1 DESCRI PTI ON | MPROVEMENTS | N DI ESEL PARTI CULATE CONTROL
BACKGROUND OF THE | NVENTI ON [0001] The invention relates to inprovenents in
controlling the em ssion of particulates from diesel engines and provides

met hods andwayppewidénss to that end. [0002] Di esel engi nagTtarseoot/hgoi10st
preferred for heavy-duty applications and light-duty trucks due to their

hi gh torque and superior fuel econony. By virtue of their fuel econony they
also result in decreased CO2 em ssions; as conpared to other engines.
Unfortunately, diesel engines contribute significantly to urban and gl obal
air pollution through the em ssions, parti cularly soot or carbon
particulates (PM and NON. There is recogni zed tradeoff between PM and NO
- when one is decreased, the ot hel?E‘f%s"? i ncrease. [0003] Particul ates
(soot) can be collected on a filter, and active and passive filter
regeneration strategilssrovemMbeTIN MESEL PARTICOICATECEONTRAAUI N soot . During
nost of the diesel engine operation period, the exhaust gas tenperatures

are bel ow BQ0f-vounp Y #RYMBLrbRI L1 ating continuous uncatal yzed soot
oxi dation wth 02 or N2 (See Kimura, K, Alleman, T, L, Chatterjee, S

Hal I strom dém}SﬂFexaaa%nza%%n@%wmemw@nhoﬁﬁgmeenh@wwar from ener gy
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soot OXi da&%él%\] 13 I3 SPRINGY 85 'h’f’ f"%/oéf B q"iffdt g Br c‘)'% Hé’ gRpjicarions Ay v‘g?i?r ap
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necessary SERRIIY e Au? ROl AALOOInALER] ds SAAIEBAEG Thghly Ler s that

convert Fn oxidrzes s00 Goer smai m
Caveni us, Bhfortungely, diasﬂ meginesAogtribute signifidantkyeto, uriginrngd ginbal #0palubier 0072,
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02 as wel |l to sone exft Wout er's,

Bl anchar d, a Fecogtizes itridep @ betvees iy andoiN —%Enwapﬁd%md@@m tendet r oj t
2004) . Soof,pxkdation with oxygen is insignificant in catal yzed soot
filters due to the poor contact between catalyst and soot (See J. P. A

Neeft, | tghquqwamehlatés (Y0 |ckh Be coh@BdCat a @, NERN dchige dAd phdlve BRltet 1996)
n e

295) . catal yzed soot filter
regeneration strategles are bemg used in practice to burn soot. During most of the

diesel engine operation period, the exhaust gas temperatures are below 300°C -- too
low for initiating continuous uﬁcatalyzed soot oxidation with O, or NO; (See Kimura,
K, Alleman, T, L, Chatterjee, S, Hallstrom, K, SAE paper 2004-‘01-0079, Detroit
2004). However, from energy considerations and system design, an ideal particulate
removal unit should minimize the temperature for continuous or induced regeneration

of the soot filter.

[0004] The use of catalysts has the potential of decreasing the soot oxidation
temperature sufficiently to provide for passive trap regeneration. Currently, the two
most popular technologies to decrease the necessary temperature for soot oxidation
are i) catalyzed soot filters that convert NO to NO; which in turn oxidizes soot (See
R. Allensson, Goersmann, Cavenius, Phillips, Uusimak, A.J, A. P. Walker, SAE paper
2004-01-0072, Detroit 2004), and ii) fuel-borne catalysts, that oxidize soot mainly
with O, as well as to some extent with NO (See T. Campenon, P. Wouters, G.
Blanéhard, P. Macaudiere, T. Seguelong, SAE paper 2004-01-0071, Detroit 2004).
Soot oxidation with oxygen is insignificant in catalyzed soot filters due to the poor
contact between catalyst and soot (See J. P. A. Neeft, M. Makkee, J. A. Moulijn,
Chemical Engineering Journal 64 (1996) 295). In the catalyzed soot filter




2 applications, the soot is mainly oxidized by NO2, where Pt is one of the
primary conponents which generates significant anmounts of NO2 at | ow
tenperatures. Unfortunately, catalyzed soot filters |ack the desired

dur abi | i ty, wanmot/i3e75pr esence of SO2 further |eads to sudmsodorwat i on
(particul ates) and deactivation of the catalyzed soot filter. [0005] D esel
particulate filters (DPFs) can be regenerated by either injecting a fuel to-
i ncrease the tenperature of filter or gnploying an FBC al one. Using a fuel
borne catal yst the problem of poor contact between catal yst and soot can be
overcone and permt the use of uncatal yzed soot filters to capture and

oxi di ze so@pplicBtipesadiengpadis mainly ppidizse tyuRIP2bwhere Feds apg of thespdmagyoot can
be oxi di ze ENGEniR8R ImobRIRANRD, & 10W0 WkfcPatules.
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J. K Acres, J. D Peter-Hoblyn, SAE 1999-01-0113). The significant

advant age eottilier- bor ne cat al ysts can be realized in the presence of SC2,
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to around 2 See S. J. e R Krul, M Mk

Moul i jn, Clatalypis §0qu Y (5%9) ﬁ@égyms@eﬂ éf“ea, RJéW%%ﬂ M M?ekk%e’e J. A
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conbi nat i opguRhcd Mekod Adidhdiorsehanér dfaheadaragd. soot filters studied so far.
The additional benefit by using Pt-Ce fuel borne catalyst is that, it forns

Pt catal ys{0006pCengd @&-Hdmela)ohmxﬁalgmoﬁmé ecmtanimhlsabymtmzxﬁg tHeetattiashi ch i s
able to SI ni ficantly oxidi [

t h d
t he bal anc &ﬁ‘nt e é‘faﬁ? sg&u?’f’ﬂ% g"\%:ﬁfaé‘g"rgs yofa L@ag(sfg '52ISI Bgr ne

cat al yst s iQagipeglen, ttheWosters, G. Blanchard, P. Macaudiere, T. Seguelong, SAE paper
2004-01-0071, Detroit 2004). Though enough NO is present in the feed gas, the rate
of NO oxidation to NO, over Ce or Ce-Fe fuel bome catalysts is not efficient and

therefore the more powerful oxidant (NO;) cannot be extensively generated, leading
to insignificant NO impact on soot oxidation. Bimetallic fuel borne catalysts
containing ultra low concentrations of Pt-Ce is shown to decrease the balance point
temperaiure to around 275 to 300°C (See S. J. Jelles, R. R. Krul, M. Makkee, J. A.
Moulijn, Catalysis Today 53 (1999) 623; S. J. Jeiles, M. Makkee, J. A. Moulijn,
Topics in Catalysis 16 (2001) 269; and S. J. Jelles, R. R. Krul, M. Makkee, J. A
Moulijn, G. J. K. Acres, J. D. Peter-Hoblyn, SAE 1999-01-0113). This is the lowest
balance point achieved among the many combinations of fuel additives and catalyzed
soot filters studied so far. The additional benefit by using Pt-Ce fuel borne catalyst is
that, it forms Pt catalyst coating on the exhaust gas system and on the filter, which is
able to significantly oxidize NO to NO; and therefore further decreasing the balance
point temperature. Further advantages of using Pt-Ce fuel borne catalysts include the




resi stance to sul fur poisoning, even using fuel containing 500 ppm of
sulfur, the filter did not suffer fromfilter plugging or sulfate
formation. (See, S. J. Jelles, R R Krul, M WMkkee,,J. A Mulijn,

Cat al ysi s Tedmoop36161999) 623; S. J. Jelles, R R Krulpciiis2édbbokae, J. A
Moulijn, G J. K Acres, J. D Peter-Hoblyn, SAE 1999-01-0113; and B. A A
L. van Setten, M Makkee, J. A Mulijn, Catal.Rev.Sci.Eng. 43 (2001) 489)
Therefore, Pt-Ce fuel borne catalyst wl| have significant advantage over
catal yzed soot filter |like systens where the soot oxidation mainly depends
on the generation of NO2 over catalysts which are sulfur sensitive (also,
S2 is oxi disizenice ® BIBr pasoning, Evan wsinel fpeldontaining=30p ppanef yfur. shefléeren ssi ons
of sulTate ooy shltb/iebeh Wit bibbding Vs dRRARAmRlon teeEPs (=HiRBT. R e, Dor ne
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[ 0010] There is a current need for new insights on nechanistic aspects for
very high efficiency of Pt-Ce fuel borne catalysts, conpared with other
fuel borne catal ysts/catal yzed soot filter systens and to enploy themto
desi gn part mautoatBeissl ters with i mproved efficiency, angbidNspabant
application discloses such inprovenents. Desirably, this know edge coul d
aid in providing traps with inproved regeneration characteristics, which
could preferably retain increased | evejs of ultrafine particles wthout

di sadvant ageous sacrifices in fuel econony or DPF size. SUMVARY OF THE

| NVENTI ON [0011] It is an object of this invention to provide new insights
on mechani spitectasgiecnd npowith &iefd2 land hoas fisl Highteneaipciind HOEQ: s an| oxidanhe -

catal ysts ?Pgt $:QaB0R rpﬁxe%)bégﬁderbftdbel(%ﬁt&ﬂ QfaRaréd Géllt AbRadtivith&osyW th

i nproved efficiency. i s anot her object of the invention to
provi de pamithdfg¢dagas CPP@I%N% has asqsheyye that ayfase pEToEeH CUTRIAS SRACIESt i cs,

whi ch coul drDinebiee ¥xitiBid! gbot ac o wéreyxﬁ};&a@iesqls&a # igravimadt ixc! es
wi t hout di sadvant ageous sacrifices econony or DPF size. [0014] It

i's yet anotQuerinigh; éY‘“‘betﬁeUllﬁv’&ﬂtqlﬂ?ﬁot(%OO&P 8¥Mde particulate filters with
RSN T A Y R SN I = TR
advant age @f J.lieNesaROR UK#ul,avil Makked, §.UL. NMowljs, Galyed Toduy 33i (09990 6R3; ravi ng
little or noysul f4T \akkee, 3. A. Moulijn, Topics in Catalysis 16 (2001) 269; and S. J.
Jelles, R. R. Krul, M. Makkee, J. A. Moulijn, G. J. K. Acres, J. D. Peter-Hoblyn, SAE
1999-01-0113). It has been found that Pt-Ce fuel borne catalysts are very active in
soot oxidation and have shown lowest balance point among the catalysts known so far
(275-300°C). It is observed that these fuel borne ceria catalysts are more active after
an initial induction period of a catalyzed trap. During this induction it is proposed
that, platinum coats the walls of the trap and catalyses the oxidation of NO to NO,.
The thus formed NO; is more reactive towards Pt-Ce-soot compared with Fe-soot and
. Cu-soot. Furthermore, it is postulated that, NO, decomposes over CeO; to form active
oxygen, ‘O’, which oxidizes soot efficiently. Fe and Cu do not seem to catalyze such’

oxygen transfer reactions.

[0010] There is a current need for new insights on mechanistic aspects for very high
efficiency of Pt—Ce fuel borne catalysts, compared with other fuel bome
catalysts/catalyzed soot filter systems and to employ them to design particulate filters
with improved efficiency, and this patent application discloses such improvements.
Desirably, this knowledge could aid in providing traps with improved regeneration
characteristics, which could preferably retain increased levels of ultrafine particles

without disadvantageous sacrifices.in fuel economy or DPF size.

SUMMARY OF THE INVENTION

[0011] It is an object of this invention to provide new insights on mechanistic aspects
for very high efficiency of Pt-Ce fuel borne catalysts and to employ them in the

design of particulate filters with improved efficiency.

[0012] It is another object of the invention to provide particulate filters with improved

efficiency in terms of regeneration characteristics.




[0015] It is another object of the invention to provide inproved wall flow
and other particulate filters with self regeneration characteristics that
permt reducing the em ssion of ultrafine particles w thout disadvantageous
sacrifices wodeabks7econony or DPF size. [0016] These angralsh@soQbiiects are
achi eved according to the invention which provides both inproved processes
and apparatus for reducing em ssions of particulates from di esel engines.
[0017] In one aspect, the invention p&ovi des an inproved process for
operating a diesel engine wi'th reduced em ssions of particul ates, which
conprises: operating a diesel engine with a fuel containing a fuel borne
cat al yst c{omB] Riisanothef vlgectobiheliheention o ppdds pdstiaulate filtennvathippsived on and a
fuel soluble or dis i Rl.at. . i L4 Ol i ng
exhaust . pr aeiegpREasetu s Rul QT SERHRITIA, ERIRATMTAERE 10 i de
and pl at i npartigeswjshont dishdvastagemye dadrifisen intfeel eeaaiontyyor dd¥niget i on, t hrough a
di esel particular filter having at |east two stages con'ﬁ)qrsi sed of (a) a

u

. 2ast . .(
catal yst sEWi#bl inxet apptherppbiedt ofrthe) ivyeptions toa provide spagiquiase fikigist WE sur f aces

Wi t hi n t he; Gabaldy RberR@fifonOthafideribits, ¥hidhl S8 opeRd vath ERBrtionaddiedel Passages
effective to renove particulates froma npving stream of conbusti on gases

gener at ed Bilsconiginieg aymusicast 309 pomyof ybfug Rt 638 taksperitl dkasi @hi¥er ein to

perm t thehdd QirhaRb sQfur AMEL8IdN dshio feRHaviagBile cr@bRilRges utilizing |evels
of platinum group netal conposition, ceriumconpositions, fuels and

optional cloebrRlis aiixaobjest 4fxhgdientidretoERvidd tnprovedavds flow anfletleat al yst

section in_a ts.sufficie to for.mcerium.nitrates on t fuel borne
cat al yst aﬂﬂ{{?‘ﬁgtf’ h@%’f’ I”Y‘g} S@tc‘f@é’ﬁ“\ﬁﬁ% rcﬁgvc?ﬂ%qwé etrﬁ'fnu STEYY FEUHBE nPSi ns

di sper si onemafssibhef pltafing panicles Withodti ditadvantageduscmacrifivgs irhfiet eqonomy or t r at es
will m or ahs Lo the surface of the soot particles to provide enhanced soot
oxi dation at a fower bal ance poi nt than could be achi eved w t hout the

provi si on ﬁfm&ﬁ?he% %Jdnﬁegexgwjé&s &L 3dchR0h GELrdiH i Cihe AldirdioN Swhith t he two

6 stage filter. Among t sui'tabl e chem-cal enhancers are sol uble or
di sper si bl progides | bothreinaprovadd pegcessek adnidn @ppasatith 5 niseuGing ofmissionst 19€ fuel in

anount s ef Laglimes kOmeRaNGgink1e nMost active species of surface nitrates,
especially ceriumnitrates. [0018] In another aspect the invention provides

DPF appar ajoes 704l 64 hspedts @ inRerdidnapi6wdaf ad ifigloedd protess abAbpdrating #duct i on
(SCR) unit,, wherein the re%gced ﬁartifcul atgﬂlsf,é and. presence of NO2 will aid
in the ef f &85! FBRBE vifly redpiced Samssions; of; RRrteygy rwﬁlcbe@m&a‘f& RPFBhRs, the NO
i s reduceddiesyl ehgihd withn fuéliconainaoi fAehborhy cdthlgstwbmbptiziag b diel eblublerve of t he
NO in the g.onve{’%i on of carbon a

_ d gd en air.'ig. h’q S(l:lRurnit. alilthis
erbodi ront SSEPE SRRy Be BB PP b o CPERA PR ERPP T SR © o
convert recamhpushipn]Nedstiag bkNaust produced by combustion of the fuel and containing both
cerium oxide and platinum group metal released from the fuel by combustion, through
4 é diesel particular filter having at least two stages comprised of (a) a catalyst section
having a platinum group metal catalyst on contact surfaces within the catalyst section
and (b) a filter section comprised of passages effective to remove particulates from a
moving stream of combustion gases generated by combusting the fuel in the engine
and holding them therein to permit their oxidation, wherein the improvement
comprises utilizing levels of platinum group metal composition, cerium compositions,
fuels and optional chemical enhancers to generate NO; and nitrates in the catalyst
section in amounts sufficient to form cerium nitrates on the fuel borne catalyst and in
the filter section whereby the cerium oxide maintains dispersion of the platinum in the
filter section and the cerium nitrates will migrate to the surface of the soot particles to
provide enhanced soot oxidation at a lower balance point than could be achieved

without the provision of the platinum group metal and cerium fuel additive in the two




[0019] In yet another aspect, the invention provides a filter conprised of
at least three stages, conprised of (a) a catalyst section having a
pl ati num group netal catalyst on contact surfaces within the catal yst
section andwdxbomséisit er section conprised of passages pfffugsdoriAofi0 r enove
particul ates froma noving stream of conbustion gases generated by
conbusting the fuel in the engine and holding themtherein to permt their
oxi dation, as described above, and additionally a filter section capabl e of
removing ultrafine particles. [0020] ny preferred aspects of the
I nvention, and apparatus for performng the processes wll be detailed in
t he descri ptagefiltehismhorigathé swimbkncheadcat @nhdpeers errsolublet dredigeasibla gdkaliBRI EF
DESCRI PTI ON T . The iV | O ] . t der st ood
and its ad\%e%ﬁfé'g}s%r \%B@ webli%%ggéé%ltéggﬁgé%eﬁ{a #”r%nré%tn hsjeeffégw%g%ﬁi eﬁ%‘a‘g%t ailed
descri pt i othe meg activalspgciestod surfagk @itrapist ¢spetiadlyascommitratésng dr awi ngs, wherein
experinmental results are shown in Fig. la through Fig. 10, Fig. 11 is a
schemati c @§018] I anethernaseesti the inention) ipse ides JAPH @ppAfAtn vy is 4sed iphr ough
Fig. 15 shquydicl f & anteletRediaRphEsS RhudiBf (SO uh@N widikid Oht OMQucelii - | a
shows XRD spectra of fresh soot sanples as indicated Fig. |b is_a graphical
conpar i son Pafticlatesnang; pregenegy ot Nhgwitlpais gniths elertiveness 8h e, SGR YN sed
Pt - Ce- soot fReingREGIAND, ETIRA! e NG HisuBalREd HififiB if Mhis eRmbbditidRNby S8t t i ngs.
Fig. 2a is a_.graph of exrgtgrl nental results Fhowi ng vgi ght . L.os g\&kh
t enper at ur SUlEAIPRGT st olohe Hkilp e gopKergipp of carbon and themagain in the

unit. In this embodiment, there may be used an additional catalyst ahead of the SCR

to convert remaining NO to NO,.

- [0019] In yet another aspect, the invention provides a filter comprised of at least three
stages, comprised of (a) a catalyst section having a platinum group metal catalyst on
" contact surfaces within the catalyst section and (b) a filter section comprised of
passages effective to remove particulates from a moving stream of combustion gases
generated by combusting the fuel in the engine and holding them therein to permit
their oxidation, as described above, and additionally a filter section capable of

removing ultrafine particles.

[0020] Many preferred aspects of the invention, and apparatus for performing the
processes will be detailed in the description which follows and as can be seen in the

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The invention will be better understood and its advantages will become more
apparent from the following detailed description, especially when taken with the
accompanying drawings, wherein experimental results are shown in Fig. 1a through
Fig. 10, Fig. 11 is a schematic of a reaction environment discussed below and Fig.

12a through Fig. 15 show different embodiments of the invention, as follows:

Fig. 1a shows XRD spectra of fresh soot samples as indicated

Fig. 1b is a graphical comparison of fresh Pt-Ce-soot and 70% oxidised Pt-Ce-
soot. 70% oxidised Pt-Ce-soot XRD spectra are collected under different
instrument settings.

Fig. 2a is a graph of experimental results showing weight loss with

temperature during soot oxidation with air.




7 Fig. 2b is a graph of experinental results show ng normalised soot

oxi dation rates. Reaction conditions: reactor-TGA feed gas - 100 mM/mn
air, heating rate - 10C/mn. Fig. 3 is a graph of experinental results
showi ng CO wevmbuizéen Wi th tenperature during soot oxi datrjugmonoiibniNO+02,

wi th increasing oxidation tenperature. Reaction conditions: reactor-fixed
bed, feed gas - 200 m/m n 600 ppm NO+10 vol % 02+Ar, heating rate - PC mn,
soot-20 ny. Fig. 4a is a graph of expeginmental results showing NO2 at the
reactor outlet during soot oxidation (Fig. 3) Fig. 4b is a graph of
experimental results showing NO2 at the outl et after soot oxidation while
cool i ng. Reacti &g (?(Pn‘llatgf%ﬂﬁ's"f qxpergpetal resuliy shawgne pergppligedssoot oxjdation ni n 600

ppm NO+10 vol % QgdA\RealtRAL donditioad: Geactok T GA Nfeed @S = 100 H/miNHr, insatingl Nl et -
out let reactor NO cgncentrations neasur ed by NDIR Fig. 5a is a graph of

experi nment al re&lift L0 %Wrng CO. at the reactor outlet with increasing
tenperature dur iFig 3598 brapk ofl@ipemental fesNOsHRHBE OB, 208ution with

temperature during soot oxidation with NO+O,, with increasing oxidation

temperature. Reaction conditions: reactor-fixed bed, feed gas - 200 ml/mih

600 ppm NO+10 vol% Ox+Ar, heatiﬁg rate - 1°C/min, soot-20 mg.

Fig. 4a is a graph of experimental results showing NO; at the reactor outlet

during soot oxidation (Fig. 3)

Fig. 4b is a graph of experimental results showing NO; at the outlet after soot

oxidation while cooling. Reaction conditions: reactor-fixed bed, feed gas -

200 ml/min 600 ppm NO+10 vol% O2+Ar, heating rate - 1°C/min, soot-20

mg. NO; is = inlet - out let reactor NO concentrations measured by NDIR.

Fig. 5a is a graph of experimental results showing COy at the reactor outlet

with increasing temperature during soot oxidation with NO+Ox+Pt/Al,Os.

Fig. S5b is a graph of experimental results showing NO, at the reactor outlet

with increasing temperature during soot oxidation with NO+O,+PVALO;3.

Reaction conditions: reactor-fixed bed, feed gas - 200 ml/min 600 ppm

NO+10 vol% Oy+Ar, heating rate - 1°C/min. Soot (20 mg) and Pt/Al,0; (80 -

mg) are mixed with a spatula. A '

Fig. 6a is a graph of experimental results showing COy over Pt-Ce-soot and

printex-U soot

Fig. 6b is a graph of experimental results showing oxygen mass balance (NO

and 2CO,+CO) over Pt-Ce-soot during isothermal soot oxidation with NO; at

350°C. Reaction conditions: reactor-fixed bed, feed gas - 200 ml/min 5000

ppm NO; +Ar, soot-20 mg.

Fig. 7 is a graph showing Catalyst-soot oxidation with NO, with increasing

temperature with NO,. Reaction conditions: reactor-fixed bed, feed gas - 200

ml/min 2500 ppm NO,+Ar, heating rate — 0.2°C/min, soot-20 mg.

Fig. 8 is a graph showing COy over Pt-Ce-soot and printex-U soot during

isothermal soot oxidation with NO;+O; at 350°C. Reaction conditions:

reactor-fixed bed, feed gas - 200 ml/min 5000 ppm NO; +10 vol% O;+Ar,
~ soot-20 mg.




Fig. 5b is a graph of experinental results show ng NO2 at the reactor
outlet with increasing tenperature during soot oxidation with

NO+02+Pt / Al 203. Reaction conditions: reactor-fixed bed, feed gas - 200
m/mn 600 poaoXisdE3vol % 02+Ar, heating rate - PC m n.pcpagboot/@Qesig) and
Pt/Al 203 (80 - ng) are mxed with a spatula. Fig. 6a is a graph of
experinental results show ng CO over Pt-Ce-soot and printex-U soot Fig. 6b
is a graph of experinental results shqg/vi ng oxygen mass bal ance (NO and
2C2+CO) over Pt-Ce-soot during isothermal soot oxidation with NO2 at 350C.
Reaction conditions: reactor-fixed bed, feed gas - 200 m/mn 5000 ppm NO2
+Ar, soot - 20 ngFig-Pg is a/graph shogirgCO.s hadb) O @athelrgastor dwwig RixGedsool on wi t h NO2

Wi th increasing %’?b%g‘z"&%n&@%h&g?%&" e 0&956@&&&%@“" or-fixed

bed, feed gas - tlng rate - C/ mn,
soot-20 ny. Fi gcorslltumsaegm’pﬁxedtbewfmglmZ%@VmWQ@mHDzé:hQIV@% nt ex- U
soot during i sophg MT?J) q{.) oxi dation with NO2+02 at 350C. Reaction
conditions: reac | xe feed gas - 200 m /mn 5000 ppm NO2 +10 vol %
02+Ar, soot-20 Kig 10sisa graph showmg MS analysis of Ce(NO3)s,

Fig. 10b is a graph showing Ce(NOs);+prinetx-U soot decomposition in He.
Reaction conditions: reactor-DRIFT cell connected to MS, feed gas - 20

ml/min He, Ce(NO;)3+soot were ground in a mortar.

Fig. 11 is a sketch of one schematic reaction environment to aid in

understanding the experimental section.
Fig. 12a is a schematic of a DPF according to the invention

Fig. 12b is a variation of the embodiment to Fig. 12a, showing means for

" introducing fuel and/or catalyst to aid regeneration;
Fig. 13 is a schematic of one preferred DPF combination of the invention;

Fig. 14 is a schematic of another preferred DPF combination of the invention;

and

Fig. 15 is a variation of the embodiment to Fig. 14, showing means for
introducing fuel and/or catalyst to aid regeneration and the addition of a filter

for ultrafine particles. -

DETAILED DESCRIPTION OF THE INVENTION

[0022] The invention provides improvements in controlling the emission of
particulates form diesel engines. It does so based on testing outlined in the Examples
below and with the implementation of new diesel particulate filter/fuel additive

_combinations.

[0023] The invention is based on discoveries most easily observable with low sulfur |
content fuels, whereas they are effectively utilized in all fuels suitable for diesel use,
including those with up to about 500ppm sulfur. The term “fuel” is thus intended to
include all of those fuels effective for operating diesel engines. The fuel can contain
detergent (e.g., 50-300 ppm), lubricity additive (e.g., 25 to about 500 ppm) and other

additives, as desired.




Fig. 9a is a graph showing CON, and b) NO at the reactor during Pt-Ce-soot
and printex-U soot oxidation with 300 ppm NO+02 at 350C. Reaction
conditions: reactor-fixed bed, feed gas -200 m/mn 300 ppm NO2 +10 vol %

02+Ar, soot wdosssss g. 10a is a graph show ng M5 anal Wweirfsedor/684HC3) 3,
Fig. 10b is a graph show ng Ce(NGOB) 3+pri netx-U soot deconposition in He.
Reaction conditions: reactor-DRIFT cell connected to M5, feed gas - 20
m/mn He, Ce(NOB)3+soot were ground i,rba nortar. Fig. 11 is a sketch of
one schematic reaction environment to ald in understanding the experinental
section. Fig. 12a is a schematic of a DPF according to the invention Fig.
12b i s a vaftat] among thd&ebniuidblagot udecinFihe inveAdon sriaahwsegwhietangidaty 4

i ntroduci ngc&H}?ljiseaanﬂ!sg[ ﬁ%ﬁtsﬁkﬂg axri)p ofa{.hg t&}?lgael‘ r])%Frg‘lteLrg[Herived fuels including
distillate fuels. A fuel can be one or a blend of fuels selected from the group
consisting of: distillate fuels, including diesel fuel, e.g., No. 2 Diesel fuel, No. 1
Diesel fuel, jet fuel, e.g., Jet A, or the like which is similar in boiling point and
viscosity to No. 1 Diesel fuel, ultra low sulfur diesel fuel (ULSD); liquid fuels
comprising hydrocarbons derived from gaseous or solid fuels; and biologically-
derived fuels, such as those comprising a "mono-alkyl ester-based oxygenated fuel",
ie., fatty acid esters, preferably methyl or ethyl esters of fatty acids derived from
triglycerides, e.g., soybean oil, Canola oil and/or tallow, or “Gas-to-Liquids™ fuels
derived from biomass, ﬁaturél gas, coal or petroleum sources. The term "hydrocarbon
fuel” is meant to include all of those fuels prepared from "distillate fuels" or
"petroleum”. Gasoline, jet fuel, diesel fuel, and various other distillate fuels are
included. The term "distillate fuel" means all of those products prepared by the
distillation of pétrolcum or petroleum fractions and residues. The term "petroleum"” is
meanf in its usual sense to include all of those materials regardless of source normally
included within the meaning of the term, including hydrocarbon materials, regardless

of viscosity, that are recovered from fossil fuels.

[0025] Jet A and Diesel No. 1 areldeemed equivalent for applications of the
invention, but are covered by different American Society For Testing and Materials
(ASTM) specifications. The diesel fuels are covered by ASTM D 975, "Standard
Specification for Diesel Fuel Oils". Jet A has the designation of ASTM D 1655,
"Standard Specification for Aviation Turbine Fuels". The term ultra low sulfur diesel
fuel (ULSD) means No. 1 or No. 2 diesel fuels with a sulfur level no higher than
0.0015 percent by weight (15 ppm) and some jurisdictions require a low aromatic

hydrocarbon content e.g., less than ten percent by volume.

[0026] The term "diesel fuel" means “distillate fuels" including diesel fuels meeting
the ASTM definition for diesel fuels or others even though they are not wholly
comprised of distillates and can comprise alcohols, ethers, organo-nitro compounds
and the like (e.g., methanol, ethanol, diethyl ether, methyl ethyl ether, nitromethane).
Also within the scope of this invention, are emulsions and liquid fuels derived from
vegetable or mineral sources such as corn, alfalfa, shale; and coal. These fuels may

also contain other additives known to those skilled in the art, including dyes, cetane




Fig. 13 is a schematic of one preferred DPF conbination of the invention;
Fig. 14 is a schematic of another preferred DPF conbi nati on of the
invention; and Fig. 15 is a variation of the enbodinent to Fig. 14, show ng

means for iworogugi7eg fuel and/or cqtalyst to aid regeneraihdnoasnd the
addition of a filter for ultrafine particles. DETAI LED DESCRI PTI ON OF THE

| NVENTI ON [ 0022] The invention provides inprovenents in controlling the
emi ssion of particulates formdiesel enpgines. It does so based on testing
outlined in the Exanpl es bel ow and with the inplementation of new diesel
particulate filter/fuel additive conbinations. [0023] The invention is
based on di smpesers.centirosidatassich ad shé-datsrtarybutyl-#-owtlgiblenol, contosint f uel s,

whereas ey el MRF inkfBhis bl 287 oliialld LUELS suind Al é@dnqg@fﬁlsuse

i ncl uding t e W't uptoaout 50 ppm su term
i nt ended t o bagriagatic aentsfgunh defebifogy | metalf ¢e@emvav@s,flmpebpnelmtn hgrigins el

engi nes. Thg.fiLg & LQRtah, detergent (e.g., 50-300 ppm, lubricity
addi tive (e.g.l, éag&o about 500 ppn) and ot her additives, as desired.

[0027] The process of the invention employs a fuel-soluble, multi-metal catalyst, i.e.,
a fuel borne catalyst (FBC), preferably comprising a fuel-soluble or dispersible -
platinum group metal composition and a fuel-soluble or dispersible cerium
¢ompositi_(_>n. The cerium composition is preferably employed at concentrations
effective to provide from 0.5 to 20 ppm ceriurﬁ. The platinum group metal
composition is preferably employed at concentrations effective to ‘provide from
0.0005 to 2 ppm platinum. More preferred levels of cerium are from 2 to 10 ppm,
more narrowly ﬁ'pin 3 to 8 ppm, e.g., 7.5 ppm. And, the more preferréd levels of
platinﬁm are from 0.0005 to 0.5 ppm, e.g., less than 0.25 ppm. In some embodiments,
the treatment regimen can call for the utilizing higher catalyst concentrations initially

or at defined intervals or as needed, but not for the whole treatment.

[0028] An advantage of low levels of catalyst (about 3 to 15 ppm total), preferably
below 12 ppm and more préferably below about 8 ppm, is the reduction in ultra fine
particles resulting from carbonaceous soot and metal oxide emissions. It is an
advantage of the invention that the low levels of catalyst produce less ash than those
typical commercial levels, and several embodiments are afforded to ﬁlter out the fine

and ultrafine PM without sacrificing significant fuel economy or DPF size.

[0029] Among the specific cerium compositions are: cerium III acetylacetonate,
cerium III napthenate, and cerium octoate, cerium oleate and other soaps such as
' stearate, neodecanoate, and other Cg to Cp4 alkanoic acids, and the like. Many of the
cerium compounds are trivalent compounds meeting the formula: Ce (OOCR);
wherein R=hydrocarbon, preferably C, to Cy;, and including aliphatic, alicyclic, aryl
and alkylaryl. Preferably, the cerium is supplied as cerium hydroxy oleate propionate
complex (40% cerium by weight) or a cerium octoate (12% cerium by weight).
Preferred levels are toward the lower end of this range. In alternative embodiments,
the cerium can be substituted partially or in whole by a rare earth element in the form

of fuel additive.




9 [0024] Anmong the fuels suitable for use in the invention are those which
typically conprise a fossil fuel, such as any of the typical

petrol eum derived fuels including distillate fuels. A fuel can be one or a
bl end of fuwbsomabest ed fromthe group consisting of: dicstustooadieorfiuel s,
including diesel fuel, e.g., No. 2 Diesel fuel, No. 1 D esel fuel, jet
fuel, e.g., Jet A or the like which is simlar in boiling point and
viscosity to No. 1 Diesel fuel, ultra kpw sul fur diesel fuel (ULSD); liquid
fuel s conprising hydrocarbons derived from gaseous or soI id fuels; and
biologicall¥ derived fuels, such as those conprising a "nono- aIkyI

est er - based Q9§9]gémate%ﬂfeuelaﬂnmn group freatalycompiogitient.ef 8, lpt-exclgostarigneret hyl or

ethyl ester gja@hund aipwnﬁ%ﬁﬁmﬂﬁ@omddéswmdtlﬁIwéyﬁ&rmgessma)s@ to BOWRean oil,
Canola oil- and/or tallow, or " "“fuels derived from bi omass,

natural gas® #eHIS Eat et 5’8?%9%? ‘é’cﬁﬁpé’éié o ﬁ*hé“i’ Eb§nPehN 58P B8 htor Reser i s

meant to i ngb!Qﬁ‘ élal., @in W%ﬁlo sthsSthe pRRiRh@thrbupd Metall sdilrtd. [Gihe shiltgdis” or
"pet rol eunt Gasol i ne, fu di esel fuel, and varl ous, other distillate

fuels are | hle'i"a}%arovwﬁetatl é?wysmogmoﬁlpalesemﬂa‘éq conypepiallyayailgpleor gasilyp oduct s
pr epar ed bysjnhesxdécsﬁlhixﬁ@ﬁ gwhpthetmeatceglawm@és pRlvdflgesuBtiee (. £ akAnd

resi dues. The t ant its usual ense to i nclude all
Lot o b iy Sbdith el Fog s bled, Bt e, PIGBU™ A0 Helhe

meani ng of dibenzykdeme ataiariatd] ngl fayrylscd soapoOof tewdreine platinumh egpddl dbaplexa

Vi scosity, tha are re gelverod fromfossil fuels. [0025] Jet A and D esel
No. | are de‘gmega’@dﬁlp\f“l i Olealy applications of the invention, but are

covered by i I

cover ed O RS PHERIREIAR Y HE RNIEDE: DR ISl TR kST

Speci fi cat i faatofsontilZingslevels o |platinhm’ group mefyl Iqa@p@weord@smgnammnsxmnSASTM D
1655, "St anﬂ!@fs@n@@ﬁﬁinfal SR ediRhcetY &ﬁtlh&‘&sg H{e@eﬂé}af: M’%ﬁ\lO x-ﬁt&%a{affsm uI tra

| ow sul fur diesel fuel (ULSD) neans ) i di esel Tfuels
sul fur | evetechRn Riagoentstsuificient @Dﬁpen;féﬂee mtramf lﬂéb‘gﬁlt‘ef(si‘aloﬁmhef@ﬁdh%orre

jurisdicti Oéb'iluﬁﬁgéﬂé' i§ aSsobRWdAkNRid ﬁmhbﬁﬁ{smw% &Qﬁe Biafiniin $h the Iﬁﬁ%ﬁ t han
ten percent e( vol une. [0026] The term "di esel nmeans "distillate

fuel s" i nclafionyang @é@l‘m?’ﬂe‘l‘ R 8l by aﬂﬁ@"l&@?‘l\?@ﬁé‘!’f%tﬂiﬂéﬁ‘"fl@r thei 98kl fuel s

or others eygikciéshe Bﬂhudé”&}iaﬁé@ sORTox )66 M aGEIHRED BAShRT o Sittelihvdhfsn and can
conprise al cohol s, hers, organo-nitro conpounds and the |like (e.g

met hanol , e¥MaFst th ed "E’t“ﬁ?‘l’“ Qf Remum RaFaics V@‘E"r‘i‘y‘l“eefPH@r to ke tarléi&}elt'ﬁ’ﬁﬂléﬁ "Also
within the Seape of this inventi on, are emulsions and liquid fuels derived
fromvegetable or m neral sources such as cor n, alfalfa, shale, and coal.
These fuel s[0038] Aheng thestisbie cHehrical antinédry &rs sklnblarortdispeisibicalkddi mball i n t he

art, includj d e ane 10.i nprqyve anti - axi
2,6-di-tertl gg’y é‘ ‘T %%hne?rﬁﬁ Pheno th?)urelr (l)nsf“(')‘ﬂuq hi g‘%rg{vgrtg e"ir;%né:? tl|'enh| bitors
such as al krybsaaawesgmsmfeudmedmmweﬁnmgdmaedem nifpates. Snclogthatdess ragyent s, gum
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metal compositions are any of the known fuel borne catalysts of are barium, calcium,
strontium, zirconium and potassium. These compositions should be employed in an
amount sufficient to supply from about 0.1 to about 1.0 of the weight of the noted
metal to the amount of cerium in the fuel. And, the amount of platinum group metal to
cerium will be within the range of from about 0.01 to about 0.15 by weight. An
enhancer for cerium nitrate formation can be employed as a wash coat to make it part

of the catalyst section as manufactured.

[0033] Among the suitable catalytic forms of the alkali metal and alkaline earth
compositions suitable as enhancers are the alcoholates, sufonates, beta-diketonates
and soaps, e.g., selected from the group consisting of stearates, palmitates, laurates,

tallates, napthanates, other fatty acid soaps, and mixtures of two or more of these.




[ 0027] The process of the invention enploys a fuel-soluble, nmulti-netal
catalyst, i.e., a fuel borne catalyst (FBC), preferably conprising a

fuel -sol uble or dispersible platinumgroup netal conposition and a

f uel - sol ubl woaoo7ds&per si bl e ceri um conposition. The cemrpcwosgMP@siiti on is
preferably enpl oyed at concentrations effective to provide from0.5 to 20
ppm cerium The platinumgroup netal conposition is preferably enpl oyed at
concentrations effective to 'provide fgem 0.0005 to 2 ppm plati num More
preferred levels of ceriumare from2 to 10 ppm nore narromy from3 to 8
ppm e.g., 7.5 ppm And, the nore preferred | evels of platinumare from

0. 0005 to 0ABOpgrthe eocgum qompesitiprsnarg opganpmatallicncomnenndspansid¢omniexss as he

treat ment r Qg aPMheGAR SabbiumAid} Qfabib b}gaﬁic%rdbbﬂhﬁ suGAdsalbRbls PASANE r ati ons
initially or at _defined intervals or_ as nee but not for the whole

treat nent. F€o2Bphaks aélawﬁaagéwa?aﬂpalﬁowwdsaceés Exgaplgryiof patigvler 8l o 15 ppm
total), preferabkydikal aws b2 t&ﬁﬁyadwjl MoBoPaRS Ahalky ob @lesdy GliGUodfinPPM 1S

the reduction in ultra fine particles resultjng from carbonaceous soot and
metal oxi deOWAHIE shlfue ayailable aag supblefen e 19the Frecnt AL ey Gie trktolttle | ow

| evel s of caiddry stablpisbigtonl meastprabﬂed tilRghid sam; 6l alsoeBiployel td evel s,
and several ,enbodi ngnt are dedl tg filter the fine. and L{)| tnfine PM
wi t hout sachrFHhg BY P ﬁt ‘U%‘f‘ YeisheseRs Byt LSy 25 #H3o§a%mng ¢ he

specific ceémulsibﬁoofpahextwlmsAmdsﬁg tlﬁ&iﬂedﬁbldoﬂluatebmb@nﬂk anatthe seley bfim Hi

napt henat e, oat cerium ol.eate an d ot ch as
Sstearate, n%“gp nat é’? focat oﬁeﬁxa'&giélt %&lﬁﬂﬂ %ﬁtrI? gé‘a B%f ge‘t A% 1ike.
Many of t heSomumlRumoatp(fwnermplon IGovaratitin @h@cﬂk;dk—*aﬂs&,t arplg atyialkglor nul a:

Ce (0O0CR) 3 [ . r ing

al i phati o, SERTLH R DE YRl BleF oo st cboh; Sockty ANAnbIRER 161

suppl i ed ase?@mwndhyldt-bmxidtemghmfgﬁf srlable a&emib%@‘]a@ﬁ)%l@mn Ris oy wei ght)

or a cer! UNiRpl 8L, Grdl 3,021 b Mol calfindin sodhfd Bhfifithale 6liimAafts bPvAr d the

| ower end of range. In alternative I ment’s, the ceriumcan be

substi t ut ednq@éhemcmdf deﬁqurfrqm 6pa tqs;anéwtml@u@aﬁmlae Femequnds of theethenr m of

fuel additiyetals addluseAP30ivaiiadie Of the pl ati num group netal conpositions,

e.g., 1,5-cyclooctadiene platinumdiphenyl (platinum COD), described in
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aci d soaps of rani ne Conplexe Let ramn | at i num
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gener ation t section n am)un I Cl ent
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section and the ceri um nitrates wl bé avail a sufrface and within
t he soot palhei davicss moll 3 S@vl?fﬂ@faé’wnﬁlﬁb‘é%i agthipd stage é"é‘ﬂ' b1 i colleetefingcanfl bal ance
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found to be a hi active, species
the catalyst in sensor-acnvated operation. This mode provides increased catalyst and

filter operating temperature for oxidation of particulate matter and hydrocarbons. In
this invention, the addition of fuel-borne catalyst and/or activators to the fuel provide
improved emissions performance and low temperature regeneration, according to the
mechanisms described herein. The catalyst section can be integral with the filter

section, but is shown here as separate.




[ 0032] Among the suitable chem cal enhancers are sol uble or dispersible

al kali nmetal and/or al kaline earth conpositions in the fuel in anpbunts
effective to enhance the nost active species of surface nitrates,

especi al | y werouMnsérsi rat es. Such enhancers may be addegcyivgdoh@idiwel and/ or
in the catalyst and/or filter device. Anong the suitable netal conpositions
are any of the known fuel borne catalysts of are barium cal cium
strontium zirconium and potassium Thggse conpositions should be enpl oyed
in an anount sufficient to supply fromabout 0.1 to about 1.0 of the weight
of the noted netal to the amobunt of ceriumin the fuel. And, the anount of
pl at i num gr ¢e35BegelentoisceadeumRig| 12abwhivhtshows & Imprasemtgiiveodeviceaniliaingut 0. 01
to about O. ﬁﬁj abi. r cer i i o] ti an be
enpl oyed as%% %sf cog%S ?fgmerrg el t8 E‘p%%ﬁ B%’PS[ #ejlm():%k'é'f 3&& né’e%g?gnﬁggeq

manuf act ur ednging D 33ppesaterhgn fired contiaininiyl  fushedditivd & desentpedad producalakal i

metal and a kN r Lt J; ar

al cohol at es%h%b%to%g?%s%mgg? gﬁ%ﬁi%ﬁﬁit@%‘%ﬁ@%&’?ﬁpg.g%b?,emzz(e)?’egtmte ﬁf romthe
group consi onpxjde(COY.dwdeacabon (HC) pigrogen oxidesr tQxg, carban| paredes (k. hanat es,
other fatty.RAChH eXRAREpip& BT Wrthd ERmmA gal Was flovidRd Gifla hilRS&age BpF ATONg the
sodi um conposi tions are organonetal lic conpounds and con'?l exes as well as
the salts oforepffed Rfnat Ipagtuieaslages ray saRbYStc srelion i and e ltgs segtieph-s or
acids, e.g. Ad¥dudRaddls théldvemtdn Fro®ass a8 ShRbidnedt GABRIS sfEieACh Jow
Exenpl ary of partlgul ar salts are theé%igidl um a;é]s of tertiary butyl
al cohol and2BPWHtt eE Playpumygewr meta]qre F"dirﬂ“oa’@ flctosggrerate, NO»alpathE apl e and
su: tabl e f\?\ﬁgtfxsa §e&idrhﬁnf axa@igg stiffidient BEYoral fénﬁﬂﬁhﬁrﬁﬁ}s Ub!tRe EMer ?é&ogt abl ehi n
sol ution. e nat preferr i nagrgani c .sa can. al sp be - oyed to the
oxt ont _t hat WPHEYY dhe SHEmCPdR inaliys SRbn oh e Ptin Gethe FGE ACHEn n a

st abl e enul sadtheatericinhitraves evill Afiprage tohthe Spefadef 6fthe eobtLpariaespoUpdsidar e: t he

salts of sulfonat.ed hydrocarbons, for exanple sod troleum sul f onate,
avai | abl e aé"h%g%fiusr%%%xtl ronate: ?%eﬁlbéag%? goIﬁt I‘?)oél:l&;?%g le(vﬁﬂdgmgﬁ, tk’??zal kyl ,
aryl, aryl aployisionafithePplatinusm grpup oetal badhcdnawi fugl agidaive éu theheo stage &lterccar bons) ;
sodi um al coholat I - i ey f.uel -. sol ubl e
al koxi des (E]ag% %gﬁr{e?%nrtl Ig I shgﬁégﬁk&;Fi,ah%&g&?)iwg%%@%og&gghgrm‘r'r%'Pgncar bons;
and sodi um prapdeeradically dend¢aged particwates imalpsitrerangesand ds salfregereatingeun coal

tar and pet m ( eful as

bvai Lol e VRl Elemplafle Ut EAGROMBUI ey enliehed T Lo BREAUEE |1

i nvention WoobePEheR@flysBRBHRoYS 8E A41iRWRFboAS the thaHie o v

r epr esent a\t/\{l ve ]c_onfi guyrsat i ons of DFI>F devi ctes (Fi é tgoldz‘,gm?ﬁ)rﬁ%togiqg? 15),
°H

whi ch depi cWhigRdh argsiong oxidapt phgarbpr in Mg 58ht Pt which Bate 1avention bed
herein, theefiplegf chrirh iabdllphitiBumi grb8 Snetdld InUsl Beh bolnB AatalyshiQestitGigQhie

conpri sed gtteé%{ afcat al yst section 5 having a platinum group netal

catal yst onfBBHIORAL suffaqeuiates,pr R REIAE Recicles producead; foem dhrgtuehforae £ | ¢ er

section 12 catilps idafing @bmpasisngashelchgint iNe This datal§By eediioh tS @Uprdtepsly rom a

novi ng streamof .co stion gases .generated by. conhustin he fuel .in the
engi ne and ‘f?g%]gieﬂé" ‘{gﬁ’g?‘ﬂ"tuﬁb?rg‘? ertpdgwu? Hﬁ%} ! @G&E’V‘o%?tbfﬁémg'é‘?%l yst and
filter sectbyorsningythdengine @gthel futlobanscagye santibhanabole hhdosdelistedori . €. ,
catal yzed e- cat al filters advant ageous be used. The

devi ces wi Ia"pg1 ae% ggr f)(ri'éﬁ&ee?a '?‘gnﬁ ér?c?ag%lt!,zea hslurgﬁraset %‘8%"?"?4- %i%rsonfafec?’ &bl | ect
fine and ulshpwnfinrtigpd2h,ifoklesan P injented aye nler engimnedtansit wisiresn ioficheide f uel

i njection e..catal - < I.yat rati Thi s node
provi des i ;h(%?ayéggg%ﬂ/gl;{ig yss?g%a{ﬁofxﬁ%'ls% &égﬁgéf@%$%§n%grcagﬁsg af@?mgg(i dation
of parti culsaetiongaf therdevine Thy ducd can bentain afuel bhiing catalystranilon enhaneeraBligi t i on of
fuel -borne RIAbYS terdBd/sq! sAGhd SRIOHiSh béh b'frelddfd anllicl \irfiferkdR UG
em ssi ons performance and | ow tenperature regeneration, accordi ng Yo the
nmechani sns addsededpe detsapiae dmparignt operalional parametersnsuchias the fempergiuag ofii t h t he

filter sectth®RiteDatd dafal g QURIOHE tBe BAckS PRAUAL fr through the DPF, and the like.
When the back pressure is determined to be too high, fuel from tank 40 and line 41

1

with or without a fuel borne catalyst can be introduced, such as with an injector 42 of




13 [0035] Reference is made to Fig. 12a, which shows a representative
device utilizing the inprovenents of the invention. An internal conbustion
engine, e.g., a Diesel engine 11 is operated on fuel containing a fuel
additive aswdemerizbasl t o produce an exhaust gas 1, whi geTagioabsisiicar bon

di oxi de (CO2), water vapor (I1-1Z0O, carbon nonoxide (CO, hydrocarbon (HC),
nitrogen oxides (NO2,), carbon particles (PM, etc. An exhaust pipe 2, 3
for the exhaust gas 1 is provided with,;g nulti stage DPF 4 conprised of at
| east two stages, a catalyst section 5 and a filter section 12.

Advant ageously, the invention provides an inprovenent wherein sufficient
but | ow anotist typefwhithahdsna metgmoline A tfed copliag s idescribdd iim U.n% Ragt N

generate NOJ dv@,ﬁ?eorcat 3l Yfen? .ieg,gg,ébsarmymsaog&tz !ogi Whikh taPe hfeBy ceri um

nitrates in the filter section wh y the cerium oxi de maintains
di spersi on #icorneeates bytreferance- A simdlar arrangemend ds shgrynamBig B& cerium nitrates
will mgrate to the surface of the soot particles to provide enhanced soot

- oxi dation af0037] Shgsubsiigte ferecatalyshseqtinn P @hied BRicatAHE FURACTth &8t of he
provi si on ohlubdieh, Bl Sli¢aalimbia0itnpiiioh saéll a esrdieid, Ullcoa dditidey @lds® ok he two
stage filter. In_the enbodi ment wherein t%,eﬂ%hird sta filt 112 i's
enpl oyed, t AS@! fRSF iPOFPUS r 84350 SE72FG OF 419 SFatess & %ﬁ?tlﬂ%m RSt al |
Si ze ranges pfitred Supirf maegaineiliabe 4 geratmicVfiltey, Jutas SileeH @atbids whichtibe type

nost frequently enc tered in nohbile,operation. 0036 e catal yst

sect i on- o pAtE DN i TngY Ab e RRY R rertt Bpnql cPeBs i ch i s
a strong oxcalapst tgpicdbr dmainsnfromsaboun3® kg ho ;gnmi’tpmtithin groupt etalshegnt i on
enpl oyi ng cer.i %Ejﬁ ' tals in el rne catal yst, result
in the for Ngédl on %Qgsﬂ acegﬁﬁa%fg%g%ﬁo rég?ﬂluﬁr%a%éﬁ%%etiagg?&aﬁéﬁs3”15@%%18duced
from t he fuetrudbgecheatapstalsyett adithosanayadahib fromi Cataliytic Solatiensyinve ptdvideThi s

cat al yst segtian 5 i r . ]y iL I r e | ati num
group net al ﬁ{e#ﬁoaﬁaw Qb%}ﬁggﬁ%ge&?g@gl %/tggﬁt%y&r El %ﬁﬁ“‘n‘g %@ rgﬁ%{!hg‘hgn t he
fuel borne &amulajion oithe sdlishrathlystroand catalysosashedatssnaieley inplughelkali metah ti e
sufficient 0akRlRIAAR i aHRabsAlTheSTRE QUiRtble t? RO RIS ar@BhosfIOWN i N
Fig. 12b, fuel can be injected into the engi ne exhaust upstream of the
catal yst anBPEy recentlyeprovided.j 4 faqubactuyesel sych dexicpe hag intwduged a pystame

catal yst anghnich!dtifizesSe Gbdvil) catiyd e m% with@loiw@peaiiré akadritich, f uel
borne catal yst and/or enhancer. Fi 2b shows sensors 51, 52 and 53, which

: ) . 12b
can be pres&&r &l RIgcgusagidldpadingsdege plasinum groypmgials) repogedie XRitnd29 npor t ant

oper at i onal gRAP pRRIRES tHesE Idadingt Ae veRNgueilaLvher plhtihilis 1dading® bf ﬁvﬁﬂhﬁaﬁt ﬁl y; t y
n the bac

sections, the bagck ssure in throu he DPF, and _the |ike.

pressure i sﬁﬁ’é‘f ZS rﬁ’ﬁéﬁpl{aﬂmﬁ’é YW W@ﬁ,‘h 1981 8¢ 4>t i BOFETOMORESHL Wi th
or without ﬁla? uaéutno[]gw&é,aagﬁsduﬁ@aw ngd/m’tar@dn?ﬂdmesuﬁ]gematmltdf thé)
injector 42 of .14 the.type i C s a.return line 42 for cool]j as
descri bed i HVE3Uog bﬁa?’é‘ht"&\l@@%ﬁ"@?@, 274 héél Fi"e]é. INEEIRRATISRY to 6‘?‘?’78’%03 t he
di scl osur escamtentfatiods. ar e hereby incorporated by reference. A simlar
arrangenent is shown in Fig. 15. [0037] The substrate for catal yst section
5 can be a {9038t Ellter sactiby 42 canpp@ny of ¢hage dexdéesddnownrin theaars iab ngedulafouni na
conposi t i oNpFHGRVRS GRR IR 408 hotd kb CRiniiaLPIdE: M V6 Lbers,
por ous gl ass, ce‘rqam' C .Sr nét_a? s%%g%rr%s?agneggt%ggﬁ%ﬁg?%mrr%lg%&%r eferred
support matpdused \ky|q diggel gngine.afneng ithese pre walk Rowsmenglite gavicksrofi tiee  whi ch

i's avai | abl &vig Khbwh fo bd ERPIFRERardufite fafsORUE %‘gwaﬁ&sp@%am desdHRRNd L
supported catal yst typically contains fromabout 30 to 90 gnmift3 plati num

group met al &P 12764 641 2p8 ohersyicduding extyided parops dejficessugh g% availablp diom vol une.

Base netal KNekahydCordfd maNQimibled Ghétar tlterdt Akl ShSavafistfld Bsm tliga@mavai | abl e
from Catal ytic Sol ut Inc., provide a nmeans to catalytic activity with

i ops, Ing
r educed uti‘}‘ﬁ"?ﬁ?tl"%ﬁ‘e@?gﬁﬁ‘?’%taf‘ﬂmﬁl&eoup metals. The formul ation of the solid

catal ysts al yst hcoat s so jnclu al kali netal or_ al kaline
earth net alalﬂg%%ﬁiab’gt%ﬁg'?ﬁ‘é‘g &ags gﬂgﬁfﬂa‘fﬂnebefw %ﬁtgo‘? 'SHEQE“JP% t hose
nmor e r ecentremoping\findeid uitrafmeufamidles; elg.,déssharh 5@iaw iaad prdfaablyrtssadaced a
system Wh' C’ﬂ)n}# I’lJ’hlogee aﬁ@fg gﬁ&(‘!ory czﬁgitdglc Z%? eQP Ftivteoashc?iln %thvgr;[ hwilfi&wct eg%)er ature
regeneration, é.g., W precious netal Toadings (e.g., plati hE oup

met al s) r epskeied] Yh@Ocandbel gQalgzridfor Himanexidationt dferssidha) aurbvgsorap econesry cost | y.
Lower platinum | oadi ngs of |ess than about 15 gm ft3 platinum group netal

| oading, e.g., 1-15 g/ft3, nore narrowy |l ess than about 10 gmft3, e.g.,
about 3 to 5 gnft3 are wthin the contenplation of the invention, but wll
not generate NO2 at high levels in conparison to total NO concentrations.




[0038] Filter section 12 can be any of those devices known in the art as
useful for DPF devices which trap and hold for burning at | east a portion
of the particul ates produced by a diesel engine. Anong these are wall flow
nmonol i t h dewicc®s/@6758 ype device known to be useful for pgeaydsh@wbaba traps,
wire nesh filters, e.g., as described in EP 12 62 641 and ot hers, including
extruded porous devices such as available from NG&K and Com ng, Inc.,
sintered metal filters such as availablig from PUREM corrugated metal
filters, and the like. [0039] The optional third stage filter 112 can be
any of those known in the art for renpoving fine and ultrafine particles,
e.g., |ess rémmnib®NO wribOpfoe figtheh N« Irelstiotnbin SGRrimmg laférasape dnkatadyzedi | i con
car bi de can f t . can be
cat al yoed 1 SRS GEVELE VAR GRS BShR « Mbphs SR cBEbE Shiihyed "BY TT, 00
NO t o NOR2 f datter beingeysefyb wheekétt isodesirgd STRliminate INQe rwhithagray have dteshyzed
devi ces or | st i

enpl oyed, ?%ﬁf“f%%““%ﬂ‘.‘“&%gﬁs%‘? f5 IRY 29n el BP NI MPRE o o

whi ch’ may h3}% been generated but not ut| i zed. Fig. 15 shows a parti cul ar
ar r angenent bh ultrafines trap 112. [0040] 1n anot her aspect the

i nvention pﬁ% ra?ﬁﬂ%ﬁté{‘%é“‘(ﬁﬂ‘i‘?fhpioé"q&%é?ﬁ APRARPST WaicHf is used |idct | ve
catal ytic radiaaéd Qﬂ b SEdctival éaxalyﬁterraman&me(scaduaﬁq PareinC Whellr8ducednd
presence of NO2 .w

idint ffectiyen f .the S i n_reducing
resi dual NoPa“‘ﬁ‘H%fgs af‘ﬁé"?xﬁ@“?e °‘$1§ 4id, 7 fhe; gtleeriveness ‘gq ‘é‘ﬁ&&ﬁ? MR by ¢ he
utilizati onrerdﬁcuﬁgmldnﬁl Nbe “Nﬁ)s; theNtﬁ i€ csthieedsinfiallgfin @Ay &Abodanehtibyeie agai n i n

t he SCR uni t here may be used addi tign at al yst
ahead of th{'tlé&&%o sé)(')nne ;er§ ref’ral trﬁlfr?ﬁn‘fﬁﬁl?'y @o 63%]" 2B "i'ﬁﬁraéoqgrrents of
t he i nvent i umit.dn ¢his embodimentiiticte mpebe a$eld)ancwﬂltgndcba@84§t stead ofthel8BCR Ng at

| east two a{bdcog{,eq,{gmml ﬁbtl}gﬁ)ﬁ three stages, which nmay be separately
configured or |gure as part of an integrated apparatus. To aid in

under st andi @ dlen{m%@mexg o%ttﬁélmlwfhﬁﬁ,aré RUGLE wftﬁpge%ﬁﬁpfggéa%% odi ment s

are illustrate n Fi g@g , the construction can
foll ow t he GFé@‘n?FﬂBt’i“gna‘olFaﬁ‘EIiWP preferably (g lenst dhree siageso fwhigh @w Be

i ncor por at egtphated) Bodﬂgukefdsoxemdﬂ -asThet BPEn 4m'e§rafé€ta%s£&§!%)’wra@df igled wi th

a catal yst sectio to cause HC, etc. contained in passi ng exhaust
gas 1 to oxiiffesstan W& Eﬁ!?F‘?'Tent?‘h‘@r shyctyres sevrgl ARpresAntative rﬁmﬁé{di'ﬁ@tﬁt e In

addi tion, timastaédhYeE. 136 Fog) 13, &ab&{sﬂ&&nl\@vﬂmmaaa&n@%&@«:&%ﬁ&gen

di oxi de NQ2. f%-pﬁrf{ﬁzaé“zr senqcitcko far, carbon particles PMis caused to

capture and® G5B xR & ‘&F\‘BPB‘BWH herran IafheMitgdr Thel es . PM

cont ai ned i DPF he ipdaadhaylyepioaldst s alcataumrsea;bnr scycéang: OY/1AC, eld m nating

E:Iggc(r:?rbggnl %aEahe(alle§heP]|)\4.SSl-ll;g%x aal'ltsalgtl to é:x? 1\z/ee£x'{de€urﬂ, é)greg)Q pesdhcl;xggtagg/oxgs
eliminating them. In addition, the catalyst section 5§ catalyzes NO oxidization to

. nitrogen dioxide NO,. The filter section 12 for carbon particles PM is caused to
capture and accumulate, and then oxidize and burn the carbon particles PM contained
in the passing exhaust gas 1, thereby reducing and/or eliminating the carbon particles

PM. The catalytic converter 4 is constructed as described in the above.

[0042] Fig. 14 shows filter section 12 to comprise one or more filters 13 having a
wire mesh structure as described in EP 1 262 641, which are caused to capture and
accumulate the carbon particles PM from within the exhaust gas 1 to oxidize and burn
the carbon particles PM to reduce and/or eliminate the carbon particles PM. Thus, the
reducing filter section 12 is essentially continuously regenerated during use which
supplies effective balance point temperatures as can be reduced by the invention. The
individual filters 13 can be of a wire mesh structure in which extra fine metal wires

are vertically and laterally meshed in a fine and dense net form. The filters 13 are




[0042] Fig. 14 shows filter section 12 to conprise one or nore filters 13
having a wire nmesh structure as described in EP 1 262 641, which are caused
to capture and accunul ate the carbon particles PMfromw thin the exhaust
gas 1 to oxweizmeasyds burn the carbon particles PMto redggs@niiion
elimnate the carbon particles PM Thus, the reducing filter section 12 is
essentially continuously regenerated during use which supplies effective
bal ance point tenperatures as can be r%juced by the invention. The
individual filters 13 can be of a wire nesh structure in which extra fine
metal wires are vertically and laterally meshed in a fine and dense net
form The fiybicelg fakedi frem rhéal spph ansthinlebosteed dbuft mem bedomiedshychfibreudy ai nl ess

steel, but b %ﬁ | R; | y woven aggregate or a punched

aggr egat e. F’%‘Tﬁ L‘g?g?%x}cgeél €%ﬂfehe reduci ng apparatus 12 can be forned
as descri bergons) Eﬁle]ﬁn?eﬁzlﬁééhe;edaémgtapﬁarmez KRP¥folRed sgede@mbe ifigp 1 14 shows
a plurali ty of filters in the outer cylindrical casi n%lZl by a

hol der by pt@84di 9igs othspaise koovmortie ar. Figel4 showsiaselyrglity pf fillges ik

cylindri cal whgsithGouddr ¢ ﬁﬁu&a%la 22$yfanol&9Wvaﬁ@dg%ab§Zil§HtﬁEﬁlth8 t he
central section of eacl%’ fil In Fi fourfg)ll) filters. 13 are

t

conbi ned i fttghddEpdips E‘I‘Fe‘h%ﬁ‘é drigpl cgﬁ%zgu‘ﬁér" ingg COmRUIEAYEP Sind | ower
fslo?ces ZiBafo&ned ?V:tldﬁdcnbﬁl ¥Resh bheadutiRér €3/ nnnngl g@l foQR64)Nliterd. 1aruile t he

ilters e ter on.t most trea si de dqes not
communi cat |‘6’%%‘b%#‘l‘f‘ﬁ§“§% ‘Y}Bﬁgﬁ?ﬂ i?‘? & Pé?&f‘ﬁfﬁfﬂ?ﬁ‘f’%“é a(’%?‘“ﬁr SP”é’F% 13 are
respectivela2 ﬂé@id)\dﬁﬂi bdtwéenahe anmmdﬁéhlfcas’mgmmmme dlltersgl WOtk ftee
anot her Thes&e 0S8 It%aal‘rtnl O({% S not 4é Car & \?‘nruga 10 %dentio f%ﬂ %e \M t h
an exhaust Pl p& "onPt e downstt eam SI erence
is a plate th@rremmomgrtgreg 18) Bitets 48 ateheesmcitrtvelw prGvided whb aupzwmeari#sibde

[0044] In t gce of a
sel ective C&%rﬁﬁﬁ?@ﬂfn %’c%%%g%%cg?&e erlglfx lr(llﬁmJ %ceg %artl cul ates,
and pr esenc@nuﬂumme thhlan&xblaustnplphé oefﬂledpwvmg@ssmf Rpﬁeenmrumat 25 n

reduci ng regigglaly IL\IQplatengPaomﬁé"@nel\eQd’of'ﬂ% ﬁlt’e@h@sﬁtﬂe%ﬁa{d ddd.n this

enbodi nent by The utilization of sone of NO,, in.the conversion of
carbon and fob£s) A0k NerhBbdidihit SERreiA| the Ibll’Ft pa&atafmpdiséaem ,adm@é &Ry be
used an ad }I Qnal taI t ahe&g‘pﬁf t he tg convert re i ni ng ‘PO

NC2. [ 0045F'SFHive ﬁ?‘? P‘ﬁ’é’ﬁt eUpibEwhereln, theg redyeed partic eE’rp ¢ eam of
the SCR Enlﬂreseiﬂi‘d gfﬂ@ »au dl&asthetéffeeﬁv@éssam gSTR (di} id Rueing aekidual N theh
trap is hot n S, re rat| easi er aust nterlngt e
ot yot | oriindtus he SR i EERT BB b ishs o e SELBh o Sote yor 1
chanber i s afutht b id ctie edﬂversnaduﬁ‘tctaﬂsm dik thea ndptiit inOthe SCRe Sinit. BX iHis Ng
section 112 n contac SUIta r a such
as urea or aﬁ’o qu7? &Kt é ?‘ ion ?‘TW %a\(/ie()fttg E&B‘utge gﬁe | evel of
NO' in the remainmNOrtoU&ies and pr oduce anmoni a by the deconposition of the
NO. -reducing agent. The preferred tenperatures for reaction between the
NO , - redddHy lodhpemibodimentthe PRF i3 nrefdi@blzohbeém)margﬁélse SERIungt. wi t hi n

the range ofy;f i\m@mytm&@%vgn@a ZQQQ) E,e tlaj{hggst i A8 {LhdteY angRREEcal for

NO' reduction at high erature and hi gh pressure, but can be repl aced
with one oregfpcwmtign eﬁfv@n @dhwgh@ll% earewaéb% catafsti charabaqri0cis eleaner Agd

conposi ti ong) tHetehipeiatur® YF he? BdalystlinCHamber is suitable for NO, reduction. The

combustion gases 1 exiting section 112 are then contacted with a suitable NOy -

reducing agent, such as urea or an eqtiivalent, at a temperature effective to reduce the
level of NOy in the combustion gases and produce ammonia by the decomposition of
the NOy -reducing agent. The preferred temperatures for reaction between the NOy -
reducing composition and NOy in the combustion gases, falls within the range of from
about 1600° to 2000° F. Urea is an effective chemical for NO, reduction at high
temperature and/or high pressure, but can be replaced with one or more of its

hydrolysis products. Various NH-containing compositions, in their pure and typical




17 comrercial forms, wll generate effective gas-phase agents (e.g., the
am dozi ne radical) when introduced in agueous sol ution and subjected to

el evat ed tenperatures. [0046] Anmong the prom nent NH cont ai ni ng
conposi ti ongoane/ibévese sel ected fromthe group consi stipagusiooaemummi a, urea,
urea precursors, urea hydrolysis products, products of reaction of urea
with itself or other conpositions, related conpositions, and m xtures of
these. Anmong these conpounds are amonijgm carbonate, anmmoni um formate,
amoni um ci trate, ammoni um acet ate, ammoni um oxal ate, other anmmoni um salts
(inorganic and organic) particularly of organic acids, anmmonium hydroxide,
vari ous st abbremerviahdformsyuwilli gineeate gifactivei grs-nbasehagratse(e.bi theaamnifiezine

guanyl urea g&awfafva,en ﬁqglo%gwaqn alh ei{é‘ml&‘{wﬁlemfl Sl o AR N perstpaNUT | C

acid, biuret, 1-azobi stormam de, nethylol urea, nethylol urea-urea,
di et hyl urea, hexanethyl enetetram ne (HMIA), and nixtgres g; t@gse.
Reactor s ef fQ04P] dmopg the prosunab NH-cPRin Mg TR, Bi§thateeselfeted from
cont enpl at ethe §ro@t ébnsisiiag fofl dniniéiig @¥RalredTPRb@k0IS Coleh Miydiotysfr grodutigd t 0
further explain an |ILus%%ate t he iFven ion and.are ng&(}o be t.aken as
' Chng 1 APRAPES BLEPERS tos] B AEET OB R ARl o
charact eri zaid aflixtures of these. Among these’ compounds are ammonium carbonate,
ammonium‘fo'rmate, ammonium citrate, ammonium acetate, ammonium oxalate, other
ammonium salts (inorganic and organic) particularly of organic acids, ammonium
hydroxide, various stable amines, guanidine, guanidine carbonate, biguanide, .
guanylurea sulfate, melamine, dicyanimide, calcium cyanamide, cyanuric acid, biuret,
1,‘1-azobisfonnamide,. methylol urea, methylol . urea-urea, dimethyl urea,
hexamethylenetetramine (HMTA), and mixtures of these. Reactors effective to reduce

NO utilizing hydrocarbons are also contemplated.:

[0047] The following experimental section is presented to further explain and

illustrate the invention and are not to be taken as limiting in any regard.

[0048] Experimental
[0049] Materials and characterization

[0050] Ce (SO ppm), Pt (50 ppm), Pt-Ce-soot (2 ppm Pt and 30 ppm Ce), Cu-soot
(100 ppm) and Fe (44 ppm) containi_ng soot is generated from the respective fuel
borne catalyst additives (concentration given in parenthesis is added to the fuel) in a
~ real diesel eﬁgine. The diesel engine used for soot collection and filter evaluation was
a two cylinder LPW2, produced by Lister-Petter, UK. The engine was direct injected;
water-cooled and naturally aspired, and was equipped with a Stamford generator. The
electrical power generated (engine was run at 75 % load) was dissipated through an
electrical resistor. The fuel consumption was 1.25 kg/h and showed no significant
change during the experimental program. The diesel fuels that were used during the
program were standard EN590 fuels, summer speciﬁcatio'n and Shell V-Power Diesel.
The fuel sulfur content was in general 500 ppm (0 ppm for Shell V-Power diesel). The

metal fuel additives used in the project are listed in Table.1.




[ 0050] Ce (50 ppm, Pt (50 ppm, Pt-Ce-soot (2 ppmPt and 30 ppm Ce),
Cu-soot (100 ppm and Fe (44 ppn) containing soot is generated fromthe
respective fuel borne catalyst additives (concentration given in

par ent hesi swsoatdedsto the fuel) in a real diesel engimwayusifgodbasel

engi ne used for soot collection and filter evaluation was a two cylinder
LPW2, produced by Lister-Petter, UK The engi ne was direct injected,
wat er - cool ed and naturally aspired, andgwas equipped with a Stanford
generator. The electrical power generated (engine was run at 75 % | oad) was
di ssipated through an electrical resistor. The fuel consunption was 1.25
kg/ h and showed no significant change during the experinmental program The
di esel fuels that were used during the program were standard EN590 fuel s,
summer specification and SKeble hFEd\hernedagalydts amghits sQuare.sul f ur cont ent was
i n general 500 ppm (0 ppmrfor—Sheflt __Vv-Power dreser ). 1ne netal fuel
additives used in the Melect arAdditiveed in Table 1 18 Table 1: Fuel
borne catalysts and itgtsource. MatimlnA\BtisB20e Pt Pl ati num Plus 3100

CeRhone- Poul enc DPX9 (e Rhéne-Poulenc DPX9
' Cu Lubrizo! 0S-96401
Fe Aldrich Ferrocene

[0051] When thé fuel composition was changed, the fuel filter was also changed and
the engine was conditioned on the new fuel over night. Soot samples are collected by
passing the full exhaust gas stream through a filter, contained in a filter holder, until
the back pressure reached 0.5 bar. The back pressure was then maintained at 0.5 bar
using a slipstream valve. The filters used were Gelman Sciences A/E 265 mm filters,
supported by paper filters to prevent rupture of the filter due to exhaust gas pulsation.
. When Soot samples were taken with a new fuel composition; the engine exhaust pipe
and filter holder were cleaned after the engine had run in on the new fuel composition
for 10-20 hours afier the fuel change. The NOx concentration in the exhaust gas is not
measured and during soot collection itself significant amount of soot oxidation,
especially for soot having Pt-Ce combinations, is expected. The collected soot was
scraped of the filter and sieved with a 250 mm sieve. Further details on metal-soot
collection can be found in ref (See S. J. Jelles, R. R. Krul, M. Makkee, J. A. Moulijn,
Catalysis Today 53 (1999) 623 and S. J. Jelles, R. R. Krul, M. Makkee, J. A. Moulijn,
G. J. K. Acres, J. D. Peter-Hoblyn, SAE 1999-01-0113).

[0052] Printex-U, a carbon pigment from Degussa S.A, is used as a model soot for
comparison of oxidation rates. 2.5 wt% PVALO; (P/AL2O3) catalyst is obtained from
Engelhard Corporation, USA. Ce(NO;3):.6H;O is used as a catalyst to study soot
oxidation, in tight contact with catalyst (prepared by mixing nitrate-soot in a mortar),
in DRIFT cell connected to MS. Selected soot samples are characterized by XRD

. analysis.

[0053] Soot oxidation

[0054] Soot oxidation in 100 ml/min air is studied in théermo-gravimetric analyzer

(TGA/SDTAS851¢, Mettler Toledo), from RT up to 800°C with 10°C/min heating rate.




CuLubrizol 0OS-96401 FeAldrich Ferrocene [0051] Wen the fuel conposition

was changed, the fuel filter was al so changed and the engi ne was

conditioned on the new fuel over night. Soot sanples are collected by
passi ng t hewbubdr1sgebust gas streamthrough a filter, oeRydleapsiidm a filter
hol der, until the back pressure reached 0.5 bar. The back pressure was then
mai ntai ned at 0.5 bar using a slipstreamvalve. The filters used were

Gel man Sci ences A/E 265 mmfilters, supported by paper filters to prevent
rupture of the filter due to exhaust gas pul sation. Wen soot sanples were
taken with a new fuel conposition, the engi ne exhaust pipe and filter
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char act eri zZEMS@lyRogml¥s anal ysi s. [0053] Soot oxidation 19

[0057] Fig. 1a shows X-ray diffractograms of diesel engine generated fuel borne
catalyst containing soot, and commercial printex-U soot. The prominent diffraction
peak around 25° is due to the diffraction from the stacked graphite sheets in soot
particles (See A. Sadezky, H. Muckenhuber, H. Grothe, R. Niessner, U. Poschl,
Carbon 43 (2005) 1731). All soot samples showed similar features, with Pt-soot the
diffraction peak slightly shifted to higher 20 value and the intensity of the diffraction
peaks is higher. The fuel borne catalyst-soot samples have shown diffraction peaks
corresponding to the fuel bomne catalyst in addition to the diffraction bands of graphite
sheets. Pt-soot, generated from 50 ppm Pt additive, ahd from fuel not containing
sulphur, shows sharp diffraction peaks corresponding to Pt°, indicating large Pt
particles. In Pt-Ce-soot, generated from 2 ppm Pt-30 ppm Ce additive, from a fuel
containing 500 ppm sulfur, prominent diffraction peaks corresponding to Cex(SO4)s
and weak peaks corresponding to CeO; are evident. Diffractions corresponding to Pt
ere not observed in Pt-Ce-soot. Pt-Ce-soot is oxidized in 5000 ppm NO; + 10 vol% O,
‘in Ar at 350°C, to see the changes occurring in the soot and fuel borne catalyst

structure due to progressive soot burning.

[0058] Fig. 1b shows the diffractogram of 70% oxidized Pt-Ce-soot. Essentially all
diffraction peaks, including graphitic diffractions that are observed in the original Pt-
Ce-soot, are present in the 70% oxidized Pt-Ce-soot. The intensity of the diffraction
peaks of the fuel borne catalyst increased due to increased amount in 70% oxidized
soot. Oxidation of soot did not change the Ce(SO,); phase as observed by Retailleau
et al.(See L. Retailleau, R. Vonarb, V. Perrichon, E. Jean, D. Bianchi, Energy Fuels




The soot sanple was diluted in order to mnimze heat and oxygen nass
transfer influences on oxidation rates. [0055] A | oose contact m xture of
80 ng of Pt/ Al 203 (when used) and 20 ng of soot (with and with out fuel
borne cat al ¥gthe7/198%£d With a spatula and diluted w th #QRishl76fi0P C IS
packed between two quartz wool plugs in a tubular quartz reactor. Soot
oxidation is studied with 200 mM/mn of 10 vol %02 or NO + 10 vol % 02in
Ar (the concentration of NOis mantlon% in the | egend of the respective
experinents). NDIR analyzer is used to nonitor the reactant and product
gases CO2, CO and NO N2 is calculated fromthe difference of NO inlet
and outl et dcn(mml)r arn)orm {rﬂﬁﬁtﬁ]ﬂ BbewmMatien if Oﬂfﬁw}veﬁi . 70% eXidized Xootay
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ppm Ce additive,.fro fuel tal 00 sul fur nent
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peaks, including "grap are ser e original
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diffractiong ased
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rate (Fig. 2b). The appearance of platean means, the oxidation rate is increasing
between 600-620°C, likely due to increased contact between Pt crystallites and soot,

as a result of Pt sintering.

[0060] A relatively larger improvement in soot oxidation rates can be observed over,
Fe-soot and Pt-Ce-soot, compared to Pt-soot and printex-U soot. The differences in
the observed activity cannot be directly correlated to the amount of fuel borne catalyst
or its dispersion in the respective soot samples. From XRD it is clearly evident that, as
some of these soot samples are generated from SO, containing fuel, essentially the
majority of the fuel borne catalyst is present as sulfates. Only a fraction of the added
ceria is present as CeQs. Retailleau et al.(See L. Retailleau, R. Vonarb, V. Perrichon,
E. Jean, D. Bianchi, Energy Fuels 18 (2004) 872), have shown that around 50% of the
fuel borne catalyst ends up as sulfate, which on heating decomposes to Ce,0,S like
- phase that is capable of soot oxidation (See L. Retailleau, R. Vonarb, V. Perrichon, E.
Jean, D. Bianchi, Energy Fuels 18 (2004) 872; D. Bianchi, E. Jean, A. Ristori, R.
Vonarb, Energy Fuels 19 (2005) 1453; and R. Vonarb, A. Hachimi, E. Jean, D.




18 (2004) 872). The inportant observation is that even in 70% oxi di zed soot
significant diffractions due to graphitic sheets are observed. This

i ndicates that the soot burning is first taking place on anorphous nass

i nside the soopasiks cl e, followed by the consunption gicrhessoaphii tic
sheets. Wiich al so suggests that the oxidation nodel may not follow
shrinking core formalism which is usually derived by determ ning the order
of oxidation with respect to soot (See,B. R Starunore, J. F. Bril hac, P.
Glot, Carbon 39 (2001) 2247; and A. Messerer, R N essner, U Poschl,
Carbon 44 (2006) 307). [0059] Fig. 2 shows fuel borne catalyst-soot
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[0062] In the case of Pt-Ce-soot and Ce-soot, though they are capabl e of
generating NO2, it is to a nuch | esser extent and showed poor performnce
conpared with Pt soot. Fig. 4a shows the NO2 slip during soot oxidation
shown i n Fi wo2807/18%75800t generated significant anmount ecrNSegbiipiconpared
with Pt-Ce-soot and Ce-soot. It can be expected that Pt-Ce-soot and Ce-soot
due to lower NO oxidation rates, the generated NO2 is conpletely utilized
for soot oxidation. This is also evidest by the fact that as soon as

conpl ete soot is oxidized there is a sudden junp in NO2 signal (around
500C), reaching thernmodynam c equilibriumover Pt-Ce-soot. NO2 slip trend,
in the presexert NG gonversien fodWezlistaire expehted to be influenced by the presence of
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catal yst did not show significant oxidation activity and is |east active
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Pt/Al 203, inthe p ence 0 unctlon of
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observed conpared_to oxidation in the presence of or 02. Because
Pt/ Al 203 |s"W@é@d‘“@F‘by%r%%Ht“&d’ﬂ“Pf"\XF‘iWOFa’éﬁa‘%r ne catal yst-soot (both fine

powders) | n[086§ 198 5 sh%gg oxadaggrp ctnJ #aul%%%escggpysy soot samples after addition of 2.5

wt% Pt/ALOs, in the presence of 600 ppm NO+10 vol% O, in Ar. The function of
Pt/ALLO; is to oxidize NO to NO; during the soot oxidation temperature ramping. A
completely different trend of soot oxidation activity is observed compared to
oxidation in the presence of NO+QO; or O,. Because Pt/Al,O5 is mixed (loose contact)

with fuel borne catalyst-soot (both fine powders) in a single bed, a continuous supply




23 of NO2 can be ensured for soot oxidation, and will elimnate NO2
dependence on fuel borne catalyst. A very different soot oxidation trend,
conpared with Fig. 3, shows that either the norphol ogy of soot or fuel

bor ne cat al yai 2087/13b7shas a significant influence on sootpcaxigd@bionmir at es.

Pt -Ce-soot is shown to be oxidized around 300C by Jelles et al.(See S. J.
Jelles, M WMalckee, J. A Mulijn, Topics in Catalysis 16 (2001) 269), in
the presence of slightly catalyzed trapypr by prem xing the Pt-Ce-soot wth
Pt/ Al 203. Even Printex-U soot and Fe-soot are nuch nore easily oxidizable
conpared with Pt-soot in the presence of Pt/Al 203. NO oxidation to NO2
during and affiNG®: ode ensurefidfor soot ovidatiare had wibielinighte D) rrzperalendeymt faclar e
shown in Fi N fJ 0 I | p. bet ween
di fferent cg’o n%att%%s}\ofe ga@l{fﬁ péb%)frsﬁgedg‘g&%fnsggnggég&%é? %ﬁ %gmgra%k?}tlﬁdrvgss as
Pt/ Al 203 dettbatmth%hermsmh@lpgx plesogter fuelbprne qatalysesip hase signifiodnt nfluah@03 t he
soot oxi dat i pnobt GiightioR rdték i’ﬁée—fs%t':%ﬁd%ﬂl B RxidiZel aﬁﬁmﬁ%@b"tpﬁ& AeXe

soot >Fe-soot >Pt soot. [ 0066] a shows soot oxidation activity in the

presence of a5 SpprieNew l\’htM%GQ Jo@qun@urmgowmn Gatalyps 1H(20126Yotn.  Bot h
the soot sanm gesdray 6f mau? c&hl?hécﬁﬁa;@é’ﬂ BiobreRBidtihe ‘P't-bé s88t With demzog romthe

simlar CO _concentration |level at the reactor_outlet. Fig. 6b shows oxygen

mass bal ancEVaRPARG*Theeot aat Fe-50pt gtremueh mexs. easily oxidigable,carpeasedyith Pha| ance
bet ween CO2-+682 1ﬁtthetﬂi&eﬂ@aﬁ'm1ﬂ)§t NOedxiddtiof lthNbélHuﬂix% am@a(ﬁeflﬁfaﬂ bixaétidan at the

react or outlet eref ore | t ca n be onclu hgﬁ '[é g ire
arising frof Ef‘g“e 0@589@ 8’("61‘% ﬁéy grasaRE %”B?/E‘?t f uel
borne cat al )dendSONOzsshﬁbét&&emﬂiﬁbreNfﬁ)mﬁlﬁ:kR)ﬂs of foah oA dabatyst-SodfPrdd;es ( See

S. J. Jelles 199 - Sim vity with
Ceduced: act PO ALI GRS fioel HEO8 BB oab R ah AVa Bl it

experi ment s spat o@aiatxbetrarcgl édtht Hallowing ofdeg) Rt-@etsbwpﬁxhtyx-hksddm-sobuet- bor ne
catal ysts dqg % not have a significant role in determ ning soot oxidation
performance. This is in agreenent the proposal that NO2 reaction w th soot

i s un-cat al ygRe@) F %%hJ,C]IA&t Ui I ulijn,
Catal ysi s nga 5? £999 582(% xQ[01(())%7(:&“)]({ eg}%\%g&s(?étﬁ%oxﬂ;%’éﬁ onNvath
5000 ppm NoéiQ@ QST /5-628% as%owﬂsv—é} sqog. B%hﬁmpotaﬁmpw ihaveeshownsijplar The CO,
concent r at i @Ridatior A%ivitfas b@bie Yo %;e 4 RARLEEE doéRtatBR I e APhe SBITRIrCS
conpared with_oxidation using NO2 al gne. This is consistent with |iterature
reports t hafuidstyEign6h shoyps xyeen masschalaos dudpgthe reactiom averrReemsont. dfheNCp ( See

F. Jacquot, ok&gehongh.ﬁ balancE beBdeh h@@ﬁ(fb a(a ﬂl@treac@r&ﬁrlet‘ws siifad)o 33§, and A

Setiabudi, M Mkke Moul i Cat al ysi s B- Environnental 50
(2004) 24 concentratxon ‘at &e reactor outlet there'tb’aog it can be conclu)éed that the entire COy is

arising from NO,. Fig. 7 shows temperature ramping experiments over fuel borne
catalyst-soot samples with NO,, taken from the thesis of Jelles (See S. J. Jelles,

- (1999)). Ce-soot and Cu-soot have shown similar activity with reduced activity over
Fe-soot. From the above isothermal and famping experiments it can be argued that, if
NO; is the only oxidant, fuel borne catalysts does not have a significant role in
determining soot oxidation performance. This is in agreement the proposal that NO,
reaction with soot is un-catalyzed (See S. J. Jelles, R. R. Krul, M. Makkee, J. A.
Moulijn, Catalysis Today 53 (1999) 623).

[0067] Fig. 8 shows soot oxidation with 5000 ppm NO>+10 vol% O, at 350°C over
Pt-Ce-soot and Printex-U soot. The COy concentration at the reactor out let increased
over both soot samples compared with oxidation using NO, alone. This is consistent
with literature reports that oxygen is able to react with soot, in the presence of NO,
(See F. Jacquot, V. Logie, J. F. Brilhac, P. Gilot, Carbon 40 (2002) 335'; and A.
Setiabudi, M. Makkee, J. A. Moulijn, Applied Catalysis B-Environmental 50 (2004)




185). Apart fromthis Pt-Ce- can catal yze soot oxidation to sone extant
using 02 al one as an oxidant. However the extant of increase cannot be
expl ai ned based on either NO recycle to NO2 and direct soot oxidation with
02 cat al yzewdxnpor@sempnponent. [0068] Fig. 9 shows oxi daigras2@foneat m xed
with Pt/A 203 at 350C in the presence of NO+02 in the feed gas. Pt-Ce-soot
has shown significantly higher soot oxidation activity conpared with the
rest of the soot sanples, despite simbar or nore anmount of fuel borne
catal yst present in Pt-soot and Ce-soot sanples. There are very small
differences in the NO concentration at the outlet of the reactor, as al |

t he cat al yst!38bdtpag i dhis PaEepcancatalyze seas raxidation 4eigerie extany viirg O

possi bi i ti @ensaedh GxRAnt MdWIe! B dxin¥PlrRliedse BfnSUREEE d@tméaesa‘s&t tmnce of
Pt - Ce-soot and Ce-soot. i) The main oxidant for the oxidation of different

soot sanpl e§ithes Neprecygly tRICEOP snfadificy spetosidationoith Br /calabred dxdCe uel
enbedded catghysidentras very snall influence on NO2 production, iii) so NO
recycle over Pt-Ce-soot as a reason for inproved activity can be rul ed out,
as all the {aosB] Bigt ehewd atigsionSsTGbotaRiXpd Withi PFA/AI,Byaue 35010 i thd plebdnge t O

produce NO2 ext cat al at all .this is an

| por t ant sf’éé’e{pﬁéﬁ" enta%chass ﬂ%&?edsoghg\l Sﬁﬁ‘é’ﬁ signif %@?ﬂys%'g]?erﬁﬂ?tdﬁ‘t"ga&ﬂ“
activity. [aﬂ%@]coﬂibﬂed; wﬁlhrtha)xresmﬂmhaéobomst despieasimilaf orifhor€emeantofand
Ce-soot is pﬁoo esc% Ierge t 1e trs%%FnC d)f- eﬁca?nsﬁesNQéﬁroz gr 1]

NO+02+Pt / Al gﬁ N Brider e arwosdth "2 BenER "ESFe¥r al Ty A" t he
presence of difetehc@08 tlvdﬂ@lcpetenﬂ‘eﬂldm tigt owgliet of[the Bhctha we alp tepombat- sdmat ceri a
catal yses s j

N2y Np dmpie P AT, b AREL v Rlbdstbies S S (lBeRE L0 o
t he adsor beexmdain dief uperégripeyfonnange € Bt-Serevot aphd Cetseotabolte meio lwaidashfor s
operating, E&%&nﬁtno%ﬁﬁﬁ&eﬁpwo@ S%Flgg 5@%} ﬁ)’%z' grmgﬁw étohéfc HOSRAr ed W th

ot her fuel borne catal lyst soot sanp he eXperi ne al one,

whi ch i s noPt4Akes angfue erquéect@ﬁt@yqtﬁe"r@rsﬁwl wﬂwenqetqméﬂonpr@ﬁmoswnt rout es

of soot oxi gENDEcycR SVeR PRICE-s86MARE REisoR Thi xatppa)ae %c@tny&tan%% ae@bud, Bs L he
presence of NO2+02 or NO+02+Pt/ Al 203. Under the different feed as

condi ti ons L& fuslbarpe eatafistrspet KaRRASitgas h‘ﬁﬁé@’é abiidy ite gradyes NOk on of

surface nit&atrasllyoRddea Malc; &@Jﬂyﬁglﬂ%taamm@udmﬂm% a8t is@p ahatepisdepver f ul
Because ceria is in tight contact W th soot, the

oxidant in xi dat
transfer. ofS it"H‘Eé? °‘§Eﬁ‘1‘%\g‘tghﬁf i@&?’é‘gattoﬁ Y- surface shoul d be effi CI ent

10070] i g. 0BTt e ReEoR B cpeRla ey oo EBCE 0. I GRoL ot
m xt ure) dedseyed edthe mrdslenaerof&xaﬁk ND;@GL br N@noeenmzmp IVBrdefCRY dxip [ﬁnﬂl trate
precursor d&%ﬁ) g%gl?av olu(r)Q %Lla 0}{ upt'hversesence 0 gt//gdz *%ﬁglie&cgglzré %4-02) (Fig.

10a). In the presence 0 ummni rat
t enper at ur epropiesed that, icersa 4:@&!:9@5 @opthtdatlembx NOambartcfrmygm soa oghlagoved (Fig.

100) . The abRERES) MoLukBRResk AL KebDH KE'HY Aibihed i AeclS, GoRKl TRV

react ant at these | ow t ratures, aroun issi on of

Resul t s and the adsorbed O* efficiently oxidizes soot. If the above mechanism is operating,
than Pt-Ce-soot could have shown superior activity compared with other fuel borne
catalyst-soot samples, in the experiments with NO; alone, which is not the case. There
fore there should be other mechanistic routes of soot oxidation to explain superior
performance of Pt-Ce-soot in the presence of NO3y+0; or NO+0O,+Pt/ALO;. Under the
different feed gas conditions used, apart from the known gas phase species the
formation of surface nitrates on ceria is taking place, and nitrate is a very powerful
oxidant in soot oxidation. Because ceria is in tight contact with soot, the transfer of
these surface nitrates to soot surface should be efficient leading to very efficient

system, such as Pt-Ce fuel borne catalyst.




[0072] Uncatal yzed and catal yzed soot oxi dation has been studied
extensively over various nmaterials working on very different principles
(See B. A A L. van Setten, M WMakkee, J. A Mulijn, Catal.Rev. Sci.Eng.
43 (2001) 4Q9)2007H6s7sexanpl e, i) uncatal yzed soot oxi datpc@fiysydot/m19d by
directly injecting fuel to increase the tenperature above 600C, ii) soot
oxi dati on over Pt/supported catal ysts where soot is nmainly oxidized by NO2
(around 300C), generated over Pt from NQ in the diesel exhaust gases, iii)
nolten salt catal ysts, where significant contact between soot and catal yst

can be generated | eading to soot oxidation with 02, iv) oxidation assisted
by pl asma ar@079) Figiel0 showe Gefi@dy and | Co(hie:+aant dﬁystlghtscmemwm)nm de

the primry @eahpdléd id Heeth myﬁrﬁa&mgome%u%cmt Rl fiitrate/\JRAGsG | these
technol ogi es, the npst viable -are Pt/support catalyzed soot traps and fuel

bor ne cat al YEEATPCsHoR Wl%eeg%‘?}rN@n‘t@%@?@@@e‘é”?&ﬂ@yoﬁ@ér@&ahﬂm\;n‘!l

systens. Thend BBt Tfis6oleRSGh hildte sraeﬁm,sage&lfa{ 18Wr tOMFeratiite] IUPROTiHs type
after treatment systens are straightforward and there 1s plenty of reported

literature. TASHONI 3901 Aa8 inGrPXYasR {5 ehseryed é@g fIP%Tbﬁ absepeg 8f PT‘Y% on
whi ch exhausteaflsndids Iharxiieite @la pEmdicPreatthintCdl theds 141@ kenfRAMrSs, \Wrduhd S 0Ot

around 300C, NO conversion to NO2 is both therm)dynam cally and

ki neti cal | y28 r ol I ed excess NO in the exhaust gas is necessary conpared
wi th soot ( q@tli cum ' oiﬁer to realize significant soot oxidation
around 300C ‘T a, eman, T, L, Chatterjee S, Hallstrom K, SAE

Pape. ggmuggqvgg E:%caAthyd%h G 3 apst %ACE%L 2 D00 oS SHBAR RSN S

2004). The Namwaﬁl%ﬁa#amr&g@smo&%@ffaneymcm(swapé Arli.yan Settam, Mhei r
durability Mkéeesjshan%uﬁﬁ i%m'v%emﬁgg 4?5@6& hahgg, "i'f&t?gedéﬁ% {tjhe

heavy-duty applications (which demands very urabl
condi ti ons Hﬁc%q]&?fiff%érﬂx“ifﬂﬁﬁn‘t"éh P2 Q@Z)i“wﬂZG"ﬂ%%]ﬁlFiué‘? ipgsease What al yst s

inthis res mqierm\sab@«sévwm@gg%o&somlapbbertwseﬁp&t@@ caALak %Lre' s§otni9t an
i ssue, and SQ2.i s Ioug%&ﬁ have ver maII i nfl'uence corgﬁre W th

catal ysed sBBnly pxjdize )’ Eengapise over Ptcfromy N dp ghegdiesel

\';/BIC?UdI ere, eﬂha;éﬁegl;u@l ﬁngnol&ﬁlian&a&[ysﬁg%eﬁlm@@ﬁébm E?ﬂitdc@b&tv@@pgoot%ﬂ@ S. J.
el les ru

K.. . Acres
Pet er - HobI y fatalEeal bg §ewtﬁ‘§%§§mg%6‘ﬁ’é I‘?x?lﬁ'é‘% n ish 96 B’&P’éﬁflﬁtg{"sasﬂﬁ@i bYeen
st udi ed f or plabma pmis:t) ﬁldl(bodfe@aﬂbsts Whére Bﬂﬂlystrme:hmdsd 1rﬁ1dasﬁq&ﬁr&rp§b3ﬁ ow t he

soot.. i s oxi these ca talysts is, not t hl studl
Sosuned ¢ napufifits BEi M SeliBta RhBet pofitie ol heSF SRehoBERE B ot di ng
| ocal | y t heviableassRtsppput Myzepscote&pi axid ﬁnebtborwmm}aﬂystso Wwhicheee durrenfigrpenon,

P. Wuters, C | ergy. I, el on

2004- 01- 0073&'135%"?& @gfgﬁﬁga‘"l\égg %gg anan’“‘,“”Ea‘g ‘éaaﬁpglf Syoef gR=tie%. \ionar b,
Ener gy Fuel svet RUORDOB type4Hie) tredﬁmm\sestem@arersaaaghtfma\@td o/ théraiapienmyiofat i on
studies are r-fel ies with
t he soot oxfeggl?%]ﬁ&%gg ?V’!Itkt% lﬂélgsoqgifgflgrf ﬁﬂk}lﬁ?t ey%llroesenggsq Eﬁ*'g%ﬂ(g%o‘%ﬁ f?[ 0074]
Based on t hexhenyigaeNEXis oxidimsdite NdeWmffé fwmemsowm sooharonmd 300JC. As

experi ment SNO donV&iSion KO Wb, 19@Bthuth&rfn%d&x%%xgﬁﬁ'agﬂhlﬁiletﬂﬂ)p@cnfh'dﬂéd %gcgé shive will

| ead to | owest bal ance point, partly due to redctive oot (See
S. J. Jel | eNO im threxhausy pas lmnemf\qQé@omQared\wx%iﬂor j(wovkvﬁ’t%a%m ordepday 53
(1999) 623 reﬁnz&sngﬂnﬁb&r@%ooﬁoxﬂaﬂdﬁr Wound30ddd @b‘e“eeKmJura,AK M?Hln‘ah T g J. K
Acres, C Pet.er - EOR'H SAE 1999-01-0113; -and . van Sétten, M
Mal ckee 3. Chattefgg, allgtzgm, KReWcP*‘HEﬁgzooﬁé”(%ﬁ’l)DeEBQ) 200ﬁhea“ﬂu& bor ne

cat al yst - somne:sedmmsfs(nﬁabl@vkhms GRS, BisiBA0A ), a4 ep ORAREAISAE padeh f uel
Ssts are never

cont ai ni ng P f_sul.f ver, these catal .
characteri Z%og)g qq 6&72913 ‘F‘Eégﬁqd’)i Jp3ip disp Yi’ntalgﬁ%oé%?‘y@érfﬁ?te@%éﬁ'é? ated by
Jel les et aﬂrorﬁm (ﬁxrab]hty\lﬁh ré&tstanie td%O;Kde\lhomﬂé edfrtiahe Whew usef-in KodWyL j N,

Catal ysis T 199 3; S . J. Je Mal dcee, J. A
Moul i j n, CP? Y aRph lscﬁfg gljie"}gg?s MR Wnd“‘gﬂgtyl%‘g O‘L} °6E‘1‘§°“Saﬁ§ B. A
A. L. van %gmmutm\odm«mﬁm J. AL Mouulijn, Catal.Rev.Sci.Eng. 43 (2001)
489), were used for characterization and oxi dati on studies. In the current
experinents, in general, >85% carbon nass bal ance coul d be accounted, the
un account ed carbon nass bal ance could be due to the fuel borne catalyst
and oxygen of SOCs, indicate that the nature of soot did not change
significantly on storage. In the present study, soot containing different
fuel borne catalysts (Pt, Ce, Pt-Ce, Fe and Cu) are investigated and the
reasons for the possible superior activity of Pt-Ce-soot 27




conpared with other catal yst-soot sanples are explained by different active
species in gas phase or on fuel borne catalyst. [0075] X-ray diffractograns
of all soot sanples essentially showed simlar features (Fig. 1). The
slightly ineweseedsisnt ensity and shift of diffraction peglyseforbiiogoot to

hi gher 20 points out nore graphitic crystallite domains in the Pt-soot.
Large Pt crystallites are observed in Pt-soot and Ce2(SO4)3 and Ce02 phases
are observed in PtCe-soot. No XRD obseryable Pt crystallites are detected
in Pt-Ce-soot due to ultra | ow dosage of Pt additive (2 ppm). Though
Ce-soot is not characterized by XRD, it can be expected to contain

Ce2(SM4) 3 plie8E3 Fasl bt camlySs0h. thibo resppar havh cadgasages asedursbilityubf dtee phases
are observe 9% 0X] di L Rt - Ce- . {11 ee L.

Ret ai | oau, EASSERPLARGhRE SGiks ity 30 oo Sl lBhbeitbBea Wl 1 o
(2004) 872) chalysedirot rapsdSehd. deopenposh-t Wontersf GeBlanchrrd . Macaudiereah

| mpor tant steePucldil ShEdheN AR MDERoi 2o Ghd 25 Creflay $Ek. el 3901

oxi dati on. Ver suc Si gl ficant transformation of ceriumsulfate is

not evi dent Makkepel. pr-ellenbiing Gudy Karfirresad. G Rewolioblyph §4&s 199901501 18dnsi der ed

as inactive 1RBASE el b5RQ leallsHAlO Be&X REGLIBHL e phlt tWBSdeSRRWLdHALnyt he
surface lattice oxygen of Ce02 is-involved in soot oxidation (See A.

Bueno- Lopez Maghanigticsaiprg!s am hovethe geet is gxidiged aysy thepcatadytaisaot thogmehlyoos)
237) . Ce02 sHRRU REs dsh@nddrthid th€0:e4 0 RBra3E Chgabidnbe cérih & capMle 6f LG OXygen
vacanci es, which are quickly filled, by gas phase oxygen and further
driving t he \ealy thenegessary activesperesi for $0of exidatian (Ser,brGampene® Pn dYouters,t hat |
Sven in the ﬁ?@ﬂfm?]xdl E.Qda&di@ﬁe; s*oségaxerogg,asmlzg?per;srgg@bfi)ombedb&fzgegti ﬁns
ue to graphiti egt.s_are opbserve 1g. - IS I.nglc the
soot bur ni nd“ﬁE ﬁ'f é?aﬁfq"’t Bk 7g ﬁt':é’émfin&a ?%L@“efﬁi'sguqlﬁq? hé}’@%o{“g rticle,
fol | owed by Hdweveois uignly i reaction/clidiscteizatidn ftudies hre dinswn \Gh cotielate slffaaggest s
that the oxidation del not .follow.shrinkjing core formalism (See B. R
St anior e, -1 AESCRAAR Grondhds Pith i Saaf B iion 3hBH, FHsSal il SRR ecor er |
R Ni essner of NO+#aschl, Carbon 44 (2006) 307). This observation al so

indicates that during soot oxidation of fuel borne catalyst-soot, if any of
t he cat al ys{0474} Bassdeoy the engingreixpefiments ahdl thé\eonyentionallabraatorycdxperiments

progr essi ve SOAtsh8¥%h Mk uith: lba%gaé}%ﬁﬂt@ee?algi{?dg]t%wgﬁﬁ ﬁg’&g%@ Yot bilanc

potentially increase the oxidation rate. as_ an oxl dant, the
soot oxi dat PRt arartly, idug te) dighby seagtive Pt-Fe-sbel (Sepi - tlebesd R. R. Krul, M.

Fe- soot <Pt - GeaR@OUSR! MiRBins CaadAR Tddal B3 (3995})%22?591%0&1% RITRL Ririyl ¥1.07 the

fuel borne catalyst is present ‘as cerium sul . it can be said that Pt is
si gni fi cant Makkedsd- AcMoyliine Grpalketicigp.ih D Eeterrtoblyn. SARPPES-01-GM 1 Hiipadot her
hand in theppaeaencan®etter 3 NHIB2e, Pl SR bl REESSIER! 43 @801 480510T €
active (Fig, 3%. The i nproved soot oxidation activity I's obviously due to
super i or NOTB%fughboras catd)yspoisgmplep(Tabil). pysept Pisgyt, asgigepsrated withdvel oxi di zes
S ?O]E t|0 gozt:orﬁ‘ﬂgigl@%o ippml FR6IFurdHb v eer e B?.talﬁ&s S&Q{eh vérChasicardd)th iew dosage
o] ue orne additive, 2 m Pt - 30 ppm Ce). s, sho noderate actjvity.
The hi gher Rﬁ%&i"ﬁ'ﬁftf%fiml’éﬁ{ﬁ?t ?aﬁ“&ffeg%B‘Fr@fgmfgcléfF eg\?ﬁ?f‘ g‘drrgé\lfe%gz'ﬁ't h | ower
NO oxi dat i oKric M. \Wikkeé,d. NOMaoutiji, Eatdpse Todayos3 O009) 6P3eS. Ptlelled, REa&) be
concl uded t hat Ik S.1S] ri in senc f,su rt af o0t
oxi dat i on. ltﬁ%éM 8?’%1§‘hé{ﬂ&thﬁné c%[}ﬁgl ocrrlesoﬁ I%epel%‘?{%%}&%éo‘gﬁg@é@ﬁs to
stabilize PO1I3; ysd 8l A thed. vawndetttm, M. Nadiengl. A. Moulijn, Catal.Rev.Sci.Eng. 43

(2001) 489), were used for characterization and oxidation studies. In the current’

experiments, in general, >85% carbon mass balance could be accounted, the un

accounted carbon mass balance could be due to the fuel borne catalyst and oxygen of

SOCs, indicate that the nature of soot did not change significantly on storage. In the

present study, soot containing different fuel borne catalysts (Pt, Ce, Pt-Ce, Fe and Cu)

are investigated and the reasons for the possible superior activity of Pt-Ce-soot




[0077] An inproved soot oxidation activity with tinme is observed in the
engi ne experinents (See B. A A L. van Setten, M Ml dcee, J. A Mulijn,
Catal . Rev. Sci . Eng. 43 (2001) 489). The significant inprovenent is only
observed af wer200umBeisng engi ne for sone tinme on Pt-Ce- frualusasdbiibme

(i nduction period) and the superior performance of Pt-Ce- is suggested due
to platinum which is deposited on the nonolith during the induction
period, which started to catalyze the oy dation of NOto NO2. Based on the
above argunents it can be suggested that, the Pt-Ce combination will have
significantly higher inpact in increasing the soot oxidation rate conpared
to Pt al onecomparcth “ctarvtmcmlpjétﬁpe@amleemmiamwshﬁ@rem aciyeespecigsyin

decreasing NPk taaiid soot oxidation with NO2- [0078] Wen
fuel borne ?g%t st sootld[?)s me’Ef with Pt/ A 203 and soot oxidation is

carried out rgafsh )d\ngQl?ffraE’tbgnQﬁfsz dodt E‘Qﬁ;ﬂesr é‘sﬁ&kial{g shQMRPSiRHaehfird! | ot her
soot sarrples (Fig mai n function 3.is torecycle NOto

NO2, as Noe (Fig ébﬁ@ﬁr%ah%hl"gtfaieddﬂeaam E'H’ shif} of slifdiaptingpeak raf ditspRtde i n soot
oxi dati on aidhét by ;md@roui RREE ghaphstict b@&&ll&@amhnbenwlmmdm@md on the

di fferent extents of xi.dation to atlon t he
mai n react affst lﬁ?;t‘r?’?’f’ 558’89 #ﬁtf SREb# %MN% B I‘?E’ij’ﬁ‘gﬁﬁ %gbt
oxi dati on adketsebt. Wo XRO 6Bervib: RiARBLIREs &0 détecttd mamca%oevwe tPultfadowoot

th f | d t du dif t d to fuel
borne. o1 co Jgsted ob By Sl P 895 oRalelCERET o F e oA R Rh R 1
supported plspdcredio captainyGd(Sirp phapxsrds avdl &l @eGanNe mdjot étmngswitceriyar at ur e

t dat | t
hat, Ne2-f SIS HERELEBEC S PUACRAPOEIR PREHAR RInBRGLUEREE " o g1 ve
NO and ads oRetailleag, R.dgfpnpxb, @ePUaplahyﬁt Jeany1d Biemschi, :Enelsxfgleln IBQQOé)sﬁﬂi)m bl e

Makkoo, 3. R RerTh B AEKbH o ek BE Suhe o ap bl o, BBy T oo

R R Krul, phnsewmvsérecmuacmate MXEer, rin sgpt QXIleOHAékE‘@VBrJ such a Fgnificaritiobl yn,
SAE 1999- OltrQﬂslfé%naukP\’)PUe?{un?Adlfaieh? nMdeﬁ@%@?mQ&Y?mﬁ e ICTL(sB), act 1 Vi ty
in the presenceo NO2 al one . Ce IS catd yzi ng
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The soot oxidation activity is further inproved for exanple by decreasing
the sul fur content of Ceria so that most of the ceria could be utilized for
soot oxidation through nitrate route, or a variety of new material s that

can efficiently formnitrates such as Ba and Kin conbination with Pt and
Ce conponents inproves the soot oxidation activity further.




30 [0081] Concl usions Based on the Experinental Results [0082] Fe-, Pt-Ce-
and Ce-soot are oxidized at |ower tenperature with 02, conpared with
Pt-soot, and the opposite trend is observed with NO+02. NO is oxidized to

NO2 nore ef tiocioemisbxs over Pt-soot, where as it is nore wfifuscio®oiiby utilized
over Ce- and Pt Ce-soot sanples. Soot oxidation under different feed gas
condi tions suggest that, in the presence of NO2+02 nitrate species are
involved in the oxidation over Ce- and f Ce-soot sanples. D fferent

oxi dation species with decreasing order of activity which are responsible
for fuel borne catalysts, in general, are suggested as 1) nitrates, 2) NO2,
3) lattice MGYen,Ptemathlys)s gussiphificantlyxmporenactisl | (Fige3mbdbe impavyedsoat e

i nvol ved in .0X] ' : - {8 . ~hCB: 4 1S4 .

oxi di zabl e séégbt%t'%%%ﬁﬁt&?g%ﬁf’c‘%’ %Hﬁ?@%ﬁ%ﬁ&bf’gﬁgj’ﬁ %ﬁé@g%&gagdéég’?pt ion is
for the purp@bewhirht i prejdizere sprirte oROnf Corpadit rigripast lactive and PH€espot how to
practice thecdnyefhd M dobagkSoftall BIhERARGV @ Fi%h 3itl303ipm @F) hilo§RwWaPVI ous
nodi fi cations and vari ations, which wll becone apparent to the skilled

wor ker upon messEtgptivite Thedighep NQhpxidationite Ny e theqiiesersvad weqt, compgfedal | such
obvi ous nodiWitlCRWeP MO 3Rl h@ivitd s NG inthé UBRACHbE Bdod ovBEPS ®0RE wef the

i nvention which is defined by the followng clains, The clains are neant to

cover the cleanshtedtBatefe sintering dn dhesghsency o ﬁ?p@é‘q%ﬁé@‘m‘l?ﬁmi"so'_émeect i ve
to meet the ofter Badd, MRSfuhORINGICH iQPIER, sobl deB®s td bGP stBes idwacdl | Y

i ndicates the contrary. 31 A
sintering. : ‘

[0077] An improved soot oxidation activity with time is observed in the engine
experiments (See B. A. A. L. van Setten, M. Makkee, J. A. Moulijn,
Catél.Rev.Sci.Eng. 43 (2001) 489). The significant i_mpfovement is only observed
_ after running engine for some time on Pt-Ce- fuel additive (induction period) and the
superior performance of Pt-Ce- is suggested due td platinum, which is deposited on
the monolith during the induction period, which started to catalyze the oxidation of
NO to NO,. Based on the above arguments it can be suggested that, the Pt-Ce
combination will have significantly higher impact in increasing the soot oxidation rate
compared to Pt alone, which can be expected to cxtensiyely sinter, there by

decreasing NO to NO; oxidation and soot oxidation with NO,.

[0078] When fuel borne catalyst-soot is mixed with Pt/Al;O3; and soot oxidation is
carried ovut with NO+0O,, Pt-Ce-soot is more reactive comparéd with all other soot
- samples (Fig. §). Thé main function of Pt/Al;0; is to recycle NO to NO,, as NO; is
consumed in soot oxidation. The observed differenqes in soot oxidation activity under
these conditions cannot be explained based on the different extents of NO oxidation to
NO,. If NO oxidation to NO; is the main reactant, than Pt-soot+Pt/Al,O; is expected

to show higher soot oxidation activity.

[0079] The enhanced soot oxidation over Pt-Ce-soot therefore should be either due to
different nature of soot or due to fuel borne Pt-Ce catalyst. It was proposed that Pt/Ce
activated soot and supported platinurri catalyst are important elements of the low
temperature soot oxidation system and the suggested explanation of observed results
is that, NO, formed on the supported platinum catalyst, will decompose to give NO
and adsorbed ‘O’ on Pt-Ce catalyst, and such an oxygen is responsible for the high
soot oxidation activity (See S. J. Jelles, R. R. Krul, M. Makkee, J. A. Moulijn,




CLAI M5 1. An apparatus for reducing em ssions of particulates from diesel
engi nes, which conprises: neans for supplying fuel to a diesel engine, the
fuel conprising a fuel borne catalyst conprising a fuel soluble or

di sper si bl ewoené7uss7sonposi ti on and a fuel sol uble or dipgpassibb@opl ati num
group netal conposition; neans for passing exhaust produced by conbustion
of the fuel and containing both cerium oxide and pl atinum group netal

rel eased fromthe fuel by conbustion, tigrough a nulti stage diesel
particulate filter having at |east two stages conprised of (a) a

catal yst section having a platinumgroup netal catal yst and/or -base netal
cat al yst on Gatatwsisc Todayr $hEEWNRR; and Be Jcdellesy Bt Rodimul, . Mikkee, J. A. (p) 2

filter sectinfugR ! . S€MAGEs, BaPS PERRHBHRACE A KL 999-01 TRV HAWVECH] alees from
a novi ng stream of conbustion gases genérated by conbusting the fuel in the

engi ne and Kentdamgles hars shavmesimilpnaghixityiin thenpresengs PHNO: gipne (Fig. 6 afder i n

the levels g ph.at POOSTHRURINERL oxERHBR Nith NG, PECEIsESNiCOPRAsd o spew, fuels
and/ or optional_ chem cal enhancers to generate NC2 |,p t he cat al %/st section
in amounts SigPHicenthhisher o5t pridetion artiNY Mthe¥Opn Signilieanf suRengp ¢t wher eby

the cerium @xérdpt-Cé-s66iSRCHMAY sbssihéd) vathdNTRI 1 BleNPrestins® AF SOLIFiRl 8) e
Bt "t ho. sur f NCE O R i, PEAes SEeTsob Yoncy GO & BPBFRS Ve APEPRE B0t |
oxi dati on atPt-sodt Gwvehe paakRdecd NIDHOpt+PYABD; ¢Pigl 9). iccan bhiegpeettd thdt fi@lhainhe
PO iy T T BB TR B SR B B sy 1o
appar at us aatctadiovgr ¢ediac ThésmnBratdsiard Foaund ¢o opidizsisngt atyarysloivadempoatures!| | i ng

(even below 300°C) in comparison with gas-phase NO, (ng. 10). Though CeO; alone

is capable of forming surface nitrates, combination of Pt and Ce shows synergetic

_effect and seems to improve the rate of such nitrate formation and its migration to the

soot surface. The surface nitrate formation and its subsequent migration to soot

surface will dramatically increase the soot oxidation rate. Oﬁ the other hand Fe-, Cu-

and Pt- fuel bome catalysts do not form extensive surface nitrates and the main

reactions over these catalysts are the direct soot oxidation with NO; and O,. These

oxidations are less effective compared with decomposition of cerium nitrates.

[0080] Based on the experimental results, the different reactions that are important for
soot oxidation are summarized in Scheme 1. It can be concluded that the oxidation
activity of the species with decreasing order is: 1) nitrates, NOj", 2) NO,, 3) lattice
oxygen, and 4) gas-phase oxygen. From the present study and that of Jelles et al. [6-8]
the hypothesis is formulated that all possible oxidation species present in the exhaust
gas and on the catalyst surface (Scheme 1) can be efficiently utilized in Pt-Ce-soot
~ oxidation in comparison with any of the known catalytic system. Further more Pt in
the ultimately formed Pt-Ce residue is stabilized, no Pt sintering, and with ageing of
_the trap the accumulated Pt-Ce residue is expected to improve NO conversion to NO;
significantly and further contribute to soot oxidation. The soot oxidation activity is
further improved for example by decreasing the sulfur content of Ceria so that most of
the ceria could be utilized for soot oxidation through nitrate route, or a variety of new
materials that can efficiently form nitrates such as Ba and K in combination with Pt

-and Ce components improves the soot oxidation activity further.




I ntroduction of fuel borne catal yst based upon tenperature or backpressure
sensor signals upstreamof the catalyst filter device, within the device,
and/ or downstream of the device. 32 3.An apparatus according to claim®,
further conwoi2eings7& sel ective catal ytic reduction ( SCRcTuRbdo7/6:@%110W ng t he
multi stage filter, wherein reduced particul ates, and generated NO2 wi ||
aid in the effectiveness of the SCR unit in reducing residual NOR 4.An
apparatus according to claim2, furthemgconprising an additional catalyst

[0081] Conclusions Based on the Experimental Results

[0082] Fe-, Pt-Ce- and Ce-soot are oxidized at lower temperature with O,, compared
with Pt-soot, and the opposite trend is observed with NO+0O». NO is oxidized to NO,
more efficiently over Pt-soot, where as it is more efficiently utilized over Ce- and Pt-
Ce-soot samples. Soot oxidation under different feed gas conditions suggest that, in
| the presence 6f NO3»+0; nitrate species are involved in the o’xidatidn over Ce- and Pt-
Ce-soot samples. Different oxidation species with decreasing order of activity which
are responsible for fuel borne catalysts, in general, are suggested as 1) nitrates, 2)
NO,, 3) lattice oxygen, and 4) gas phase oxygen. All the above species are involved in
the oxidation of Pt-Ce-soot, which is the most easily oxidizable soot under practical

conditions.

[0083] The above description is for the purpose of teaching the person of ordinary
skill in the art how to praétice the invention. It is not intended to detail all of those
obvioué modifications and yariations, which will become 'apparent to the skilled
worker upon reading the description. It is intended, however, that all such obvious
modifications and variations be included within the scope of the invention which is
. defined by the follovﬁng claims. The claims are meant to cover the claimed
compbnents and steps in any sequence which is effective to meet the objectives there

inténded, unless the context specifically indicates the conti‘ary.




ahead of the SCR to convert NOto NO2. 5.An apparatus according to claim 2,
further conmprising a filter section capable of renoving ultrafine
particles. 6.An apparatus for reducing em ssions of particulates from
di esel engines, which conprises: an exhaust pipe for passing exhaust
produced by conbustion of a fuel a fuel borne catalyst conprising a fuel
sol ubl e or dispersible ceriumconposition, the exhaust containing both
cerium oxi de and platinumgroup netal released fromthe fuel by conbustion,
through a nulti stage diesel particulate3¥ilter having at |east two stages
conpri sed of (a) a catalyst section having a platinum group netal
catal yst and/or base netal catalyst orlF ,?Kt/[sct surfaces within the catalyst
section for generating NO2 in the cata 'scfg ection, and (b) a filter
section conprised of passages containing particulates renoved froma novi ng
stream of conbustA®EpERRRFORBEIRS &fisA¥nCAFRYREIRS fbRfditdPéndidds MicENgi ne,
wherein the particulates contain ceriumnitrates, platinumand cerium
oxi de, wher efomprises: geppsfar Bppbeng fgelds g didseltcaging tht fughepmngisinea fiel bermsper si on
of the Iatiﬁm}:' : tfi ' ' tes ar | t the
surf acepand W t1 S:t %%@1%@9%%@?%?%&3&? l%ﬁ)gér %\Iﬁuﬁieéoe °§1?f8§ %%ﬁ@ %)?}?[J éeg?lﬁon.
dispersible platinum group metal composition; means for passing exhaust produced by

combustion of the fuel and containing both cerium oxide and platinum group metal
released from the fuel by combustion, through a multi stage diesel particulate filter

having at least two stages comprised of

(a) a catalyst section having a platinum group metal catalyst and/or base metal

catalyst on contact surfaces within the catalyst section and

(b) a filter section comprised of passages effective to remove particulates from a
moving stream of combustion gases generated by combusting the fuel in the engine and

holding them therein to permit their oxidation,

wherein the levels of platinum group metal composition, cerium compositions,
fuels and/or optional chemical enhancers to generate NO, in the catalyst section in
amounts sufficient to form cerium nitrates in the filter section whereby the cerium oxide
is associated with and maintains dispersion of the platinum in the filter section, and the
cerium nitrates will be available at the surface and within the soot particles to provide
enhanced soot oxidation at a lower balance point than could be achieved without the
provision of the platinum group metal and cerium fuel additive in the fuel to produce the

exhaust passed through the multi stage filter.

2. An apparatus according to claim 6, further comprising means for controlling
introduction of fuel borne catalyst based upon temperature or backpressure sensor signals

upstream of the catalyst filter device, within the device, and/or downstream of the device.




7. An apparatus according to claim6, wherein an enhancer for ceriumnitrate
formation is enployed as a wash coat in the catal yst section as
manuf act ur ed.
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3. An apparatus according to claim 6, further comprising a selective catalytic
reduction (SCR) unit following the multi stage filter, wherein reduced particulates, and

generated NO, will aid in the effectiveness of the SCR unit in reducing residual NOx.

4. An apparatus according to claim 2, further comprising an additional catalyst

ahead of the SCR to convert NO to NO,.

5. An apparatus according to claim 2, further comprising a filter section capable of

removing ultrafine particles.

6. An apparatus for reducing emissions of particulates from diesel engines, which

comprises: an exhaust pipe for passing exhaust produced by combustion of a fuel a fuel

borne catalyst comprising a fuel soluble or dispersible cerium composition, the exhaust
containing both cerium oxide and platinum group metal released from the fuel by

combustion, through a multi stage diesel particulate filter having at least two stages

comprised of

(a) a catalyst section having a platinum group metal catalyst and/or base metal

catalyst on contact surfaces within the catalyst section for generating NO; in the catalyst

section, and

(b) a filter section comprised of passages containing particulates removed from a
moving stream of combustion gases generated by combusting the fuel in the engine,
wherein the particulates contain cerium nitrates, platinum and cerium oxide, wherein the
cerium oxide is associated with and maintains dispersion of the platinum in the carbon,
and the cerium nitrates are available at the surface and within the soot particles to provide

enhanced soot oxidation.

7. An apparatus according to claim 6, wherein an enhancer for cerium nitrate

formation is employed as a wash coat in the catalyst section as manufactured.




