400 cm™’
band detected in the sulfated V,0,/TiO, catalyst was caused by the

—— N-Cat.
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—— R-Cat.-300
—— R-Cat.-500

Intensity (A.U.)

20 40 60 80
2 theta

Fig. 5. X-ray diffraction (XRD) patterns of the catalysts.
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Fig. 6. Fourier transform-infrared (FT-IR) spectra of the catalysts.

asymmetric bending vibration of NH;. Guo et al. reported that
the formation of SO; NH; bands on the catalyst surface after the
SO, resistance reaction was caused by ammonium (bi)sulfate de-
position on the catalyst surface [47]. Through the previous ele-
mental and component analysis results, it was believed that the
activity of the catalyst was reduced by ammonium (bi)sulfate deposi-
tion formed on the catalyst applied to the steelworks sintering fur-
nace as the N, H, and S content increased.

In addition, peaks such as 1,050 cm™" and 1,400 cm™" decreased
as the thermal regeneration temperature increased, and in Fig. 2,
the NO, removal efficiency recovered to the level of the new cata-
lyst at a thermal regeneration temperature of 400 °C or higher.
Wang et al. explained that when the poisoned V/W/Ti catalyst was
thermally regenerated at 400 °C, the SCR catalyst activity was im-
proved to the level of a new catalyst because the main reason for
the deactivation of the catalyst was the formation of ammonium
bisulfate or ammonium sulfate [68,69]. Specifically, it was hypoth-
esized in this work that As and ABS, which contaminated the cat-
alyst by thermal regeneration, were broken down, allowing the

Korean J. Chem. Eng.(Vol. 40, No. 4)
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catalytic performance to be recovered.
CONCLUSION

A sulfur- and water-tolerant V,05-WO,/TiO,-based SCR catalyst
was prepared by modification with titanium isopropoxide (TTIP).
This catalyst was applied to the removal of NO, in iron ore sinter-
ing process exhaust and its long-term degradation characteristics
was investigated. Thermal regeneration behavior was also exam-
ined to consider in-situ regeneration of catalyst. It was found that
the main cause of the performance degradation of TTIP-modi-
fied TiO, catalyst was the decrease of surface area and pore vol-
ume resulting from the formation of ammonium (bi)sulfates (AS
and ABS), which are poisonous substances. As the thermal regen-
eration temperature increased from 300 to 500 °C, the removal
rate of the AS and ABS was improved, and the recovery rate of the
specific surface area and pore characteristics of the catalyst also
increased accordingly. As a result, compared to the fresh catalyst,
the catalyst performance improved by 98.5% for R-Cat-400 and
99.1% for R-Cat-500, respectively. It is believed that the problem of
exceeding the acceptable emission concentration may arise when
applied to the industrial field because when the thermal regenera-
tion temperature grows, the concentration of SO, produced by the
breakdown of AS and ABS increases. Examining long-term ther-
mal regeneration experiments at a temperature where SO, starts to
be decomposed and released for each catalyst is important to con-
trol large concentrations of SO, from being emitted. Therefore,
considering those points, future studies should focus on the recov-
ery of the performance of the sulfur-poisoned catalyst with regen-
eration temperature and time.
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