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Abstract

The most desirable diesel oxidation catalyst (DOC) should have the properties of oxidizing CO, HC and SOF
effectively at low exhaust gas temperature while minimizing the formation of sulfate at high exhaust gas tempera-
ture.

Precious metals such as platinum and palladium have been known to be sufficiently active for oxidizing SOF and
also to have high activity for the oxidation of sulfur dioxide ($O,) to sulfur trioxide (SOs). There is a need to
develop a highly selective catalyst which can promote the oxidation SOF efficiently, on the other hand, suppress
the oxidation of SO..

In this study, a Pt—V catalyst was prepared by impregnating platinum and vanadium onto a Ti-Si wash coated
ceramic monolith substrate. A prepared Pt—V catalytic converter was installed on a heavy duty diesel engine and
the effect of fuel sulfur on particulate matter (PM) of heavy duty diesel engine was measured. The effect of fuel
sulfur on PM of Pt-V was also compared with that of a commercialized Pt catalyst currently being used in some of
the heavy duty diesel engines in advanced countries.

Only 1~3% of sulfur in the diesel fuel was converted to sulfate in PM for the engine without catalyst, but almost
100% of sulfur conversion was achieved for the engine with Pt catalyst at maximum loading condition. In the case
of Pt-V catalyst, there was no big difference in conversion with the base engine even at maximum loading con-
dition.

The reason of SOF increase according to the increase of sulfate emission was identified as the washing off effect
of bound water in sulfate.
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A F e Az YRFEA 24
k& w)z o} (Hare et al., 1979; Wall and Hoekman,
1984; Wall et al., 1987). 7% = 23HH3S 2oy
UAFERE 2Y & AL Bt oz} BaEd
ot AYE el Fol FAHE 2L B2
Pae] $HE AFAA 4+ U} (Baranescu, 1988).

A8 3 B2 A4 SO Abshsle] o
¥ 7] Fo2 wiEEy 4% SO A w2
AAzANA ALEEe] SOt Ha wi7| =7 =
& W B3 4 BEsed Fo1Ee Parel Ho)
AFTE i AR oY) Sl iEEs

dut N3 Al A F el SAF (sul-
fate)o. 2 A 33l £ 2~6%eL Rosk gl
(Wall and Hoekman, 1984; Wall et al., 1987,
Baranescu, 1988). Z.2|\} A3} o] 743l &wjE A}
43 W= SO.7) o f4A AbslEe] sulfatez o] A
3-go] ]2 Eo}lx|m Wall and Hoekman (1984)2]
B30 2]l sulfate= A FE 50%0l A 1.3u]

Fg FHaon o

wat 97) Zo] WEE SO W) FolA it
& wl7hdE o8 APkl sulfatert Bk (Truex
et al., 1980; 214, 1997). o]= A FAH o7 7|AZ
Aolh eExAd et AelshAlTh 7] FolA
S0,9] 25~75%% sulfate2 A3} n|=Ze] 74
F1)o}32] South Coast Air Basin| A= SO, 50% 7}
sulfate2 A3ty Bslar 9 v} (Inghan e al.,
1987). A 5 3ol cjANAA Absse] AHA
sulfate 2. w25 7|% 8}1, SO7} o) 7] FoA 22t
uke-o oA sulfater} H7|% AT ofH A$-
€ W7 Fo dAFEAS A d71E 24
AlZic) et oA AkEE) (DOC: diesel oxidation
catalyst) & A1-83}2 SO.7} A AbElE o] sulfate 2
7] wel] =AY B3d =2l fraf§ sul-
fate'y =5 F7MAA A7 HAE & & dE
Pk ohdel dARFA] dAYELE dAH
TFAEtE A AR F 3l o3 YAFEA 714
Fo] AM dAGEAY FAE TEFAF] oH
o} (Khar, 1993).

B QAN DOCE AHE3HA] dshS o2 A}

S| R A A 13 W A6 %

SAE Aol UeAA A+ T ol HA YAEEA
of mlAE JFE EMFAS =g HFPYFINE
AHEE delis w7122t S sulfaed] Fobs}
A &3l §7]133HE (SOF: soluble organic frac-
tiom= F7I3ked ol g dd= APS T3}
of TtE 2okt

2. AEUY

A A 2ol A ol AF
gobn e e 49 AL AR 1149
cc, Heu}2 225hp, NALT) S Ai-ahglond, 413
& d2x PHFL Tk K 42 AL
sk g4 ARz B o)ge] Pz Wl
gt AAFERL) JFE WA fate] A5l
A BelEhE U= SAFY A7 (e 453ppm)
2 Jledes Aesle BHFo] 35.8wt%e
DTBD[di-tert-butyldisulfide (CH3)2CS») 1 & A 7}38}
o gL 2AsI 0.05wt%, 0.08wt%, 0.16
w%e] e FH BHE At Ao
Age due) Bo) - HHHELE E 19 2

Table 1. Physical and chemical properties for test

diesel fuel.
Items Properties
Diesel 1 Diesel 2 Diesel 3
Sulfur Content (wt%) 0.045 0.08 0.164
Cetane Index 55.9 52.1 52.7
Gravity 15/4°C 0.8276 0.8403 0.8408
Residue Carbon (%) 0.03 0.03 0.03
Distillatiop Profile
% Recovered (°C)
0 167 172 171
10 196 203 208
50 272 275 279
90 342 352 355
EP 374 381 388
Elemental
Analysis (wt%)
C 86.4 87.3 86.8
H 14.3 14.1 14.1
N 0.72 0.7 0.68
(0] 0.52 0.44 0.43
Hydrocarbon
Analysis (Wt%)
Aromatics 225 225 225
Remainder 77.6 77.6 77.6
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2.2 NYE ZoiE=|

ol WA 0|3 5 AN A Bl S
Ao} ASEE2 A% AEST e PiEeel 7
% % ol o2 sulfate] AL SAFI] ehed
2&0) 24 WhbE (V) 7H PeVED) (2 97
2 918 BE Prototype) S AHgsTh Fehg ol
FA4L & 29} Ao,

2.3 EHE dune 2HEA

w7} & o] w2 ] a}AHE-A] (PM: particulate mat-
ter)®] WiEEA AF F o] YAAAEE F sul-
fateZ A3k & (03 o] Hd&golet HE &
olR 7] $3te] A4 °""]94 Al FHA Aol M 2
$HEAL dA9 IHALE Y FIE FA3)
F 33} o] w7 EEE SHHAIR FE3le] A}
At

24 cjd AXYEE AMREF ¥ 24

Az YAAFEA AEAHE A A
o] AL 19 13 3o

o3 cjAlel A8 220kw3 7| E2 4 (NISHISHIBA,
NEDD-146H)ol] Al E 39 dAlLHdzzo

Table 2. Specification of catalytic converter.

Items Pt Pt-v

Monolith Substrate Corning Corning
Ex-80 Ex-80

Dimension (mm) 229 x 152 229 x 152
Cell Density {(cell/in?) 400 400
Wall Thickness (mm) 0.165 0.165
Catalyst Pt PYV
Wash Coat AlLOs Ti-Si
Pt Loading (g/!) 1.41 0.60
V Loading (g/1) 0 1.48

Table 3. Engine operating condition on engine dyna-
mometer for sampling of diesel particulate.

Mode Engine Load Exhaust DGaS
Speed(rpm) Rate(%) Temp.(°C)
1 1400 25 240
2 1400 40 300
3 1600 50 350
4 1600 60 400
5 1400 80 500

Exhaust
Angiyzer

Engine
XN Exr:vglusl
Gas

ot
3"3“..';31 =] = MR - <
96
Blowsr ang Mass
PM Filtes Orifoe  Fiow M Fiter

Meter
XOC Swumpter

Sampla Mass Fiow Meter
Pump

Fig. 1. Schematic diagram of gaseous and particulate
matter sampling system.

Conditioning of teflon coated
glass fiber filter for 24h at
20°C, 50% RH in weighing
chamber

‘ Weighing (a) l e

’ Diesel particulate sampling ‘

Conditioning of PM sampling
filter paper for 24h at 20°C,
50% RH

Weighing (b) ] ]

Soxhlet extract for 20h
with dichloromethane at 50°C

‘ Conditioning and
| weighing (d)

Ultrasonic extract for
30minute X 2 with pure
| water

Sulfate analysis with IC ‘

Fig. 2 Procedure of particulate matter (PM) sampling,
SOF and sulfate analysis.
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M3l A FERHAM L HMujETLA 227} 52
°C oJstR FAFHES 3EM HFHIAL AR
B2 FEE Aol A (PallflexAMADE AMS-
ek JAGER ZR 2l R SlelA oA
AlY 7% 20°C, A X 50% 2 #3213 wei-
ghing chamberv o]l A 24A)7F ¥}x] &1 F microba-
lance (SACD-WC) & A3l 545 EFA 3

HA wE7ka F dAAEAS A3, AER
F H94 F71EEE 9 sulfate?] FARe) )
L5 29 29 vehi-

HAGEA AR dAed Fo FFE
sulfateo]] 2]3F J&FS FAststr] Hsle] AE Al
A DA S w3t 02wt% FHE P 7
L2 Alasle] AR 10A]7F LAS)] ol Ay o
Az e] 9l sulfateE A3t A2 ed& o
Al ZEER 0.05wt% & 3k AFE 43 &
Ag Foll YAAFEAS A3

2.5 C|d YXAEE = Sulfate?} SOF Abp
34y

PtE&ul A}-2-4] w712 =7t ¥& 9 SOF7} 78t
' 89E oy /AE AdHEz gl &, Wall and
Hoekman(1984)-2- wj&7}~ & 3hile] who] 45
o] Q1& d) ojAe] Hwiel FAta} o] FA EF
7] o Fol] A8 AHEEE FUIA]F)Z Sl
os 7}~ ehsra4e] F &7} (scrubbing effect)
2 Z7IAZIg 2 §F.2m, Zelenka er al. (1994)2
UAEA F SOFE o]93viel (CHCh o2 &
A7 (soxhle)FZEA] Akl A Agrt HA
A7) e olet skt

E QFoME dANEA F sulfaert @) &
9 # SOF7} 713l 8918 437 $sted
53t 22 A 7R A S AAE

A A, CH.Cl, 21l 2 A}4-38}od soxhlet F2A] sul-
fateo] A $¥-2 AAHEH A, Ao (=
Fakzl Agge] o3t AFHEEe FH ¢ scrub-
bing &3}, AR, Feel olgt u]Y shlaeae] A
A o1}, scrubbing el ok Mu|F wh3lea2
FRE T

FFA 712 A] A 13 A6 =

2.5.1 FEA| sulfatedf] ZeteEl £29 MEEY

=
o

I oo
T

oy
eS|

Hzg 28d el oA a8 (0.05
N, 0.1N, 0.I5N 2 03N H:S0.)& §3A)7]2 &=
20°C, AHl % 50% % 4% 32354 (weighing
chamber)ol] A} 7 ZA]Z] # micro balance2 F-A =
%A 513 soxhlet F:&7|o| M FF3vh A= &
Agk Abe=z 247 6714 S FR)seTh o7
= %3 thimber filtero] ¥ FE8v]j= CH.Cl,
200mlg A}-8-3ted S0°Co A 2442k &)%) &
W} % F 9] weighing chamberel| q FZ7 3}
T 2R ARAZ F FAE FAH3A
SOFsFg A3ttt =3t Al 304 &
dRYeolE P2 d A Aolet WA 1AZE o)A
uhA]sle] ofx) 2] IALE FARIEROE AHEFAIZ
& soxhlet $Z3}o] SOFEE AlE:3}e] o1, SOFE
FZ3 ARE 4R 229 A sle] ICE sulfate
5 A

2.5.2 Sulfate &
DIAE Y8 AUy

oj o EAHE A} Agprt YAAAEAHY o
FHHEE) e oGS dolrr] $3te] AL
(0.05N, 0.1N = 0.15N H,S0,)& 3317 A2
AB-sled 2.43k9] Aj@uidel o3 IAAFEAE
A st ojw) A=) FAHEZL 60% rpm/H|
Hal2 sloh AAEAL] 242 3Aed 3
AXHER 7} 63] EA3le] o] F 3719 YAMFEA
ZHAA = gRYele2 AE]sle] SOF ¢ sulfate
£ ZA3d o

2.5.3 DOCO|| oI5t SOF & Eistra XA B5| 824
W3 CAdlzle] F735)3- 4% (intermediate rpm)
g9 FH FalzAdel A Azlg gAstHEA Pt Fu)
A A Fel glel A JAFEA S AFH ST YA
E2 & SOFE soxhlet & & % GCE slil4i

24e BAsE
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ig. 3. Composition of particulate matter at sulfur
content and exhaust temperature.

Az Al o A=A YRER F
o Ff=el U SOF A sulfaed FA sl 19
3o bR

a3 3oM E 4 9l vie} 3ol AHA YAALE
7 % SOF FAn] &L 9] R3lgo we} b2
o) = 25%91 A 51871400 rpm, (8]7)- L% 240°C)
o A= 76~ 83%, 50% = H-81-8/1000 rpm (v} 7]-&
X 350°C)o| A= 48~49%0]|™ 80% <l 25315
/1400 rpm (¥ 7] & 500°C)e| A= 27~ 35%2 v}e}
Wiz gloh AAl YAAEAR F SOF] v]&-& dlzl
9] Ralgo] ¥E4F, 7|2 E7} FolAPF pa
2.

Sulfates] QM E 7| X7} AlSshd F7)3)
= AFE epiul Al IREA S sulfate)
T £ 2~ 5% ebgd

A 5 o] duh YANEAEZ HE=E
ool ] $lste] o] ABEE AE3l] F 4o
yehfigicl Bk " g o3 3ol AAlskg
o}

o] A& (%)

- [ (YAHAEA = sulfate(g/h) X 0.3265)

dasuFHegh) x A 5 FFRFH%)

o17]4) 03265% BAHH.SO.) 2] 39} v & o}
thie} daavRe a1 FHANA A= }E

ol}l

]xlOO

ARl ok
E 4o B £ Qe ute) o] AF 2 o] o
AANER F Boao] AHIEL 09%~3.5%2A,

Table 4. Conversion rate of fuel sulfur to particulate
sulfate at different engine exhaust tempera-

ture. (unit : %)
Fuel Exhaust Temperature (°C)

S (wt%) 240 300 350 400 500
0.05 1.93 1.84 1.76 2.03 348
0.08 1.26 1.41 1.68 1.66 2.03
0.16 0.88 1.21 0.78 1.83 1.60

2 & S7betd A3
& sreAly AL ARl e wrlexs) A
<3 Frbehe S ez sl

o] ¢} 72 Az} Opris 5 (1993), Truex = (1980)
2 Wall 5-(1987)2] °4:I"§3"]'3]' v=g A
ehisiet. &, Opris 52 W3 wlANRE A}431e
US-EPA 1372 & 9 (75% N F-sHE/ ] <l
A} 11EE25% A 5-3-/3 ) Q13-
el A Bhal-gak OOlwt%‘;-! 0.29wt%<l ARF=
AHE-ste] o] AgES AT A 03~ 1.2%(F
T 0.8%)9)ch. =8t Truex %-‘Jr Wall §2 A 5
Hehfdel Fokebd #e] A& Fago 3
Rt

2R £ #EFYS M Fof A
Azel ARNET
DOC: o]A YaatEa & SOFZ AbshA]#A A
A= 94E8E AT SOE AA|A sulfate S
ARATE AR Sz 4R F %ol wel B
ol glom Hdre] ek £AA (7] £ 2}
%2 o) sulfaes] Ao A Zrhsked YA
57‘4_—4 &S 7M1 700
2 AFelAE SOF] Askele] F2 PSes
sulfate®] WAL AAFd & gl Pt-VEuE A&
sho} alxlel wi7leE 2AS WSAA A @
B F A W) o iAdEA, SOF %
sufues] WEFE FAsiol 29 4o et
2% 4eA ¥ 4 Qs ush o] Prdefo) gle]
e MALES 2T we AT )
Sgom Befdl B 5 YABAY 27
Fo =2 vehdeh ot w7 ew} Fobdss
sulfaes) F7ol e AARCE AR F
A7) dEoleh P-V Sfe] QoML SO A
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Fig. 4. PM, SOF sulfate emissions with catalysts
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W7l &E71 400°C ofAeiME AR F FEFH
0.05wt% & Agstrs 2F ZojRzaydro SOF
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at sulfur content and exhaust temperature.

& g9) 9l Ableldh o]2) dale] daAME 33
sl A A4 8) A el ac

Pi-V&ujo] glojAl= wj7] &% 240°Col| A SOF
WEel Ad 1 LRV 45U Rashs
A%e UehiE S00°CelH B gA vehger
o) PtEulic} Absjelo] Wojd W LEolME
Hohgo] o} 57} Foldr S SOFS B o
o FolH| L, S00°C ol 4ke] & oAt Pie
o4} o] sulfateo] ©)3k SOF 37} @abe] cha:
e o 4 glek

Sulfate W} 238 Wl7) 27} A5l wet 57
spdom, e Wl R NE AH B Bl
Z7heel et sulfates] WiEHE FolslAc PE
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Table 5. Conversion rate of fuel sulfur to particulate
sulfate at different engine exhaust tempera-

ture with catalyst converter.

Fuel S. Exhaust Temperature (°C)
Catalyst

(wt%) 240 300 350 400 500

0.05 1.4 3.1 359 83.5 71.2
Pt. 0.08 1.0 0.7 17.0 40.7 55.6
0.16 0.6 2.9 28.5 427 109.3

0.05 15 4.0 4.5 53 13.7
Pt-v  0.08 0.6 0.4 0.5 0.8 29
0.16 0.3 0.2 0.8 1.1 2.6

e 239 A d AR F A%RF Fotel
b} sulfate®] Z7}ako] 335 Jeh}, 315830
0.16 W%l Aol SlolA= 7] &= S00°Cel| A+
A YANEA F sulfate7} 49%E 2R} s} o)

W3 AR sl AR F o] FA siA
AEA F oz HEEE 09-35%F viephgt
9. 22v PtEE ARSI 2 w7 =M e
sulfate®] Aol G438 F71sl7] Wi 2 A
FHEE 7 vebdtoh & Seff PtElel Pr-VEy|
o slelA dAB F Se] YAFER F Hoz9
Ag-gg epliget

3£ 59} o] wi7) =7} 300°C ol 5} wef PeE
vl w7 &= 400°C o]3}d W Pt-VEwje] gle
M SoiabgAa vlsat ge) AfeS Jeplar
Aot PtEuflof glojr] wir]exrt Abashd 3o
ABEo W3] Zrksted 500°C, 0.16 wt%Sol] 9}
AME 100%E 2383 Sl &, AF Fol &
Hel gl o] 100% A3EE A B & 3§45
YR 2 glet o] TRSEAA FEH Fol §
Fr¥l sulfaest W71 /E Fde] MEHE A2E
Atz

o] kel Al Atsj R wlst zhe] A Fol i1 3
= FE AHEEAl g W 1~ 6% A=) sul-
fate2 WEHIL Y& SO2 wiEdoh 2t
DOCE AH&-3lH sulfateo] wiZEaF-E F7}18la 53]
P& & AMEE W IRIRAA 100%E 25
3ol sulfated W &3 AT otk 122 o
AAEA] AAFEA S ARA 77 SlEe A
f % SFHS o) DOCE A3 A+ sul-
fateo] S AT 5 s P-Ve} 32 Fvjj7}
Atg-Eojof & Aoz Al E o)

3.3 i QAXIAMEA = Sulfate2} SOFS] A

B

3.3.1 B0 FBA| Sufated] ZatE S2o MHFT

G4 UALER 3 sulfaed] AT A7}
SOFe] gai2%4] M#=e] SOF2He| 3g& o]
ALAE dolrr] g AP ANt Bz
2RY fA R FreAne FHHT U
T ASe] A% dFL WA S8l tw
Yolrz Astel Ak FAGTEOE I
747+g soxhlerFE el SOFE ALEs}9ic). Saket
ZEAE A F(Rabe] 24 WA A -
29| SOFe3} sulfaeste) HAE 23 56 e}
wele

§

4| ¥
SOF = 0042 (30FF + 00469 SO - 00261 §

41 R® = 09508

35 +

3}

Fig. 5. Relationship between SOF and sulfate con-
centration.

2% 58} 7e] SOF: sulfate?] Z7lo] wa} &
748t 2w} SOF$} sulfate®] A A2 SOF = 0.042
(SO27)24+0.046980:2--0.0261% ehfgl i AFaHA
FE R=095982 A FA Jebdol g spake ¢
ol 2 X e]ste] FAGEFLR 3 F soxhlet
223 b= sulfae?] Z7}o] whe} SOF7} 7e] =
7}atAl ek Aoz ol sulfate F AP+ sox-
hlet#%3 of CH.Clell 23 MM sulfaed)
7heb vl Eey Frlatch Aol Eelsglch

3.3.2 g4t 9 Fateo] 9

Scrubbing &2}

10

Of
ol

b 2EaE9 E7t

r
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Fig. 6. Relationship between SOF and sulfate con-
centration in total particulate matter.

Y AAFEA 2 sulfate 9} sulfated]] AgHEe] gl=
A7l A9 YAFEL EFH R & ojud o
g A RE Yolr7] $sld FArLAL 7
HAAZ] ARXZE AR S T dFE= 4R
Helrg Helsle] ALS FAAGERFSZ A A
71 %, SOF¢} sulfate® &Aslgor 1 A#E 1
g 69 et

a8 63} 7o) SOF: sulfate?] Z7le el =
Frslglom 8o JIS uiA|slr] $Ele FALS
FAG R F o2 Mg Fol e sulfaed] F7lol] ot
g SOF7} A< wW2slz| kot ol ez #AkL
sulfate e} Aghol] 28t ox)8] YAYEA AFHE
+2 Z7t2 vlA9hA7t o gl of 25| Hv, scrub-
bing EF}ol] 2]3] wrpirl v wo] FEE ]
SOF7} %712 = ¢kt

3.3.3 SOF9| ElgtA TN

DOCAMg-oll uhel srsppie] F3 mx AAo)
2]3k SOFe| A9 Mg akelir] $istd DOC

Ag A - Fel QelA SOF 5 wales 4Be
GCZ BM% A3} bt 249 45E g
4 ek
s @ B

A% 3 Beagel 9AAN) YAFEL] )
A dgg Fohrr] siste] CAALEHAR ¥
34 Fe) gy AR AATHAA A7

B 7| RARHN A 13W A6 5

A4S 9l R85 WA A st 9
AxrEAR dAEA F9 SOF, sulfate s 54
Al ogdt e AES do-

1) &uff w]F3 izl e dlzle] wr|eEr) =
SPF5 (AR F-5&o] F2 23Z27) PME u)
EFe o, 22 WEEAdME AR F
Agf-ake] S-S PMeo] HWo| wiE= gk

W7l et AsdeE AF F 3Rl

274842 sulfate= 2718152 PM & sul-
fate®] TV &L 2~5%%Ach AR F o
PM & o7 AIs|= 2 09-~35%24
A F ol Frieid HBEL oA ul7]
&7t Akt AsHgo] FrlEle AYE
2o s

2)Pt Z)E F2 cjAddl e wWr)2=s}
a3t PMo] 743 Z7lstgdct ol 12
9] wi7] &=ellA SO.7} AbZlE|e] sulfateE A
A8b7] djFolch PrEol) AMEA] AR F 3o
AL W71 2E 350°C o| oM F43]
Z7151 Wi 7] &% 500°C o)AM= A F
o] 100% YAEAZ A= o) 8 Pr-
VEue e AR F 3] Hbge] Hol
71 &% 500°CoM = FHd 13.7%E A e}
o}

3) A4 YAAEA F SOFS] i3 o) g3
e (CHCl) 2.2 F& 4], sulfated+8ke] =7}
o ulg} SOFs}e] ZFr}el: AL sulfates)] 2
g Agert Sulel o8 AHEe AATH
7] Eo 2 FFge} 1H 2 sulfate’} W
o 8 UAAIEA F SOFE £vlFE4]
B 524 dRYeld| x=EFA|A FAbE Atk
HEEoE HFAR F FF3}] o} e

dnEH

AA (1997) A 715 ETD Whdel 3 fAd YAy
AT A, BAE = F, 36-50.
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