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Abstract

Removal tests of SOx/NOx were performed using low density ceramic filters doped with various catalysts. Disc

type (50 mmO - D x 10 mmt) low density ceramic filters were doped with three different catalysts such as Cu to

remove SOx and NOx, and Mn and Co to remove NOx. The air permeabilities and specific surface areas were 40~

50cc/min - cm?

nm.

- ¢cmH-O and 4.1 ~ 8.88 m¥/g, respectively. Also, the peak pore sizes of catalyst support were 3~ 5

Tests were focused to search optimum operating temperatures for different catalysts. It was found that as the

CuO content increases, SOx removal efficiency was increased. NOx removal efficiencies for Mn, Cu and Co, were
85% at 300°C, 90% at 400°C and 90% at 450°C, respectively.

Key words : SOx/NOx removal, catalyst, SCR, ceramic filter, high temperature gas cleanup
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2rhAel #Heael A7 dagichs AAe] Sl
o} ol gt A el AeH Eu) Fhdw (Sel-
ective NonCatalytic Reduction : SNCR)z} A& 2
v 39 (Selective Catalytic Reduction : SCR), &3t
W (adsorption) F-o] glowm, Helx] Zo] FHAye
AN, sl 7k e ag, 3 SAel A3 Wy
o] 43 Hoz de]A gk (Cooper et al., 1994).

qEg AdA 30 Bage gAE o 3l
= B2k 5 ool olal, ol B dshEel
G orgel 34 mx w53 0eE s &)

¥ % 64“(p01%onmg)a)r 27 vtz o|8te] v
A zpell sl Ful 7k 3] 71 23] "4 (plug-
ging)& o & gl

o8 g A& BeEly] 913 o] b 72 Y
AR A vl AXE f3E A7 dtez AW
= AR A FEE o]43 Rk X 7]
o] FHE FAoR 1993 o] F i3 EF

o} 9Jv} (Hiibner et al., 1996).

o] 71 Mem dAlel FelE wAste] Al
9] myolMe AA o] 2L mAYAE 12737
o] flejg z3sa Wiel M FAE FujE o
gahe] AeA Zof 1S s oz RIF9}
foll 728 FAlol AHelshe WAoo

Aetel AElR o) gstel falrliE Helshs ¥

Ae e Aol ws) mmy AAEse] o
A g3 58 ne - mge] wWAAE Helshe] A

23 wlge] o8& T 5 Y] W, FF

e Ave] A7 S
detAlell 2l o} (Hiibner ef
al., 1996).

olel] B of Fo| A alumino-silicate 4%l CuO
E 9X% HF 71F =277 A um, 7550
80~90%9] -3 Azt HEJE o] 43t SOxe}
NOxZE EAle] 22]8}+ bench-scale A¥ LS 43
sladet B Aol AlzpeE AY AXE £ 3
L/mine] 37 NOx2} SOx2] ZFE7I2E o]&3] A7
Age eyPsiach w3k 22 g 7= T
o o3z} 71X Mz o2 F4 FE FAE NOx
A7 AEE $83e], 77t Eoijo] Ho & 4E 71
Ay 5 Y ubg2 e w2 o & AYE
E3)e] 1EEl -

Fze 7wtz A 140 A S5

2. M2}a| ofmxf ¢ JtA X 2{of &t
k-,

2.1 Ma}e] of =l

et Hel= g9 A A 4 (thermal expansion
coefficient : 10X 10°7/°C)7} 2bo} w2 2% QoA
=z} o) W3} (dimensional change)”} ¢ dojr}
A o= BAE 7HAT 9leh 31, 3.000psi o 4]
Z=%] 7} (axial strength)Z 7}x1 32 9le] 714 <)
gtdel] 7ahe, 1,300°C olAbe] §4& 7L Qled
#Ael Sl = ”l ‘1% a2 Z7), FArstEel o
ohod H7de] 90 Aow el sleh 24
Ao o 3-auzE 4z FE AL T
R
A7) o] 9]t} (Ronald M. Heck ef al., 1995).

= Gl o) Aok Agol Al e A4
3um, =7} 2.65g/cmiel @Fu|x AEAc|E
(BALO:-SiOp) H2k?] H4sh F2elP duleA
Al EA FAATAE Ageled Aoz
A z3}d 37, Cu, Mn 28] 2 Cod HR|dl] AYg
e se

o2 |3 " 2= ASTM E128-94 Standard Test
Method for Maximum Pore Diameter and Permeability
of Rigid Porous Filters for Laboratory Use$} 324
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Fig. 1. Pressure drop versus air flow through the

ceramic filter.
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Fig. 2. Pore size distributions of the support.

el el o] 43 BETAAE o] &3le] &
Az ofhafe] faFo what qreldals) vlay
HolFrd slReAe o 3y
of wel ofzhe] Fel: glov} WE e A
40~50 cc/min - cm? - cmH:02 Holy, v]uy A2
Sl 9 ol Wb 41~ 888mYee] S U
o a9 204 A0S s Qe 2
(sample #1, 2)9} ©+2]& HE] (sample #3, 4)¢] 7|3
F-LE e, 2o B inp o] Zw)
HA 2 MFEEE F 71F2717F 3~5SnmE e}
et (el & 5 1997).

%
e, E

0]' <
Sbela od Cuds SO.E AHSHA7la WA E
SO:E E438)+ 7|8 s} (Centi et al., 1990). SO,
2 SO.7F CuOZv] 9} Wh-eahe w828 4] (1), (2)
9} e},

CuO+S50,+ % 0, — CuSO, (1)
CuO+50; — CuS0O, (2)

CuSO; Szt A== A dAHez 474

o] Az el A WA @AM CuO
F &FvIY Al AA3H A meloz AF
g AbR7E SO0k vEEEle st on FAH T,
F Alg] Ao M= H whAle F3g SO.7} Cu
2] free active siteell &Jal|A] Al3lE o] 3} o=z
F3E SO AT A HA DA et
Hog E3% SOt ¢l Cugl ul-g-3ted sur-
face copper sulfateZ A A8}, F-UFH = SO0 >
=7} Walea5 Bato s FAF SO.E BH &
¥ AABE ola] S0,2 348 FHtd ogke
a3 gleh Ak A stdoe FaE
SOz AEH ez AR dFrviel gt =
Holl A surface sulfateE A&+, ojn] YA EH Cu
oAl 0.9} "Bl CuOE 343t (Sloss er
al., 1992).

=g ARl CuSO&= H., CH, ¢ 37} A8

o] &-3}od ’s—l (3), (& Zo] Cuz o] 7hsahm,

A A E Cur 0.2} WH-2-3led CuOZ A3t} (Gerald
etal., 1981).
CuSO4+2H, = Cu+S0-.+2H-0 3)
Cu+ %0, — Cu0O ()]

2.2.2 AN Ee] HA

72 M g yHos ezl AE A
Zu 299 (Selective Catalytic Reduction : SCR)-&-
&7t ag Eujel HE2A|7|HA ghrujolel 7H8-
A7t ag EAl BALSle] NOxE A (N9t &
(H:O)2 34471 7]e2d wEEE Zlage
NOx& 80~ 90% oA} x| 7 & 2 AL}

NOx7} W1 SO,%} ub-23le] AAIgl Zv)
CuSO,8)ol| A} grxvotel Al A 75 E whe-2 4]
(5~ (1D E ebdo) (Sloss er al., 1992).

3

ANO+4NH + O0: — AN, +6H,0 (5
ANQ+4ANH;+30, — 4N,0 +6H.0 (6)
NO+NO,+2NH; — 2N, +3H,0 @)
6NO+8NH; — TN, +12H,0 (8)
4ANH;+50; — 4NO+6H,0 C)]
2NH:+205 — N,O+3H,0 (10)
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=

Sl W - ol AE

4NH;+30; — 2N, +6H,0 (1)

HEMolst k2] WA SE nol)
jz— Al kR elrt Fufe] mwel F3H
a, 4% %L—‘-j— Yol NO7F AtEd, Fufje] =
of| uh-go] deojidet. o] Whg-o] <lefut
= oAz A ukse) ubegwes AR, g
c}A o} A= Metal Hydroxides®] ArE}7} #3550
oHA] Active site®] A o] o] Fofxlct.

w3k Fvfo] Fwe F2 Foie) 24 7
22 exef olsf 2-9-F 1, NOx2] #72 SO,
Arsl A exo] Wzl ohel U [AE et
A} (Sloss et al., 1992). NOx2] A AZEE o8 7}
2] <l ols) Walksied), 1 ARt s Fvle] 9
Fo} ZTFo| M) NOx ¥, wizkre] &, ohwy
ofo] F4Jul,
o el gwijole)
HNAge F7FsA 7

A]—/\O] =T, _’:;qu] EME 5 5 9

Fodspel F7kshE NOxe]
Soje] B4 e NOSH

W2 4= 9l tEuole] oFe] A glem
2 dpekol 91 A dbeShA] war W EEE of
o] Z7}8k= 9 ©]2 ammonia slipe] 2ty gt

= wl7kagel SO:9 B
St NHLHSO. S A8}
of gl 2ol Fujeo] &
RAA 74 9]t oheba
Zue] BARE FAZE FAE7] fEME SO
FAL 83 AA sty wheskA] dx wEFHE
st ]ele] &
1994).
Morrise et al. (1994)= Wi
g Zujz sled NOx2| A3
o,z e 2
£ 7% shalshelch 9723 W3 A9 175~
0°Ce] #-2ollA Vanadlum ] 2 300~450°Ce}
2ol A zeolite®] 7-$ 350~ 600°Col| A 7}3 &2
-85 ¥t} (Ronald M. Heck et al., 1995).

= 12 7] F0E o8 dudd eEe
QAT Aows el w4 Fr EHEw
e 3Ael NOw S A ) 1S~
600°CA Be WAT AAE A & 4 ek
oA S0l ol 8eel NOxE A 746}—‘;— Niel 7
o Fvle] 24 BE B eHeee] £l vl

il FR o[o 4

# 43} s}edoF 3t} (Cooper ef al.,

3} Vanadium, Zeolite
e QA

EEe dee 2wl

rﬂ til.l

-

ool G

27| nAe = A 14 A5 5

Table 1. SCR NOx catalyst technologies. (Ronald M.
Heck et al., 1995)

3) A} ES Temp. (°C)
Bobcock Hitachi VITil & 43 240~ 415
Camet E R e g | 225~275
Cormetech V/Ti/*}%‘é = 200 ~ 450

/A 2l e A 175~ 320
Engelhard V/Tl/*] EeR= 9] 300~ 440
Zeolite/ 4] 2} A 440~ 590
Hitachi Zosen VITif A2 A3 3 oAl 330~420
V/Ti/Wire Mesh 330~420
Ishi Kawajima
Heavy Ind. VITi/A A 3 < A 200~ 400
Kawasaki
Heavy Ind. VITiIA A 3 5 A 300~ 400
Mitsubishi
Heavy Ind. V/ITi/ A3 A 3 A 200 ~ 400
Norton Zeolite/ A} 2 A3 3 Al 220~ 520
Steuler Zeolite/AF2Ad 8 ¥ A) 300~ 520

4> )} (Sloss et al., 1992).

2.2.3 BASS T BANSS SA| HH

SOx¢} NOx& EAldl *ejsl= 7];9 3} cq]
Shell UOP ProcessE& & 4 ¢l¥dl,o] T4 & SOx
s} NOxg EAlel A8k ﬁwgi,u %3
Fo] BAE @AM or AT 5 d=s AA
7hs-shet 3 aluminael F#= Abstye]
(CUOYET) & o) &dled EnE2 F vt L o
A]—O] \:Hegg oj?ﬂgl &} % ] o]-o]] H?ﬂ—o] %‘:]r

SOx¢ NOx7} &%
¥ 3, o]F SOx7} Cu % uSO4§. ,}E_“: gt
&7 gk Halo] stmuolrt F9le] o] NOxg}
nle-g 57 5]_‘—_1:]’ o] o] CuSOs& NOx-NH; 8}
el M 2 243 =, ubs7] QoA Yol

Al (12), (13)e.2 vreld} (Sloss et al.,

o] AL

o)

e

1992).
CuO+ % 0:+80: — CuS0; (12)
4ANO+4NH;+ 02 — 4N, +6H,0 (13)

2le] uks H o], SO, NOx #£13k3-7]
7} CuS0,2 37} =W, vitne 37} =) o
o2 wkeviz fdo) Har #A e HzlEl Fe
H'b CHE o] 83 A (he (152 AMAPe &
gk chgog SO 3Akolt e AzFA
o2 BHEH, b Cul wiztse] e 913

o] 3ol

2l rle
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CuO2 A1E A 1o} (Gerald et al., 1981).

CuSO4+2H, — Cu+SO,+2H,0 (14)

Cu+ % 0; = CuO (15)

olelg FHL 4
AAE 4 2d=d, Shelit UOPE 327 2449
£ w7}27) open channel & E8lx 2 FHo tu
H 9o}k (Gerald ef al., 1981), Zulj = Aotz 7px)
@ Aolel EAlshT, w7kt vl mwe) aio)
B2 ¥, SOxst NOx 7kAae Zvjz Al A)
et o2 gt AAle Ealel 23k =) (plugging) &
A& Z7AI7) T, SOx W NOx7} Al A% Al7ts
AEnet o 474 anlsA Heh

Shell UOP Process:= NOx A HA] 350°Ce|A] 450
'C Apele] gmeld £UHTNEY) WE §0d
g o] b2 FhAFEI NOxS) AA &g o)

o) &4, 14

75°1W 150 mmH:0 R =7} Hn, etmu]ele] ==a)
2 AAHE NOx2| E5 ol v)# gk} (Sloss er al.,
1992).

2 SAl AMa 4

2 oAM= AA 50mm, ¥4 10mme] Disc
type 12 ol Zafel]l CuO. MnO; ¥l CoO Fulj &
A sked A 71F=7)7F $A pmeolat 7)F-g ol
80~90%<) oI A& A z}ste] CuO2] ez} 5
W sle) ul2 SO.8F NOxo] Helzgg Agsle,
MnO; 9k CoO Fofel] wisted= NOxo| o xela
& 9% ExHHE 2

Alglabz]e] A1 disc type o A& A 4
o3 BiAel BEIIAE o) 48 sta F9AF. B
FA35}7] $]8 heat tube2} controller,
e 918 v AHA|, wlE 7]
15}7] 918 gas analyzer, T2 7}AE o)
FA1717) ¢35 vacuum pumpE FAHe] glon], A
g A2 2g=rt 29 3¢l veht slek

A9 disc type A= 71L& FA5H7] H38)
o} ceramic paste® oj3} 2] F9|o) = EZ}g I, BA
2} of3ba] Alelel= 4mm A= Aeia He=

Aol 2xE
WEhns) 2w

TEE 54

AbgHES] A A 459

45 A 7AH 2AE 4R mertas)
A& 9)8le] heat tube & o] 45193 3=49 controller
o s AFO 20~600°C7HH] 2He| 7}
3lxE stodvh T2 F7)9) o] %S vacuum pumpE
o] 83)9] om float-ball type®] &=k e} Sk =4
Ag Abgalelct =& 300~600°Ce] v F7]7}
W= HA A o] o] ArAel] et &4E HER]
317) glstel 444 Amabrle YA s

7heao] Rl gt £70e AAE mErlAE
S 20719 §AE olgste] Fshdnd, %
F7122] ¥x3E S0:¢F NO 747t N, basez 2,010
ppm¥} 2480 ppme] 5L, FHd A 2 o] 8% NH::= 99%
o] IE=TkAE o] 43keirh

et e A7) ol lem A HAM Lol 12
emel K-type A E o] £5}0] d% Hshalo
™, AAY controllers} HAste] A% onfoffz A
Y g sAsles sk & AgelNE 2
o9 1HE g ul ol HElS) A lem. el
Scm= 231 K-type 43t o7} [2ecma HE
¥ Heel Lxuls wAT Yee e Ao
2 At}

e % wlEska 29 S0 NOS| R AT
Yz o Bl 742 A 47] (IMR 3000P GAS
ANALYZER COMPUTER)E A #|ste] & 23
st o, SO9F NO2] &A-2 electrochemical sen-
sorg ol&43k oz 11 AW SO0 AS
4,000 ppm7l2} NO®J 71-% 2.000 ppm7+%] | ppme]
e Hxol b5

o

3.2 248 E H AE Ha

SO: A7 A#elMi= AYE Bo =29 FHY
A A &5E& &% 550°C2 AAsHA $-2shdA] CuO
o] gekg wWsiATIHA el o SO, A A Al

P& sl & 20 7 AdgxAo] gokEe]
o)1, 1% 4ol CuO o) w2 SO, A+ &g A
HA 77} el 9ot

AR AT o] ¥ &,E ANAHEEE o=
73eFe] Holul dApfo] X o oA} Er)sl
2] oke& wyoh ‘

wtdhefel oje} 8% 30z A FH 1 33874

9% o|4e] EEE B, 27]9 ALl
FE AE Mo, o|F FAS afol 4TS v
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Fig. 3. Schematic diagram of experimental apparatus.
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Fig. 4. SO, Removal efficiency for different CuO contents (Temperature=550C ).

oc} 60% ol o ThAl ghube] o welTh T HAS] w9l CuO Fed FAP Tkl w7l Vel
Ui} whgel 2 & WHS Vo BAY ATE U AAH 50.8 FRFE ) 9} w7
2% sl Ehelidl, Cu0 Fael ¥ &R "l ebde o 4 9ok

)

Sz rdE A A 149 A5z



Folga A=S CEE o 43 FANEH ALAEEL A 461
100
e Cofilter
A Cufilter *

2
= =
[}
gl g
z
o
g ¥
L —— i
(sec) 820
6 wt%
2
Q
>
£} 2 g
g 5
T =
A :
¥ 'y ¥ Y vt VT Y
(sec) 820
8 wt%
2
3
= 4
it
N :
18 e S § /\ i
0 s L L
0 {sec) 820
12 wt%

Fig. 5. Elemental analysis for CuQ contents after SO,
removal experiment.
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Fig. 6. NO removal efficiency for various catalysts at
different temperatures.

3.3 ALMEE HAH AE A

NO A A A#e M= SO, # 7 A A=
CuSO, Zvi & A% Cu WE|§ o)-83led, Fapy,
224 A7 EEE doln 3 Mn FH, Co THE
o] gdte] 2= AAXEE =gt o] o A
P& ExE 50°CH wzA7IdA, NOY -8
FzA7|el FHHE o &8te] 3L/minez A
gl e, 74x NH;= NOst u)=s 1:1
taeo] AgFdste]ch

a% 62 77 Mz gE 29 =¥ NO
AA 2EE eplied, 2384 e NO Al A
A& Zxo gt Y 85~95%7HA 2 4
U Aoz viepgteh Mn S0 gEe AS$ 300°
C, Cu v HE]9] A% 350°CellH Co Zu) e
A 450°C Aol M HWa g HelFm g &
3] Mn 29 HE|9 AL 300°ColA 85% H=2 &
EE Hov} 22 2xolM Cu i) HE7) BdF
EEgEY o v 288 Jeld g 2o w3t

Q.
=
£
K-N
=

AP Fo

Table 2. Conditions and results of SO, removal efficiency for various CuO contents.

Experimental Conditions Results
CuO content Temp. Flow rates Pressure Retention Time Retention Time
(wi%) (°C) (L/min) (psi) for 99% Removal for 90% Removal
5 550 3 20 85 30x 115
550 3 20 25 30% 145
8 550 3 20 268 30x 284
12 550 3 20 338 35-% 30%

J. KAPRA Vol. 14, No. 5(1998)



462 FAL - o]FAH - 28 - oA E
160
o,

F R
£ -
-
*]
[~
[ —]
G = Cu0 6%
£ e CuQ 12% i
a —
@
>
- U U
E
U
@ 30 oo m oo
(o]
2 0 oo

P B

a

200 250 300 350 400 450 500

Temperature {C)

Fig. 7. NO removal efficiency for Cu filters for var-
jous CuO contents and temperatures.
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flollA SO, AAHLE CuO Tfe] w2 HEHIFF
o % SO, 7k FHeta o) v R &

= FFol 4T W ULEHAEN

)
0,

B %o
28,
KV

A AlA AgelMe Mz HE FE
(Cu, Mn, Co)2 AZt7] NO A7 ge] FHd7t s
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°Coll W 95%, Co 2wl TEJ2] A-$- 450°Cel|A] 90%
o HANEEE 474 ReiFy Qo 2y Ma g
El9] 7% 300°CellM 85% F=o] &EE Heln
Z2e oM CugEZl RegFE agng o ¥
L xZge vehd g Hygoh =3 Co BE Y A

7| AL A A 1430 A5 =

450°Co A 90%°] E&E Holu} 500°CAME &
o] FA3] Hadte] CudE{rg o] w2 582
neloh

A7) Asteld Mn Fv "ejst Co Suf HEjo
S 55 Al 588 Bely x| Y Sxel
M mgol FAs] Faste] HHA I
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Aghe Beh 2 g2 Fue) A, S e
% 94 Bl A7) Ade] netd <Aoo

RS
-

o
S

“

#Atel 2

2 dPe ARt #74¥e G-T A= vl e
Atgdel Aoz SaAEdon A6 ALl At
==

rek

o 2

I

o)A & 5 (1997) ;2 - 33k Ak 3 Al 71 Af
ubowl Agsl G-7 A 25 22k AR
.

Blumrich, S. and B. Engler (1993) The DESOxNOx-Process
for Flue Gas Cleaning, Catalysis Today, Vol. 17,
pp- 301-310

Brian, K. Gullett, M. Linda Lin, P.W. Groft, and J. M. Chen
(1994) NOx Removal with Combined Selective
Catalytic Reduction and Selective Noncatalytic
Reduction : Pilot-Scale TestResults, Journal of Air
& Waste Management Association, Vol. 44 pp.
1188-1194

Centi G., Riva A., Passarini N. er al. (1990) Simultaneous
Removal of SO/NOx from Flue Gases. Sorbent/
Catalyst Design and Performances, Chemical Engi-
neering Science, Vol. 45, No. 8, pp.2679-2688

Cooper, C.D. and F.C. Alley (1994) Air Pollution Control-A
Design Approach, 2 Ed., Waveland Press Inc.,
U.S.A., pp451-468.

Gerald, T., Joseph P.E. and David S. Beachier (1981) Control
of Gaseous Emission Student Manual, EPA 45/2-
81-005, pp.7-20~7-24

Hiibner, K., Page A. and Weber E.A. (1996) Simultancous
Removal of Gaseous and Particulate Components
From Gases by Catalycally Activated Ceramic
Filters, High Temperature Gas Cleaning, Institut



FoitA) Aete) Qelg o] &g FabstEd AnAbsEe) A A 463

Fiir Mechanische Verfahrenstechik und Mechanik
der Universitat Karlsruhe, pp.267-277.

lan-Gémez, M.J. and Linares—Solano A. (1996) NO Re-
duction by Activated Carbones. 7. Some Mechani-
stic Aspects of Uncatalyzed and Catalyzed Reac-
tion, Journal of Energy & Fuels, vol. 10, No. 1, pp.
158-168

Leslie. L. Sloss, Lisa M. Campbell, C. David Livengood,
Joanna Markussen et al. (1992) Nitrogen Oxides
Control Technology Fuct Book. Noves Data Cor-
poration, pp.57-146

Ronald, M. Heck and Robert J. Farrauto (1995) Catalytic Air
Pollution Control, Van Nostrand, pp. 30-70, pp.
161-178.

J. KAPRA Vol. 14, No. 5(1998)



