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ORI AMNO)= 6l 2A7FA F stz o|4teleh4ax(CO,)9| 31080 sigste AlF2d3FA5(global warming
potential, GWP)E UEIH o] N;OE Aot AL F4A oot A8 Zulj & (selective catalytic reduction, SCR) T 7]
2. B9 51l NOx2] AIAE 8l Y otE TUAZ AHgste] £33t N, 2 H,0Z Hst= 7«2 g2 9dag
S YEhdt} 2 o TFo]| A= NH;-SCREFHZO A A8 22| H Fe-BEA Z1fj7} &4Jf 0] X S £A1517] Y5}o] Fe-BEA
S = Feg ol 20 8s7] A, 1785 W71 2 100 TollA 2 h 5 A" A HUoh A|2H S79] NH;-SCREHS H|AE
L 142 dkS7]2 WHSV =180 h™', 370 ~ 400 ‘Co|l A 4= =] 2T} 100 CollA A€ A 2] = Fe-BEA(100) Z1| 7} 370 ~ 390
CollA| Fe-BEA S H ot ThA 2 24J& U Qlt} NH3-SCR 2/ @2 & Ul motstr] fsto] Alxd v
L BET, ICP, NHs-TPD, H,-TPR, Al MAS NMR-& E35t0o] EHEA =9t} H-TPRETE E5) Fe-BEA(100) Z0jj7}
Fe-BEA ]| K} isolated Fe'"2] g-¢1o] & Wo] dojit 7S 295193 on, A6 2] = BAJE< isolated Fe' o] ¥ &
o] &/go] F7Ist Ao = ek

FHIOf : ol A 2] S ke, Hel Al 2ol E, Fe-BEA, 28 #]2], NOA %

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 Ho-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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AAAFENOX)S di 59 daidEo] 4stEwA A4
E= fuel NOx&} F7] 59 &4} 1000 T 0]/fe] 1204
APSHEIHA] /== thermal NOx 508 E75 52} HY
717k, RG] SolA FE AT AaARHES NO,
NO,, N;O, N,O; 59 Fe|2 £A5hH, o] gt AT
et ARTOE doru o|& Qs AMgHIE BAsHx &
1], AAARFEL CO,9) 310 vijo] diFsl= 24a7E 7}
AL o TR Aa A2 7Y sl EEdoR
QFFEo] 1509 B2t th7]ol] ZFoks AR FA AH2].
oM AMN0) = 30l 71533} Fofo] H&oAAQ nE
9] A (Kyoto Protoco)oll A 8% 61 247t sfgsh=
OJAFo} &4~ (COy), HIEH(CH.), OMESFIAMN,0), FaEsHeta
(HFCs), TH=3}8H4A(PFCs), SE318H(SFs) 59 shol7] &
ol N,O A|A= ZaAoltH2].

NOE Addh= 7ol SH &30 (catalytic decomposition),
& E-3] ¥ (thermal decomposition), A E}Z] Zof S-2IH(selective
catalytic reduction, SCR) L FA| A T4 5o] AH3-6]. L
Z A94 v FAH(SCR)Z NL,OF dE Yol AL} &
ufj7]gk Stof] ot Noot H,OR Agst= 7|eolth =2 24
TE&E U, fAES 9 30| golsith= o8 Ao
2 Qs dA7A NLE e 5 7P EAQ] 724 AA
oz ofu] 483 Sjo] tjoret SALOH 7HEE T AT
S 2= vanadiumd} zeolite A B2] 17} 71 de] AMEH
1 glem, 1 F Fe o]2°0] W¥H zeolite 17} 43t A5
£ 71 Eujg2 T2 A7) 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 SUlE& ol&sto] 42 $stly
1% Fe-BEA 37} 714 95 NOAA 458 ekt
3 B35k 0™ zeolite BEAO] A® A2 & Feg o]2m%t
Al#A Fe-BEA £ & A2 T 3¢ 40| F71eth= d+2
og WEAG. AT 28 A7} FeBEA Zule] BHo]
oM YL FE Ao AL ASHA AT ew
.

£ ATo|AL A8 Aels Fe-BEATH NH,-SCR 4180
34 2710] g USlo] RoteIA] Ttetelast sielct. o
2}A zeolite BEAS AF2351a] 100 ColA 2 h B2t A8 A&
3 T FeZ o|2WHAIA Fe-BEA S8 Ax5iH oM, T4
HAES B43HS B3 A8 A2E FeBEA Sul7l 24

Z71ol vAE UAL WE 9 B

=13
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2.1, SO0HE

Fe-BEA Zull&= zeolite BEAY] FeS o]-2n3ks}7] Zof AE
A & AZsHYETE 2173 1 inch, Y7 0.87 inch AH|QIH A
2g30] w4l (mesh)E = ol 2| x5k 10 g2 zeolite BEA
£ Zdsteh. ¥-g7lol 1 L min'9] N, & E8Fn & Ho
%9 eele SgElolnR Shstel gl AHS TeiFol
100 ColA 2 h B9t A" A3tk 28 X E zeolite
BEAL: o] 2n e, 2 L] S/E ol-&sto] Al&sialon,
A& 3 80 TolAl 12 h B AX AAFAE. AXRH zeolite
BEA:= 02 M 59| Fe(NOs);-9H,0 &Hof|A §A9] =&
80 TR §AAAZH 24 h 5 Tkste] olLmY AAF
ot EHIPES AA oto] ol JAEES pH 70] 2 "7HA|
AIZET 100 COIA 12 h Bt A% KAz} Azsto]
@017 T nitrated] FoAEL AABN7] Fatel 600 C
371 E7101A4 5 h Bt &7k 100 TollA A8 A
Sl zeolite BEAX= zeolite BEA(100)2.2 HH35}% 0™, zeolite
BEA(100)E Fe o] 2183t £jE Fe-BEA(100) 2.2 g5t
Rt

2.2. NH;-SCR BISAIS

NH,-SCRYLS HAEL 145 W87]% olg319io8], 370
- 400 T LEWUNA FAH AT YA B 4B 5 B
Hste] A= B 150 ~ 300 pm 27]9] YRS AFR5HY 0T
1/4 inch A 93}of quartz woolZ A Z|5}] 0.05 g& AUSIA
ok BES7IAlE ¥E719] ROl U] SHER HiEE
of Fr-& &4 AHIE FYHUASG. Fvf ¥ FF5H
A, FUdE Sl N; 100 sceme E2F0 204 350 T
75 C min'e.2 $2A7)8 WA Sk W Ahas
3000 ppm N,O%}F 3000 ppm NH:Z AHE3HE.0. 1, N, 99.99%
9] 7kAE o] 835t N0 600 ppm, NH; 600 ppmO. & 3] 3}
of BEg71o] Fgote] Euf FAY TSk (weight hourly
space velocity, WHSV)Z 180 h'E 1 A3}c} #1387 &
@9 TtA AL T8 EAAH|(N,O gas analyzer, G200,
Geotech)E ©o]-&3d}o] EA3}Hth. N0 Z2EL Equation
(D3} o] A4tstict.

[]Vz O]"nlet B [jvz O]outlet

1

x100(%) (1)

inlet
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Zrjo] vxHA, 71527 ¥ 7]5F= BET (brunauer
emmett teller, micromeritics ASAP 2010)Z AF&-5}o] 200 Coj
A 4 h B9t AAE] 5t B, -196 CA DA T2 A s =4
oto] Y=t H-TPR (temperature programmed reduction)
£4L BEL CAT B (BEL Japan, Inc.) FH|E o]&35}3 00,
10 vol.% HyArZ97|2 A-L0]A 800 C7FA] 5 C min' OS2
5& A7lEA B} BeEE RS 2Pa 2o 4
J 242 NH;-TPD (temperature programmed desorption) 4]
BEL CAT B (BEL Japan, Inc.) ZH]2 A}-&3}o] BA45|9]
sohg AHels] ofstel sk 2YE A4S 5 C min!
24 600 T7HA] G2AIZH. AR o] Srd
600 Cof|A TCD (thermal conductivity detector)7} 753}z
100 T2 2L W51l FEYORE 20 min $% Z3FH
Fufo] &3] &2 & AL stk YEYot F3F ¥ He
< &5 S 299 29 F&E dEYors AlAs
o]% Zufj7} FJH AL 5 C min' Q2 750 T7HA] 5-2A]7]
o Z2E s dEYoRE TCDE AREste] &5t Sl
%42 ICP-OES (inductively coupled plasma optical emission
spectrometer, OPTIMA 8300DV, PerkinElmer)S 53f £4 %]
o o) Qnlize] Siahd ATHE okn] Sistel Tal
MAS NMR (magic-angle-spinning nuclear magnetic resonance,
400 MHz 54 mm NMR DD2, Agilent) £40] 8=},

o

fl

@ ot o fron
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3.1. NH;-SCR HI2AI3]

Figure 19]= A2 Z0jE59] N,0°] NH;-SCR HMHS-S E3F
N,O AZHeS UEFRTE 370 ~ 390 C 2% FoA AF
A2 3k Fe-BEA(100) Suli7F & AFoli= ol ARt Bl WA £

e vehlis Zo& SIEAT 370 TolAl: whg4o]
Fe-BEA ZH[€} Fe-BEA(100) U] ¥E-&4do] 1% H& 2ol
%o 380 T, 390 ColAl%= Fe-BEA 1|9} Fe-BEA(100)
ujo] ¥kgAo] 2% AL Zo|7t U= AL & S 9ldch
NH3-SCR ¥FSoA] H| % & 2Jo|& UEhfA L okA|vt,
g Aelo] 93] ojmgt YFoz B0 HolE e
galsty] flote] thfdt EEAE Al=stith

A

2

3.2. E4EY

Table 1= A2H Zuj9] BET 235 UEH AT Zeolite

Table 1. BET analysis result of zeolite BEA and Fe-BEA catalysts

NH;-SCR ¥H-g-0]| 4 28 #2] ¥ zeolite BEA £ 2] J3F 147
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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] EHZALS > g'9F zeolite BEAS] 553 m’
g'Hr} EHZo] Zo} = ¢ & %o WA zeolite
BEA(100)9] 7] Z7]% 56 ACRE zeolite BEAS] 7]% 27]
50 A Hoh 371t AZ & 5 Atk 718 Re & AolE
UeRA] Qkokth. Feg o] 2183t Fe-BEA 1] WAL
535 m* g, Fe-BEA(100) 2= 531 m® g'0 & UEton &
gog 59t A UEUA] = ZAoE ofAZIG
Fed] gt = F=E &2Ish7] fI5to] H-TPR 42
gotlom 1 AE Figure 20 YERHATH Hy £-917]91A
255 S7H719 A WAR Yehe 33+ isolated Fe''o] &
A== g=Zo] sigst F ¥A Yehs DdEs Fe,0:7}

> &
(o)}
5

Catalyst Surfazce {}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) ] [\QOIA) 1 [vft;)] Si/Al mole ratio
zeolite BEA 17.45 291 - 5.76
zeolite BEA(100) 17.32 2.88 - 5.77
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,% SHl¥l= 0] sgeteh(8]. 2% A2]% Fe-BEA(100)
SHi= 9F 395 C FHolA A WA S35 HeEhfglon, 464
CIQollA + w4 w35 Uetfdth Zhang et al. [8]=
isolated Fe'*o] NH;Z N0 #A]7|= wh-SofA 9] 450
2 isolated Fe''0o] W& 2 E4< Uehdtha F451
o 5% ¥ MES Hol SFSUSolx ESt
Fe-BEA(100) &1}j7} A PO =2 isolated Fe* I} Fe,0;2 T
o] Bl glo] W 9 go] dojy= A &
o =2 2ZoA YeRd Al 914 13+ Fe;040] FeOR 2+
&= 9=E Fe-BEA SH{9} Fe-BEA(100) E1 9] £/ 2}o]
e ¥FS T4 %= Aoz HIHT10].

Table 20= 9] ICP ZIE YENHOH Al Si, Feg &
FAH oz BAFIYTE Zeolite BEAS] Al $HFS 291 wt%,
zeolite BEA(100)2] Al 3R 2.88 wt% 2 W37 A9 1A
Tt FeE o] 21go]| 3t wha} Al9] 3=F2 Fe-BEA 1.73 wt%,
Fe-BEA(100) 1.80 wt%E 7+A 3t A0 & Kol Fe& o]2uwgt
Shls A% 29FrlEe] dojus AS ¢ & At
Zmo] A £ 918 NH;-TPD &

=
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Figure 4. A1 MAS NMR spectra of zeolite BEA and Fe-BEA
catalysts.

ZAIE Figure 30| YEMHATE. Maier et al. [11]12 Y20 93|
3t 137} Bronsted acid site2 FAFH O] 35, FHof YA
3t W3 Lewis aicd site2 7FAFA ] sjgsicty B 5t
FeE o] wds}7] 9] zeolite BEASR} zeolite BEA(100)2] Ak
O] o] B2 ALE FRIHY, FeE o|2u e Foll= AH
9] Qo] FArE I} SFAFoA BE FolEes A g1l
ANt EFF FeE ol2n3t T FuiE2 oMb mIoA
NH; 22 227} 2ol A& gl & 4= ek

Table 3°= NH;-TPD 1 L5 o]-§oto] A9 S A4t
Stof e STt Zeolite BEAS] & AFHS] F-2 0.113 mmol
g'2 e o™ zeolite BEA(100)%2 0.106 mmol g' & & At
o] i AR AS & 4 Atk Feg 0|20 e o EH
% Aol ¢ oF 124 FE 7FAGOH, Fe-BEA Zmjjo}
Fe-BEA(100) 2] & AHH 9] Zol= A9 YehtA] ATt

Figure 40l YAl MAS NMR Z3=E UEj9lon Al 9%}
FHo 724 WokE gRlshy] fisto] 3Pkt 40 ~ 65
ppm F-9] W= 4UA Al°]| sjFsh= T AE SJulsh, 20

Sk &
OE]——I_

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 Re] WL §AA Alo] Sl Mg o] w
[11,12]. Zeolite BEAS] 40 ~ 65 ppm F=2] I I+ 20 ppm &
<9 DAk T 2 A2 & 5 U=l ol= 4¥A Alo] 8HA
AlETH H2 S & 5 qlom, 4HAE & o|R1 e A
g9l & 4= 2t} Zeolite BEAS} zeolite BEA(100)2] T 3.9] A
7Ie A AolHA gk= A= FRIEHT. Iy Feg ol
W3t Fe-BEAZ T 9} Fe-BEA(100) Z1| 9] 4HA] Alof| sfgs
= Y3 AI717F 3A A4 7 AR Hof ol EYRulE
ol dojub= Ao THHETH13,14].

Figure 5]+ zeolite BEAQ] FZE& LEFHQATH15]. Baran et
al. [12]19] &3] WEW 54 ppm T1, T2 AlO]E o]m 57
ppm T3-T9 AlO|EE oJu|stt}. Maier et al. [11]12 &Y A
7} T3-T9 AC|EQ] BURrES Yo7|H TIH T2 AlJE
o] 2R uES FojuhA| Y=thal F5HT TR Maier
etal [1112 2~ A2 S19E 29 T3-T9 Aol Eo|Ajet gt
30| Qofthe A0 Hop TIz} T2 Ajo|E7 whg ey
sheha Fstlct

4.2

rhu

£ A4 NH;-SCR BEGOlA A" AHeE Fe-BEA
Sui7E 4o nA = FFS £AFH] Ste] Fe-BEA %
W= FeE o|2udsl7] A, 5% A”O&E 100 ColA 2 h &
o ~¥ A7 HIct NH;-SCR 83 H|AEXE WHSV = 180
h', 370 ~ 400 CollA] SP=|glom, 100 ColA 28 A
Fe-BEA(100) 217} 370 ~ 390 ‘Col|A] Fe-BEA Zuj®t}t thi
E2 T4 YRt NH:-SCRO| S0 TS = ¢
< mofelr] fst A|xH Z9E BET, ICP, NH;-TPD,
H-TPR, YAl MAS NMRZ 53] EAEA =it v|Ed
A, 718 51 9 37]¢t T2 B9340 FF2 UEA %t
ou, ICP A7+ S9 Fe o] 202 QI8 §dFuEo] U
ol AL FRIFHAI Al MAS NMR EAS E3lo] 487
ool A BLFulEe] dojd AL Hot AA5] glst
9t} H,-TPR 23S E3) Fe-BEA(100) 17} Fe-BEA ZHj

NH;-SCR M0l 4] 28 2] 5 zeolite BEAZ1 2] 9F 149

Hr} isolated Fe''9] Fhglo] tf wo] dojdt Z& Belaty]
o, & AFofA E/do] A Aol YA FUAT A€ A
2 Q3] BAF< isolated Fe''o] 2 HE{Fo] &Ao] tk
S7hohe Ao& o AR,

o] =22 AR FESATHY AYor =+
gAY (No. 2020R1A2C1009149).
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