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O AMN0) = 6t 2A7IA F StuE ol4tslE4(CO»)9 310He] siE st A2 SRS (global warming
potential, GWP)E LEFH o] N,OE A 7ote A2 DA o)), AP & Z o8- ¥ (selective catalytic reduction, SCR)- T 7]
2. B9 51l NOx2] AIAE 8 Y otE TUAZ Agste] £33t N, 2 H,0Z Hst= 7«2 g2 9dag
S YEhdt} 2 A TFo] A= NH;-SCREFHZO A A8 22| H Fe-BEA £1fj7} &4Jo] 0] X S £A1517] Y5}o] Fe-BEA
= Feg ol 2 8s7] A, 17835 ¥H-E7]1 2 100 TollA 2 h 5 A" A HUoh A|2H S99 NH;-SCREHS H|AE
L A= U8 7|2 WHSV =180 h'!, 370 ~ 400 T A 428 =]9it}. 100 Col|A] A8 X = Fe-BEA(100) &1 7} 370 ~ 390
CollA| Fe-BEA ZvH ot Tha 2 24J& U Qlt} NH3-SCR 2/ T = Ul motstr] fsto] Alxd v
L BET, ICP, NHs-TPD, H,-TPR, Al MAS NMR-& E35t0o] EAHEA =9t} H-TPRETE 55 Fe-BEA(100) Zujj7}
Fe-BEA £1 Hr}isolated Fe' 2] g-lo] T o] dojut AL aelsti o], A 2] B4 %< isolated Fe'' o] 42 &
o] &/go] F7Ist Ao = HekE T

FHIOf : ol A e 2] S ke, HeR Al 20| E, Fe-BEA, 28 #]2], N,OA %

Abstract : Nitrous oxide (N,0) is one of the six greenhouse gases, and it is essential to reduce N>O by showing a global warming
potential (GWP) equivalent to 310 times that of carbon dioxide (CO,). Selective catalytic reduction (SCR) is a technology that
converts ammonia into harmless N, and H,O by using ammonia as a reducing agent to remove NOx, one of the air pollutants; the
process also produces high denitrification efficiency. In this study, the Fe-BEA catalyst was steam-treated at 100 C for 2 h before
Fe ion exchange in the fixed bed reactor in order to investigate the effect of the steam-treated Fe-BEA catalyst on the NH3-SCR
reaction. NH3-SCR reaction test of synthesized catalysts was performed at WHSV = 180 h', 370 to 400 ‘C in the fixed bed
reactor. The Fe-BEA(100) catalyst steam-treated at 100 C showed a somewhat higher activity than the Fe-BEA catalyst at 370 to
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390 C. The catalysts were characterized by BET, ICP, NH3-TPD, H,-TPR, and 2"A1 MAS NMR in order to determine the cause
affecting NH3-SCR activity. The H,-TPR result confirmed that the Fe-BEA(100) catalyst had a higher reduction of isolated Fe**
than the Fe-BEA catalyst, and that the steam treatment increased the amount of isolated F ¢®" as an active species, thus increasing

the activity.
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ALABEE(NOX)Z A= 59 da/dio] 4AsteHA 44
H= fuel NOx@F 571 59 E47F 1000 T o] 49| 204
APSHEIHA] /A== thermal NOx 508 E75 52} HY
717vA, ] SolA FE DA ET A4S NO,
NO,, N;O, N,O; 59 Fe|2 £A5hH, o]3t AMAISHES
e ARTOE doyn o|& Qs AMIHIE BAsH = &
1], AAARFEL CO,9) 310 Hijo] diFsl= 24a7E 7}
A glom ER A4 ARLES 7Y StolA EEAHoRE
EYE o] 1509 F<F 7o ZhRshs Ao = d=A UH2]
oM AMN0) = 20l 71533} Fofo] H&AAQ nE
O] A (Kyoto Protocol)oflA F4H 6t ZA7kA0] sgsh=
OJAFS} &4~ (COy), HIEH(CH.), OMESHIAMN,0), FaEsieta
(HFCs), TH=3}8H4(PFCs), SE5318H(SFs) 59 shol7] d&
o N,O AA= F52 ol 2].

NOE Agdh= 7I&gols S &30 (catalytic decomposition),
& E-3] ¥ (thermal decomposition), A E}Z] Zoff S-H(selective
catalytic reduction, SCR) ¥ FA| A7 T4 5o] A}H3-6]. 1L
T AgA S} FdH(SCR)Z N,OF dEYot A9 &
ufj7]gk Stof] ot Noot H,OR Agkst= 7|eolth =2 24
TE&E U, fAES 9 30| golsith= o3 e
2 Qs dA7IA] ALE 7& F 7P xR 71e=A AlA
oz ofu] 483t Fjof tjoret SALOH 7HEH T AT
S == vanadiumd} zeolite A B2] 17} 7 ] AMEH
I low, 7 F Fe o]20] w¥HH zeolite 07} 43t 5
£ 71 Eujg2 T2 J17) B E o] QIt}[7,8]. Mauvezin et
al. [912 MFI, FAU, BEA, MOR 5-9] t}Fst zeolite BA|A| O]
FeE o|2n st AXl SUE& ol&sto] 42 Fysiy
1% Fe-BEA 37} 714 95 NOAA 458 ekt
3 B35k 0™ zeolite BEAO] A® A2 & Feg o|21%t
Al#A Fe-BEA EM& A2 T 3¢ 40| S71eth= d+2
34E WEHT P A8 Hel7h FeBEA S9] FA4o
oM GFE FE Ao hAAL ASHA AT g
.

£ ATo|AL A8 Aels Fe-BEAZH NH,-SCR 41504
34 2710] gk U2lo] HoeIA] stetelast sielct. o
2}A] zeolite BEAZ A3 100 CojlA] 2 h 59t A" A&
3 7 FeZ o|2WHAA Fe-BEA S8 Ax5iH oM, T4
HAES SRS 55 A€ AT FeBEA Zul7} 24

B7el WA A9 Wl 9wtk

=13
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2.1. SOIHIZ

Fe-BEA ZUll&= zeolite BEAY] FeS o]-2n3ks}7] Aof AH
A & AZsIYETE 2173 1 inch, Y7 0.87 inch AH| QA
2930 H4(mesh)= H gl Z|A5Fo] 10 g9 zeolite BEA
£ AJstAt w3710 1 L min'2] N,E S50 & Ho
T #lE s|FH | xR 7tEste] 5%2 A”S EEFo
100 CollA 2 h B9t A8 AYstgch A9 A2 zeolite
BEA:= o] 2w 3Hd, 2 Lo /S-S ol&sto] AlHstalon,
A& 3 80 TolAl 12 h Bt AX AAFAL. AXRH zeolite
BEAE 02 M 5%E9] Fe(NOs);-9H,0 oA 8l 25
80 CE [FAIAATH 24 h 5+ WHIsto] o] 2w A|AEQL
o BHIAES AA sto] doj AMEE pH 70] E w7hA]
AlFsta 100 CAlA 12 h 5t AR AIAFIH. x5k
ojZ oh--H+= nitrate®] FolES A|ABH7] fI5t9] 600 T
T7] E471014 5 h <t &35kt 100 CTolA A8 A
St zeolite BEAX= zeolite BEA(100)2.2 HH35}9 0™, zeolite
BEA(100)E Fe o] 2183t £ujE Fe-BEA(100) 2.2 g5t
ATk

2.2. NH;-SCR BISAIS]
NH;-SCREHS: B|AE= 145 ¥HE7|E ©]8-513 21, 370
- 400 9 LEHIH SBEA YAhe WA Y T 2
Hste] A= B 150 ~ 300 pm 27]9] YRS AFR5HY 0T
1/4 inch A 9g3}of quartz woolZ A Z|5}] 0.05 g& A USIA
ok BFS7IAlE ¥EE71Y] AROlA FUEC] SHER HiEE
of Fujg B4 B2 FANAT. Zu) WL FPalv]
A, &JE Ffoll N, 100 sceme E2FH A204 350 C
75 C min'e.2 S2A7)8 WA stk W Shas
3000 ppm N,O%}F 3000 ppm NH:Z AFE3HE.0. 1, N, 99.99%
9] 7kAF ©]8319] N,O 600 ppm, NH; 600 ppmO= 3|45}
of ¥-g7lo] HFste] Ful FAT ST (weight hourly
space velocity, WHSV)Z 180 h'& 1 A3}t #9187 &
@9l 7tA AL T8 EAAH|(N,O gas analyzer, G200,
Geotech)S ©o]-&3d}o] EA3}tt. N0 Z2EL Equation
()3} o] A4tstict.
[]Vz O]"nlet B [jvz 0]outlet

1

x100(%) (1)

inlet



2.3. 5824

Zuj9] H®EHE, 7]527] ¥ 7]5F0= BET (brunauer
emmett teller, micromeritics ASAP 2010)& A&} 200 Tof
A 4 h B9t AAE] St B, -196 CAA DA 52 A s =4
oto] Y=t H-TPR (temperature programmed reduction)
£42 BEL CAT B (BEL Japan, Inc.) FH|E o]&35}3 00,
10 vol.% Hy/ArZ9]7]2 4204 800 744 5 C min' &
58 A7HA Zuvt BUSE EE Z4otAc Sohe] AL
HEAL2 NH;-TPD (temperature programmed desorption) 4]
2 BEL CAT B (BEL Japan, Inc.) AH|& AR&ste] A%
o Z0j2 AHs] glste] Zuivk 2R A 5 T min'
o= A2oA 600 T7HA] S-2AFH . A2 o] FaH
3 600 CoJA] TCD (thermal conductivity detector)”} 2+ 35}=]
W 100 T2 255 B3 YHYOFE 20 min 37t Z3{FH
Fujof] S&3] F2HE 4 AL ST YEYol 2 ¥ He
< &5 S 290 29 & dEYors AlASL
ol% Zj7} FYH AL 5 C min' 22 750 T7HA] H-2A17
W @AEL gRUolE TCDE AMgstel A&siaict Sui
%42 ICP-OES (inductively coupled plasma optical emission
spectrometer, OPTIMA 8300DV, PerkinElmer)S 53f £4 %3]
. Eufe] GRulEo] 515hA APAEE Gobrr] fiste] YAl
MAS NMR (magic-angle-spinning nuclear magnetic resonance,
400 MHz 54 mm NMR DD2, Agilent) £40] 3=},

3. 20y 2y

3.1. NH;-SCR gISAIS

Figure 1] A28 %9k59) N.09) NHy-SCR ¥Hg2 ¢
NO HEHES UERRSITh 370 ~ 390 T 2% Qo4 2
A2 gt Fe-BEA(100) Z1j7}F 2 2ol ofYA|qt H] A &2
S Uetdie ZAo® I 370 TolA = W40l
Fe-BEA Zul|9} Fe-BEA(100) £1[9] WF-3-40o] 1% AL *}o]
o 380 C, 390 CoJAL Fe-BEA Z1]9} Fe-BEA(100) &
ulo] Aol 2% A% Aol s AL & 4 Uk 2
NHo-SCR ol ¥174] 2 Ajolg LehjiAlt erokalet, 2
g AFof o5 ouTt JFo= BAoA AolE HEREA]
gRlstz] ffsto] gt S84 A=t

3.2. E4EY

Table 1= A 29 Zuj9] BET 235 UEH ATt Zeolite

Table 1. BET analysis result of zeolite BEA and Fe-BEA catalysts
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Figure 1. Comparison of the N>,O conversion performance of
Fe-BEA catalysts.
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Figure 2. H,-TPR patterns of Fe-BEA catalysts.

BEA(100)2] EHZAL 496 m®> g' O =& zeolite BEAS] 553 m?
g'ith Zyzo] ol AL & 5 e §hE zeolite
BEA(100)9] 7] Z7]& 56 ACRE zeolite BEAS] 7]% A7)
50 A Hop 371t A& & 5 Ak 718 Re & AolE
UeRA] Qkokth. Feg o] 2183t Fe-BEA 1] WA
535 m® g, Fe-BEA(100) &M 531 m? g'o & Uehon &
gHos 58t ¢S UEHA g AR oA
Fed] SHlE= H=E &QIsh] fI5t] H-TPR 42
gotlom 1 AE Figure 20 YERHITE Hy £917]91A
255 Z7H7I9 3 "R Z UEHs 313 isolated Fe''o] &
Ax= g=Zo] st F ¥R Yehds DdEs Fe,057)

Catalyst Surfa;:e {}rea Pore \3/011_1]me Pore Diameter
(m” g7) (em” g7) (&)
zeolite BEA 553 0.69 50
zeolite BEA(100) 496 0.70 56
Fe-BEA 535 0.74 55
Fe-BEA(100) 531 0.74 55
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Table 2. ICP analysis result of zeolite BEA and Fe-BEA catalysts

Catalyst [wSt‘iA) ] [\Q{; 1 [vft;)] Si/Al mole ratio
zeolite BEA 17.45 291 - 5.76
zeolite BEA(100) 17.32 2.88 - 577
Fe-BEA 20.53 1.73 6.19 11.39
Fe-BEA(100) 21.56 1.80 597 11.50
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Figure 3. NH;-TPD patterns of zeolite BEA and Fe-BEA catalysts.

Fe;0,2 ghelsl= 3|30 sgatei8]. A" A2|H Fe-BEA(100)
Sl oF 395 T FHNAM A HA w2E YER I oH, 464

TIGoA & WA 135 YehfiQch. Zhang et al. [8]=
isolated Fe’'o] NH; 2 N,OZ 3HA]7]= Hhgof| A o] EAE 0

Z isolated Fe''o] W42 2 TS ey
o 5% ¥ MES ol SFSUSolx ESh
Fe-BEA(100) &1}j7} A PO =2 isolated Fe* I} Fe,0;2 T
o] {5kl glo] @2 ¥ Felo] dojy=AS ¢ &
o =2 2204 Yehd Al 914 134 Fe;0,0] FeOR 2
T 13 Fe-BEA 19} Fe-BEA(100) Z1 9] $-U4 2jo]
o TS FA4 g= Ao BIHT10].

Table 20= 9] ICP 2= YENHOH Al Si, Feg &
FH oz BEAFIYTE Zeolite BEAS] Al $HFS 291 wt%,
zeolite BEA(100)9] Al THFS 2.88 wi%® #3317t #A9] Q1A
9t FeE o] 21go]| 3t wha} Al9] 3=F2 Fe-BEA 1.73 wt%,
Fe-BEA(100) 1.80 wt%E 7+A 3t A0 & Hol Fe& ol2uwdt
Shls A9 29FrEe] dojus AS ¢ & A

9] 4 A4S 918 NH:-TPD 24

=

o]of
AR IR
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Figure 4. A1 MAS NMR spectra of zeolite BEA and Fe-BEA
catalysts.

ZAIE Figure 30| LEFH AT Maier et al. [11]12 ¢Zof 93
3} 1 37} Bronsted acid site2 QFARE O] g5, Holl YA
St 3]3%= Lewis aicd site2 73FAPE0] sfgstctal B 15H9ct.
FeZ o] wds}l7] 9] zeolite BEASQ} zeolite BEA(100)2] Ak
o] ofo] B A0 R FIFo, Fe 0] LmF Fol A

o] o] At} oA B S0l AS gl T
U EZ Feg ol2u o Fule2 ofiby oA

NH; 22 227} 2ol A& gl & 4= ek

Table 39= NH;-TPD “1#{ 5 o]-§5to] 4H o] 2 A4
5to] YERHRTE. Zeolite BEAS] & AHH 9] F2 0.113 mmol
'8 Ve o zeolite BEA(100)2 0.106 mmol g' O 2 & At
ol ta ARt AS & 4 Uth Feg 0|20 e Ao H
& Ao & oF 128 F= 4SO, Fe-BEA S}
Fe-BEA(100) 2] & AHH 9] Aol A9 YehtA] Aitt.

Figure 49]%= Al MAS NMR 232 Vg9l on Al 9#+
TR x4 WskE gQlsty] fIste] 435k 40 ~ 65
ppm F-9] W= 4UA Al°]| sjFshe T AE SJulst, 20

Table 3. Concentration of acid sites (mmol g) in zeolite BEA and Fe-BEA catalysts

Total acid sites

Weak acid sites Strong acid sites

Catalyst (mmol g™ (mmol g™) (mmol g™
zeolite BEA 0.113 0.051 0.062
zeolite BEA(100) 0.106 0.050 0.056
Fe-BEA 0.065 0.033 0.031
Fe-BEA(100) 0.060 0.029 0.031
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Figure 5. Location of the T-sites in the lattice of zeolite BEA.

ppm 2e] WL §AA Alo] Sl WAE o] w
[11,12]. Zeolite BEAS] 40 ~ 65 ppm F=2] I I+ 20 ppm &
<o HIEG 2 A & 5 U=t o= 4HA Ale] 8HA|
Al B2 2S & 5 glom, 48A1E & o] Q= A=
g9l & 4= 2t} Zeolite BEAS} zeolite BEA(100)2] T 7.9] A
7l 3A AoIUA] 9= Ao ® SlHET. I3 Feg o2
WSt Fe-BEAZ T 9} Fe-BEA(100) 1|2 4HA] Alof| sigs
= Y3 AI7I7F A A 7 AR Hof o]l YR u|E
ol dojub= AR THHETH13,14].

Figure 5]+ zeolite BEAS] FZE& LEFQITH15]. Baran et
al. [12]9] &3] WEW 54 ppm T1, T2 AlO|E o]m 57
ppm T3-T9 AlO|EE oJu|stt}. Maier et al. [11]12 AF A
7} T3-T9 AC|EQ] BURrES Yo7|H TIH T2 AlJE
o] dLRHES FojuA| Y=thal F5HATt TR Maier
etal [11}& 28 42 SHHL 29 T3T9 Ao|Eo]Hut T
30| Qofth A0 Hop TIz} T2 Ajo|E7} whg ey
sheha stlct

4.2 E

E AFoAE NHi:-SCR ¥H3oA A® XE|H Fe-BEA
Zuj7} Aol nAe FFS RABH] fleto] Fe-BEA &
W FeE o]2nw3str] A, 5% AFOE 100 CoA 2h &
oF A8 A2 =r}. NH:-SCR §HS HIAEL WHSV = 180
h', 370 ~ 400 CollA] SF=|glom, 100 ColA 28 A
Fe-BEA(100) Z1j7} 370 ~ 390 CollA] Fe-BEA ZujHr} thA
=2 42 YeMQIth NH:-SCRO B0 J3k F= 9l
< "ofsly] ste] Ax® == BET, ICP, NH;:-TPD,
H,-TPR, YAl MAS NMRZ E3t0] EAEA =HQlct B EH
2, 715 51 @ 3719} 2 B8l JF YEGA 2ok
o, ICP ATHE 53 Fe ol2wgho 2 QI3 gdFulko] &
ol AL FARISHF I Al MAS NMR £4& Falo] 44
AFulEoA ggFulEo] dojt AL Hr} ZA3] Eelst
9th. H,-TPR Z1}Z £ Fe-BEA(100) £17} Fe-BEA 1|

NH;-SCR 0]l 4] 28 2] 5 zeolite BEAZ1 2] 9F 149

Hr} isolated Fe'"9] ghdo] o o] dojt AL FIstAL
o, B oA o] IA Aol= x| PR 28 A
2 Q3] BAF2 isolated Fe''o] F& E&Fo] FAo] tha
Z7hle Zo& oA,

o] =2 AR FESATY AYor =+
© AFY(No. 2020R1A2C1009149).
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