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Abstract

The effect of pollution of diesel particalate fillters on
thew theymal and <hewical stabihy has been studied
Conmnercral corderite supports were contanmmated,
separatel by Fe 0 Zn0) and V00 and then
crolution after thernud treatinent ue the range SO ¢
to 1200 C vwas folloved Iy YRD and SLEM

The pesence of Fe, Oy had hitle effect, whereas
VO veacted completely even art the lowest studied
termperatire, g cnvstalle sihea and alunimnon
ctdd g nesian vanadates, the formation of o Zine
sthicate, a e alvwete withe spomel structire aned
o vlassy plase was obserced above 10000C e Znd)
contammnated samples  Lhe differences o reactiviny
and nature of the veactton poducts were explumed
tah g o accomnt the low melomg ponit of 1,0 andd
tisacidie characrer The nuerosiruc i al clanges were
correlated wirth e mechaneal properties of e
SUPPOILS

Der Effebt der Verschmd zung con Dieselpartihel
thieen anf e thernmsele und chenosehe Stabihiar
nurde wntersuche  Kononer:zelle Korvdieritirage
wurden jeswerls nue Fe, () ZnQ und 1,00 hon
tannnicrd, und e Enovachlung nach cmer 1 arnme
holiandlune mie Berewch svonschien 8O0 ad 1200 ¢
wittels YRD wnd SENE intersucht.

Fe o), zente e conen germgen Effekt wahrend
1o ancl berdewmedreseen untersuchten Teniper
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aturen vollstandiy veagierie, wober sich hstallines
Sihhar, Hamnmand - Maenesainandancate il
deten, bomg ZunO cenmneneien Proben bildete sielh
oherhalh ton 1000 C Zwhsihhat em Z ik aluniiat
mut cimer Spietlsoah o wnd e Glasphase Die
wnterscinedhichon Reak ttonen lassen sich anf den
wedvien Sclvnclzpunh tcon VO aid semen saieren
Charakrers ek fulnen DV eranderingen nn
Gefuge winden ont den mechanischen Ligenschaften
des Dravers horrelient

Concernant des fdues de particules conses par e
diesel. et et Fefter de la pollution sw tew
stabtliee therngue et clungue Des supports de
cordierite commercals one CLe contanmids sépare
ment, par Fe O ZnC et V0 etlewr dvolution apres
Doattemtent theriigue a emperdati e comprise enre
SOOC ot 1200 Coa el sunee pan le YRD ar SEM
La presence e Fo, O a pew d'effer, par conte
VO reagnt completement a party des plis busses
tewmperatires cidices, downant de o sihea cnstathine
ot des canadates deomagnesmn ot ahemien, la
formwtion du stlicate de e de Palimate de e a
steucture spanclle e une plase titrense a cte obsercde
arcdessis de TOOO-Cdduns les echantillons contamimes
an ZnQ) Los difforences concernant la yéactionté o la
wature des prodints de lardaction ont etéoexpliguees
preant e compe le pontt de faston de 10 er son
caractore acidigue Les changemaents nacrostrue i als
ot et liés auy proprictés mécamgies des suppor ts
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I Introduction

Cordienite materials are widely studied [or a4 number
ol technological applications as different as bufler
livers momicroelectronies' * and diesel particulate
flters  Apant from the low electneal conductivity,
the most anteresting properties, regarding the
application m the siutomotive industry, he m the low
thermal expansion coethcient, high thermal shock
resistance and good thermal stability up o 1460
together with the low cost of raw materials and easy
moldimge  For these reasons cordienite Alters with
honeycomb shaped stractures for engime exhaust
Oltration are nowadays components that are ol
interest for milhions ol cars. and engines i general.,

Durmg service, the stubility of a cordiere filter 15
threatened by thermal gradients and temperatures
that can be locallyv as Tugh as 1100°C due to
repeneriation and to the temperature ol the exhausl
gas ? Previous work by the authors ' showed that the
pollutants emtted from the engme, at the regener-
duon femperature, can aflect severely the micro
structure and properties ol cordientte, Tn particular.
twas shown that the presence ol calcum oxide and
sodium oxide led o the decomposttion ol a surface
laver ol cordietite, with the formation ol several
compounds. Stlicates with similar structures were
observed  to form  2Ca0) 2A1,0,-dS10, and
2N, O-2A1,0 -dS10,  for Nu, O and a0
contaminated samples, respectivelv, Moreover, a
thick glaze made of a glassy phase and spmel tormed
i the presence of sodm at 1200 C The lormation
ol these phases had o marked mfluence on the
mechamical propetties ol the supports, mamnly
because of the thermal expansion mismateh between
the transtormed surface laver and the bulk ®

In the present paper, the eflect of pollution by the
oxides of three metals present in the engine exhaust
gas on cordientte supports was considered Zn from
the otl Fe from the engme abrasion and from the
lfuel (combustion additive) and 'V, present in the
catalytic compounds and i many petroleum fuels
Recently papers have been published®” concernimg
hot cortosion ol alumma and stabilized ziiconia
coatmgs by V,0. m the temperature range
700 900°C - Samples contamimated with Fe,0),
ZnO) and V,0., were thermally treated. and the
evolution ol the microstructure was studied by SEM
and XRD

2 Experimental

Samples of porous cordierite were cul from diesel
particulate Allers(Corning EX 66 100/25) As shown
by the chemical composition (Table 1), as received

Table 1. Cheneal composition ol otgmal suppotts (standard
devintion i parenthienses)

vnde Wewht percemuape

Meo) R R TN]
AL, By 2004000
S0, 494240 2)
Ca0) 0300
Ty, 042000
N0 041 (00N
K.O O 1004
ke Oy 0671004

supports contamed o considerable [raction of
mpurities together with MO, AL, O and SiO),

Thiee sets of sumples were contammated with
non, vanadium and zine oxides The continmimation
was reahized by dippmg samples mto solutions ol the
appropriate concentration ol soluble compounds ol
each metal and calcming the dehvdration precipi
tates The amounts of pollutant were sugpested by
the chemical analysis of o catalvhic tap used for
[00000km on u diesel engine '

The concentration ol each solution was such to
obtam the desired percentage of pollutant, To have
YOw"o Feom the lorm of Fe,Oy alter dipping
FeC'ly solution, samples were slowly dehydrated
(48 hat 30 Cyand then calemed for Yhat 400 € The
same procedure was followed tor ZnO contamin
atton (Y0w("s Zn an the form ol ZnO), using a
Zn(NO ), solution and calemmyg at 450 ¢

The procedure was more complex for vanadium
oxide contamimation because ol the low solubtlity of
vanadnun pentoxide m water (00702 hier) Samples
were dipped for Shom a 100 ml solution contaming
Se VL0 L the pH was raised 10 9 by addition of
ammonium hvdroxide 1o obtain the deposittion of
ammontum metavanadate (NH, VO ,) on the sup-
port After that, samples were dehydiated (48 h at
30y and calemed (Yh at 350 C) In order 1o have
2wtho of Van the form of V,0 . the procedure was
repeated several times, Both the onginal and the
contaminated samples were treated for Yhar 800 ¢,
1000 Cand 12000C m air. The length of thermal
freatment was estublished according to the numbet
and length ol regeneration eyeles sustamed during
the exercise,'” however, 1t must be considered that
the regencration eyele 1s discontmuous (length ~
['min). whereas  the  present  treatments  were
sothermal and contimuous

XRD experiments were conducted through o
Rigaku instrument, using Cuk', radiation produced
al40kVand 30mA. 002 stepand Sscounting tiune
in the rtange 15-60" The presence of a monochro
mator in the diffracted beam greatly enhanced the
signual to noise ratio, giving an almost zero, fat
buckground. In these conditions fine detals of the
pattern could be resolved, achieving an exhaustive
iterpretation and phase identhcation,
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nicroscope was used lor SEM EDS analyvsis

3 Results

Anshown by XRD phase identihention (Frg TG,

the ongmal support swas made ol the svnthetie
ordiente o feordienie (M ALSEHO
orthorthombie Powder Trlliaction File (PDF) # 14
204y wrth acsmall Traction of mullite (A1,S1HO
PDF # 15 7700 Mo ALSL O has also o hesagonal
polvmorph mdialite o 7 cordienite (PDE # 13 293),
whose peaks are supernmposed to those of cordierie
For this reason XRD v not able to exelude the
presencee ol mdinlie

Fig. 2. SEM muerogiaph of the sarlace ol orgmal support
freated for Yhoat 12000

The XRD patterns of the uncontamimated sup
potts alter Yh treatments at 800 C 1000 C and
1200 C were unchanged  Also the suilace morp
hology (Fig 2y did not show visible diflerences The
onlv change occurred in the density o porosimetrie
analvsis showed a smtermg eflect more evident alter
the 1200 C rreatment '™ In conclusion the uneon
tamimated supports can be considered stable with
respect to the stadied thermal freatments

Figne 1thy shows the XRD paticin ol a sup
port contammated by Te O alter 3h at 1200 ¢
Bestdes cordienite and mullite synthene henatite
(PDE # 33 604y was present The same tesnlt wias
found for the same sample just alter calcmation (3 h
Al 400 ) ArTngher temperatires the patterns were
sttlae, with o progressive sharpening ol hemate
peiths due to coarsenmge Anntensilts decrease ol the
cordierite wgnal was observed after the 1200 ¢
treatment  SEM nmucrographs (B W) show the
progressive growth ol hematite ervatals, which
formed clusters dispersed on the smface of the
samples AT 1200 O crystals appear (o liave partly
reacted with the support, and amodibied Liver seens
o be present

Atter the thermal treatments  the presence ol
Fe cordiente (Mg Fe), ALSH O PDE 9 472)
cotld be expected This phase obtamed by a partial
stubstitution of Mg with Feoimn isomorphous to )
cordrerite with the same orthorhombie lathee and
space proup (Coem (66) Also i this case XRD
cannot distmguish enstly between the two phases,
although the difference would be evident 1l
high percentage ol Fe reacted with cordierite '
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Fig. 3. SEM nucrographs of the sutface of Fe,O contammated supports calomed Tor G Vhar 400 Cand treated lora turther Shariy
ROO €, (¢) TOO0 € and (d)y 1200 ¢

2000 —
1800 T ﬁ

1600 + 1 r& \

1400 T

1200 + ‘ A ﬂ
oo A J ,, (l\ A j \_ /\ I\ A d

son + | - '} f B l‘__ /\ o
Nk % I V) S A - AN OV AN

w0 +—"N—

N o e |
a0 T ‘/ \_ /\_.,... j! /j .__”! /, ,'\ ﬂj\/\ ,\W N mal N f \\ b

200 T [ }
,. } \_‘A N J /\ /\'\‘\\,__,/\ P NPA

15 20 2h 20 W a0 4n
20 (DEG)
Fig. 4. XRD patierns of Znoy pollnted supports atter (o) calemation for Vhat 450 € and turther treatment for Vhoat (b) 80O € (¢)
1000 Cand () 1200 ¢ @. ZnO) A, ZnAlLO, B Zn,50),

INTENSITY (CPS)

—

gt *




Puoto Scardi Natale Sartors Angelo Guachello Puer Paolo Demaestir Traneesco Branda

270

28KY WD:25MM

Fig S ST nncroeraphs of the sorlaee ol Zn6 contanmmated sapportecalomed tora) Shoat 450 C and treated tor o tarther Yheacehy

SO0 C () oo «

Moreover, asshownom Fre | the pattern of Fe ),
contaminated  samples s the same, apart from
hematite as that ol the onigmal support

The XRD spectta ol ZnO polluted  samples
treated Yhat 450 € 800 C 1000 Cand 1200 C are
tepotted m Frg diay (i respectivels The corre
sponding surlace morphologies are shown by the
SEM micrographs ot Fig s After calemation (Figs
Je and Stan zmerte (ZnO—PDE # 36 1451 formed
The 800 C treatment caused only a coarsenmy ol
zinctte crvstals, as suggested by the decreise ol the
broadenmyg ol ZnO profiles"™ (Fig 4(h)

ALTOOO C ZnO reacted with the support produ
g two new phases (e 4e)) gahnie (ZnAlLO,
PDE # 50 6069), with spinel ke stracture and wil
lenitte (Zn,S10,  PDE # 37 1485 The peaks ol the
sihicate showed remarkable dillerences ol relative
miensiy respect 1o the PDE standard patiern The
mictograph, Fre o), shows that the suttace of the
suppott s homogencously covered by several large
crystals

Alter the 1200 € trearment the only new ory

and (dy P

stalline phase was gahamite (Fig Hd) inoa larper
amount The presence of a very broad halo, centered
at o~ 2y (ot vistble i Fig ), suggests the presence
ol asmall fraction ol ghissy phase As shownm Fig
St the surlace was covered by a continuons Lver
mcorpotating civstals Due to the presence ol the
reacted Laver the mtensiiy ol difftacton hies of The
substrate components, that i cordienite and mulhite,
was progressively reduced alier the thermal treat
ments The effect was more evident at 1200 C whete
mullite peaks were mueh reduced

The XRD paticins ol VO contammited sam
ples thermally aged at 800 € 1000 C and 1200 ¢
were almostidennical tocach other Asshownm Fiy
6 lon the sample treated 3har 1000 C VO reacted
completels with the support, producing thiee new
crastallme  phases  MeV.0, (PDFE # 3 0013
AIV,0, (PDF # 250025 and S10, cristobalite
(PDF # 39 1425 The surtace of all samiples (Fig 7),
wirs covered by severab crystals with different shape,
that were preferentially found within surface
POTOsIY
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Fig. 6. XRD pattern of VO, contaminated support teated for Shat 1000 C @ MpV, 0, & AIV,0, 7. Si10, cristobalite

Fig. 7. SEM nncrograph ol the sutlace of V0O, conlamimaled
support treated tor Yhoat 1oon ¢

4 Discussion

XRD analysis showed that iron oxide did not react
with the substrate in the studied temperature range
However, itis known that mon oxide tends (o reduce
the liquidus temperature ol cordierite. " thus, the
intensity decrease observed i the pattern ol the
sample treated at 1200 C and the relative surface
morphology (Fig. 1) could indicate that a surlace
modification process started at this igh temperature

No decomposition was observed in ZnQ polluted
samnples treated at 8OO C| the sharpening ol zincite
peaks suppests only coarsening ol crystals At
1000 C, Zn spinel (ZnAl,0O ) and Zn orthosilicate
(Zn,S10,) lormed. while o zincite residual 1 stll

present. While the Zn spinel pattern hits very well
peak positions and relutive mtensities of the
PDF # 50 699 standard, willemite shows remark
able differences 1 the intensities respect to the
PDF # 37 1485 standard The reason 1s the partal
substitution of Zn with Mp. In fact, even though
Zn,S10, (phenacite group) 1s not isomorphous to
Mg, S1O, torsterite, ohivine group), (tis known that
willemite can accommodate up to 70 Mg n Zn
sites. ' As the Zn-Myg substitution changes the
scaltermyg foctor, peak mtensities change whereas
the positions are less inAuenced

The phase evolution durmg the 1200 C treatment
shows a close analogy with that observed for Na,0)
contammated supports ' In that case Mg spinel
(MpAL,O,) and a glassy phase formed: similarly, the
presence of ZnQ led to the formation ol Zn spinel
plus glassy phase The analogy 1s due (o the ease of
Zn-Myg substitution and to the fact thut both Na
and Zn lower the hquidus temperature ol S10),
based glasses. Therelore 1t can be supposed that a
liquid phase formed at gram boundaries ar 1200 ¢
which resulted i an amorphous phase after cooling
The amorphous phase should be a S10), based glass
The lowering of the mtensity of cordiente XRD
reflections confirms this hypothesis. Mullite should
take part to the reaction, by forming the observed Zn
spinel,

The reaction of the cordiertte support with V,0,
produced the same compounds at 800°C, 1000 ¢
and 1200°C. This oxide, whnch has o low melting
pomnt (800°C), reacted completely i this tempera-
ture range, producing magnesium vanadate, alum-
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Table 2. Moduluy ol tupture (MOR) Trome fowm poine bendie test orrmal and - contmmmiated
sppore

Fo Oy comtanmmted
VORI P

Zny conttamnated VO contanunaned
VOR (M P VORMDN

Droatment e Cemal support

and temporatin e VIOR (M P

10202 e e g rap o
Vie KO0 ¢ VRO O ] V- 0y SRIT i YRo -0
Ve oo Vol =000 VO s ol NIRRT AR
Vhe 1200« Loy 0! o+ 0y 180 0o IR

SSanple calomed Va0 o
PSample calemed Ve 400 ¢

avam vanadate and crvstallime sithea Contrary 1o
Al was tound for Zn) CaO and Na O
contanunation - no sithicate crystals tormed V0
prelerentially forms compounds with: MgeOQ and
ALO L SIO, formes s the result ol these reactions

This result agrees with the Lux Flood acid -base
Licors ol molten salt osvde reactions eported 1n
Ret 14 The vanowms osides all have o certinn
acid base chinacter and the more acidie osides can
displace Tess acidie osides Trom combimation with
Bate oxides Foresample it s conmondy seen i hol
cortoston ol superallovs contammye Mo that Mooy,
ortmed by osidanion ot Mo can displace SO fom
soddtomn sullivee e the sackice salt Tover producing
ol molybdate

NSO, - Mo, —= Na,MoO) | + SO

This theors Tias proved suecesstul meesplinmmg the
diflerences i hot corroston ol seandia and vitia
stabtlized zirconmr coatmes by VO 7 Inthe present
case the saltm guestion s cordieniie: The differences
nothe nature ol the enystallme: products formed
ollowmg VO pollunon can be esplamed taking
nto account that V0 s the most acidhie oside and
heretore the most able (o displvce Si0y, Trom
combmation with the basie MgO and the am
shotene ALO oxvrdes

However, the presence among  the readtion
woducts ol ANV O, mowheh sanadim s an
ontdation state Tower than £ idieates that the
caction s more comples mvolving adisproportion
ation The preater reactivits of the V,0 0 pollutant
can ilso be explinned considenmg that s melting
pomt s 690 ¢ Therelore unhike e, O and Zno)
e the temperature range ol hieat treatment (80O0-
1200 Cr VO hgqund

Presvious work showed that the pollution ol
cordieriie supports can cause temarkable chimges m
hen mechameal properties The modulus of tapture
TMOR) measted by lonr pomt bendimg test ™ was
srongly reduced mo NGO contanimated samples
spectally atter the 1200 C treatment whereas the
dresence ol CaQ resulted man merease o stiength
The lowermy of MOR can be explamed considerimy
the thermal espansion mismateh between  the
modihed surface Taver and the bulk - Cordierite

las a thermal espansion coetheient (o7 1) -
FO 0 DYy whiehas alwavs Tower thian that of the
products of the reaction with the esanimed poll
tants  the tormation ol a0 contimuous Liver ol
modihed materal can lead toa crack imiation afie
thermal tearments and to embittlement ol the
suppotts Inocontrast the Tormaton ol crvstallme
phases mside surlace porosiiy, as observed m CaoQ
contannmiled samples his a toughenme efleet that
Ieids tomereased stiength

Thes mechansm s also vahid for the resnles of the
present myestigation MOR values refatve to VO
Fe, O and ZnO polluted supports taken trom
Rels 6 7 and 10 are eported m Table 2 V.0
contimmuted samples had MOR 230 Ingher
than ongmal supports atterceach thermal treatment
because ol the preferential crsstallization ol new
phases iside surlace pores Tnospite ol the amalogy
with Na . O polluted suppotts the presence ol Zn)
i not miluence MOR - This can be attrnibuted 1o
two i Tactors lests, there vomuneh Tess glims at
2000 Coawith respect to Nan O contamiided siomples
and secondiy s well knosen that the mechaned
properties ol SO, elass are enhanced by the
addinon ol ZnO Fe, O contannmated samples
freated ac 800 Coand 1000 € exlubited o MOR

200 Tower that the orgmal supports The reason
fonotedear bt e considered that asshown by XRD
analvsis  on osvde did not react ar all with
cordicritie Takmmge mto account that the reduction
was tecorded alwo Tor the sample only calemed. the
MOR lowermye conld be Timked 1o sitace s
modiication due to the pollunon process The MOR
ol samples treated ar 1200 Cowas shightly haghe
(= 10" dess than ongmal supports) Ay shown by
XRDYand SEM thus s probably connected with the
sutlace modiheations ol the substrate that started to
reach swith mon oxide at this cemperatunre

5 Conclusion

The effect of Fe )y ZnO and VO contimmimation
on the stabihity and  mechanweal properties ol
cotdiertte catalvsts supports, alter thermal treat

ments i the operating temperatuie tange of diesel
pattculate fliers, was much diffierent Tron oxade did
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not react strongly with the supports, even il reaction
products were not identitied by XRD analvars, alter
Vhat 1200 Crhe overall decrease of XRD signal and
the surface morpholopy sugeest that hematite
started to mteract with the cordiertie substrate
Zincite started to react at 1000 C, formimg (Zn,Mg)
otthostheate and Zn spiel;at 12000 C the behaviom

ol the ZnO) polluted samples was similar to that of

the alicady studied N, O polluted ones, with the
formation ol spinel (ZnAlL,O, and MgAL O, tor the
two pollutants, respectively) and a small fraction ot
glassv phase VO, reacted completely with the
support fornung, at all studied  temperatures,
magnesium  vanadate, alommmm vanadute and
cristobalite: The differences mreactivity and nature
ol the reactton products were explamed considering
the Tow meltmg pomt ot VO, and 1ty acidie
character

The mechamical properties ol the contaminated
suppotts after the varous thermal treatments, were
strongly influenced by the morphology of the
modihed layer and its thermal expansion coefhicrent
Due 1o the Tow thermal expansion coellicient ol the
cotdiertte substrate, the formation ol a contimuous
layer of modified matenal always led 1o thermal

expansion mismatch, that decreased the strength of

the supports On the other hand. the preferential
cryvstallization ol the decomposition products mside
suttace porosity, tound o CaQ) and V0,
contaminated samples. enhanced the mechameal
properties ol the cordiente catalyst supports
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