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Cobalt catalysts for the oxidation of diesel soot particulate
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Abstract

Ceria-supported materials prepared by three routes, coprecipitation from aqueous solution containing batidl@8+ ions, and
impregnation of preformed ceria gel with either cobalt(ll) nitrate or cobalt(ll) acetate, have been investigated for catalytic activity towards
oxidation of diesel soot. All three materials catalyze the conversion of diesel soot particulate to carbon dioxide under a flow of either
6v0l.% O or 0.5v0l.% NO+ 6vol.% O, in helium in the temperature range 573-613 K. The temperature of maximum conversion rate
shows a small dependence on the particular catalyst and the composition of the oxidant. Raman spectroscopy of the ceria-supported cobal
catalysts indicate that the cobalt is present agdizpbut its average particle size in Co/Cgitpregnated with Co acetate is smaller than
the other two Co/Ce@preparations. Features in the temperature-programmed reduction (TPR) profiles in the range 500-600 K, coincident
with the temperature of catalytic activity, appear to be associated with reduction of the cobalt, suggesting a redox-type mechanism assisted
by oxygen spillover on the CeGsupport. In contrast, cobalt supported on alumina, silica, and tin(IV) oxide obtained by coprecipitation
show much lower activity due to the presence of disperséd @ms in these materials although small amounts gf@anay be present
on alumina and tin(1V) oxide.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction dangerous diesel particulate fractigb—7]. In addition,
such physical traps suffer from blocking and need peri-
The deleterious effect on human health of particulate odic regeneration. Further, other components of the exhaust
present in diesel emissions has become a subject of greagmissions which are non-particulate in nature (HC'’s, CO,
concern, and has resulted in the formulation of restric- NOx) will remain unaffected by physical filtration and,
tive legislation both in the EU and the UB-5]. Such hence, be emitted unchanged into the atmosphere. However,
particulate matter is a complex multi-component material, the problem of particulate emissions is not only confined
comprising principally of carbonaceous soot particles but to diesel-powered vehicles. Even gasoline-powered auto-
which also contain other smaller molecular compounds, mobiles equipped with three-way catalytic converters can
many of which are toxic. Although physical filtration of emit particles similar than those emitted by diesel engines
the particulate from the exhaust emissions is possible, [8].
this solution has several drawbacks. The major problem is The alternative approach to the control of diesel emis-
that a significant proportion of the particulate in the very sions is similar to that adopted in the three-way catalytic
small nano-range escape trapping, and it is particles in converter for gasoline engines, i.e. the exhaustive catalytic
this dimension range that are considered to be the mostconversion of the particulate to non-toxic g@nd HO.
In general, since the solid particles are large, and when de-
posited immobile, they do not penetrate into the micro- and
* Corresponding author. Fax:54-342-4536861. mesopore structure of the catalyst where catalytic processes
E-mail addressesp.g.harrison@nottingham.ac.uk (P.G. Harrison), usually take place. Rather, soot oxidation takes place on
mulla@fiqus.unl.edu.ar (M.A. Ulla). .
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istry, A. GoStauto 9, LT 2600 Vilnius, Lithuania. slow. The situation is further complicated by the complex
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chemical nature of diesel sof#—13] and also the different ~ 2.1.2.2. Using cobalt(ll) acetate.The same procedure,
size ranges of the particulate, and hence the catalytic oxida-as in Section 2.1.2.1 was adopted using cobalt(ll) ac-

tion processes are also complex in nature. etate tetrahydrate (Aldrich; 40g; 0.137 mol). After drying
Various soot oxidation catalyst technologies have been de-overnight in air at 333K and grinding, the product took
veloped. Indirect soot oxidation based on NOANsdmbus- the form of a fine brown powder and is referred to as

tion with a temperature window of operation of 475-725K Co/CeQ-imp/acet.

has been commercialized by Johnson Mattfiel;15] but

requires the use of low sulphur fufl6]. Another way is 2.1.3. Preparation of cobalt-promoted tin(IV) oxide by

to incorporate the catalyst during the soot-forming process coprecipitation

by blending a stable organometallic additive into the fuel ~ Aqueous ammonia (AlanaR; 33wt.%; 200ml) was
[17-21] A large number of formulations have also been ex- added dropwise to a solution of tin(IV) chloride (Aldrich;
amined as catalysts for soot oxidation. Simple metal oxides 75g; 33 ml; 0.290 mol) and cobalt(ll) nitrate hexahydrate
(e.g. Ca0q4, Cry,03, CuO, FeOs, V205, MoOs, and PbO) (Aldrich; 17 g; 0.0584 mol) in triply distilled water (600 ml)
only operate satisfactorily at high temperatures (>775K) over a period of 1h to a final pH of 10. The mixture was
[22], but a combination of metal oxide and an alkali im- then stirred overnight at ambient temperature and the re-
pregnated on different supports notably improves their per- sultant precipitate washed with triply distilled water and
formance[20—-24] In this paper, we describe the activity of separated by centrifugation. The washing procedure was
catalysts comprising ceria-supported cobalt towards the ox-continued until the absence of chloride ions was confirmed
idation of diesel soot particulate, and compare these mate-by a negative result from the silver nitrate test, and the pre-
rials with similar catalysts supported in tin(IV) oxide, silica cipitate then dried overnight in air at 333 K. The product
and alumina. We also analyse the effect of the support ontook the form of a fine grey powder after manual grinding
the active species and soot oxidation mechanism. and is referred to as Co/Sa@op.

2.1.4. Preparation of cobalt-promoted alumina by

2. Experimental coprecipitation
Aqueous ammonia (AlanaR; 33 wt.%; 200 ml) was added
2.1. Catalyst preparation dropwise to a solution of auminium(lll) nitrate nonahydrate
(Aldrich; 75 g; 0.240 mol) and cobalt(ll) nitrate hexahydrate
2.1.1. Preparation of cobalt-promoted ceria by (Aldrich; 3.2g; 0.011 mol) in triply distilled water (600 ml)
coprecipitation over a period of 1 h to a final pH of 10. The mixture was then

Agqueous ammonia (AlanaR, 33 wt.%; 200 ml) was added stirred overnight at ambient temperature and the resultant
dropwise to a solution of cerium(lll) nitrate hexahydrate Precipitate washed with triply distilled water and separated
(Aldrich; 80 g; 0.184 mol) and cobalt(ll) nitrate hexahydrate by centrifugation. The washing procedure was repeated four
(Aldrich; 15g; 0.0515 mol) in triply distilled water (TDW) times and the precipitate dried overnight in air at 333 K. The
(600 ml) in the presence of hydrogen peroxide (Aldrich; 20 product took the form of a fine green powder after manual
volumes; 20 ml) over a period of 1h to a final pH of 10. grinding and is referred to as Co/Adz-cop.

The mixture was then stirred overnight at ambient tempera- . -

ture and the resultant precipitate washed with triply distilled 2-1.5. Preparation of cobalt-promoted silica by

water and separated by centrifugation. The washing proce-COpPrecipitation

dure was repeated four times and then the precipitate dried Adueous ammonia (AlanaR; 33 wt.%; 200 ml) was added
overnight in air at 333K. The product took the form of a dropwise to a solution of silicon(lV) chloride (Aldrich;
fine brown powder after manual grinding and is labeled as 7°9; 50ml; 0.446 mol) and cobalt(ll) nitrate hexahydrate

Col/CeQ-cop. (Aldrich; 6.2 g; 0.0584 mol) in triply distilled water (600 ml)
over a period of 1h to a final pH of 10. The mixture was

2.1.2. Preparation of cobalt-promoted ceria by then stirred overnight at ambient temperature and the re-

impregnation sultant precipitate washed with triply distilled water and

separated by centrifugation. The washing procedure was
2.1.2.1. Using cobalt(ll) nitrate. Cobalt(ll) nitrate hex-  continued until the absence of chloride ions was confirmed

ahydrate (Aldrich; 47 g; 0.161 mol) was dissolved in TDW by a negative result from the silver nitrate test, and the pre-
(200 ml) and the pH of the solution adjusted to 6.5 using di- CiPitate then dried overnight in air at 333K. The product

lute ammonia solution (0.2 M). CeQ5 g) was then added took the form of a fine purple powder after manual grinding

and the mixture stirred for 16 h at ambient temperature after @nd is referred to as Co/Sizop.

which the solid material was separated by filtration. After ) )

drying overnight in air at 333K and grinding, the product 2-1.6. Analytical and spectroscopic measurements

Co/CeQ-impl/nit. overnight in a Vecstar91 tube furnace and then allowed to
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cool to ambient temperature. Cobalt elemental analytical N2 (flow rates of 1.92 and 38.4 ml/min for Hand N,

data were acquired using a wavelength dispersive Philipsrespectively). Parameters for the measurements (mass of

PW2400 X-ray fluorescence (XRF) spectrometer controlled reducible sample; gas flow rate; concentration ej tere

by SuperQ software. The resultant data were then processeaptimized according to Monti and Baikf25]. The samples

through the SemlQ semiquantitative software. (150 mg) were calcined at 673K for 4h, and then purged
BET specific surface area measurements were carried oufor 0.5h at 298K in N before exposure to the reducing at-

using Micromeritrics instrument. Crystalline phases of the mosphere, and simultaneously ramping of the temperature

catalyst materials were identified by powder X-ray diffrac- (5K/min) up to 1200K. H consumption was measured

tion using a Shimadzu XD-D1 diffractometer equipped with using a thermal conductivity detector. Ce@nd SnQ were

a Cu Ku (A = 1.5405 A) radiation source and using a scan- run as reference materials under the same conditions.

ning rate of 2/min. The Shimadzu XD-D1 analysis software

package was used for phase identification. Raman spectra

were recorded under ambient conditions using a JASCO 3 Results

TRS-6000SZ-P Multichannel Laser Raman spectrometer.

The excitation source was the 514.5nm line of a Spectrag 1 piesel soot oxidation ©and NO+ Oy)

9000 Photometric Af laser, with laser power (measured at

the sample) set at 31-40mW. The catalytic activities for diesel soot particulate com-

bustion over the three ceria-supported cobalt catalysts

(Co/CeQ@-cop, Co/Ce@-imp/nit, and Co/Ce@imp/acet)

are compared by analyzing the g@roduction/temperature
dprofiles for oxidation using an 6vol.% fHe mixture
(Fig. 1) and a 0.5 vol.% NO/6 vol.% &He mixture Fig. 2).
The CQ production maxima suggest that all three catalyst
materials have similar activities with maxima in the temper-
ature range 573-613 K. The maxima for the Co/g&0p
and Co/Ce@-imp/nit, catalysts are identical for both feed
Temperature-programmed experiments performed usinggas mixtures at 593 and 613K, respectively. However, that

for the Co/CeQ@-imp/acet material exhibits a distinct dif-

Zemlgjlﬁtisf C:rrtriIaeIT g:fi d?zrg(\j”d?gu'T%Tﬁgig;fgj:ggg ;?]3 ference. The maximum is at a higher temperature (603 K)
p y group for the NO/Q mixture than for @ alone (573 K). No CQ

the amount of hydrocarbons that could remain adsorbed af-. .
. . . is detected at temperatures in excess of 673K for any of
ter the diesel combustion. In this way, the amount of carbon . S
the catalysts with either feed gas indicating that all the soot
released as CO, GCand hydrocarbons represents 9.3% of .
i has been combusted by this temperature. In contrast, the
the soot[21]. Catalyst and soot (20:1 w/w) were carefully . . . .
. ; . . maximum soot combustion using unpromoted ceria occurs
mixed, and approximately 10 mg of the mixture placed in an L .
o .at a significantly higher temperature around 7733].
8 mm quartz reactor. Two gas flow compositions were used: . : . X
. ) . Besides, in a previous worl21], blank experiments were
()) 6vol.% Op; and (i) 0.5vol.% NO+ 6vol.% O, the erformed mixing the soot with AD3 (a non-active solid
balance being helium. The catalyst bed temperature was in-P g 3
creased from 298 to 773K at a rate 6fi@in with the feed
gas flowing through the catalyst bed at a rate of 200 ml/min.
The temperature of the catalyst bed was monitored by using it
a thermocouple. Analysis of the carbon dioxide evolved
during the reaction was carried out by taking samples down-
stream every 30which were stored in a 16-loop VALCO
valve. After the reaction, the 16 samples were analyzed
using a gas chromatograph containing a 5A zeolite column
and TCD detector. The major product of the soot combus-
tion is CQ, only trace amounts of CO having been detected.
This is due to the fact that Co-containing catalysts are also
very active for the CO oxidation reacti¢l]. All the sam-
ples were calcined for 4 h at 673 K prior to measurement.

2.2. Catalytic activity testing

Testing of the catalytic activity for diesel soot combustion
was carried out on a fixed-bed flow system. The soot use
in this work was prepared by burning commercial diesel
fuel (Repsol-YPF, Argentina) in a glass vessel. After being
collected from the vessel walls, it was dried on a stove
at 393K for 24 h[20]. The soot thus obtained, contained
70ppm of sulfur. Its specific surface area was 3%gn

)
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2.3. Temperature-programmed reduction Temperature (K)

. Fig. 1. TPO analysis of mechanical mixture of soot and the Cofa=p
Temperature-programmed reduction (TPR) measure- (A), co/CeG-imp/it (@), and Co/Ce@-imp/acet M) catalysts using
ments were carried out using a gas mixture of 5%939% an feed gas mixture of 6% £n helium.
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Fig. 2. TPO analysis of mechanical mixture of soot the Co/&e@p
(A), Co/CeQ-imp/nit (@), and Co/Ce@-imp/acet M) catalysts using
an feed gas mixture of 0.5% N@ 6% O, in helium.

H, Consumption

for soot combustion) and the temperature-programmed
oxidation profile had a maximum at ca. 873 K, and the soot
was totally burnt at ca. 1023 K. The small feature present in
the profiles for the Co/Cefdimp/acet for both feed gases
at ca. 510K may be possibly due to the decomposition of
residual acetate.

The other three materials, Co/Sioop, Co/Sn@-cop, T T T T T T T T
and Co/AbOs-cop, were distinctly less efficienig. 3). Al- 400 600 800 1000
though the ignition temperatures for soot combustion were Temperature (K)
similar to the Co/Ce@ catalysts (ca. 550K), the carbon
dioxide/temperature profile§ig. 3) for these materials are  Fig. 4. TPR profiles for the Co/Ce@mp/acet (a), Co/Cefcop (b), and
very broad with the maximum production being observed Co/CeQ-imp/nit (c) catalysts.
at temperatures of ca. 693 K for Co/Si©op and ca. 733K
for Co/SnG-cop and Co/AdOs-cop. For all three of these 3.2, Temperature-programmed reduction
materials, CQ remains downstream even at a bed temper-
ature of 773K showing that not all the soot is been com-  TPR profiles for the catalyst materials are showRiis. 4
busted even at '[hIS temperature. It iS Worth nOting thatasma"and 5 The prof"es for the three 00/CQm]ateria|s are a"
maximum is also present at 593K, the same temperatureyery similar Fig. 4). The feature observed in all three ma-

as for the ceria-supported catalysts, for the CaDAtcop terials as well as in unpromoted ceria gel at ca. 380-400 K
material.
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Fig. 3. TPO analysis of mechanical mixture of soot the Co/Ge@p (A),
Co/SnQ-cop (A), ColAlLO3-cop (O) and Co/SiQ-cop () catalysts Fig. 5. TPR profiles for the Co/Sixop (a), Co/ApOsz-cop (b),
using an feed gas mixture of 0.5% N®6% O in helium. Co/SnQ-cop (c) catalysts, and Sndd).
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is attributed to the reduction of surface hydroxyl groups (or Co, the reduction of Co" ions is influenced strongly by the

other readily oxidized surface oxygen spec[@§). The fea- presence of Mo. The reduction maximum for disperse#'Co
tures at 489, 541 and 585K in Co/Cginp/nit (Fig. 49, ions decreases from ca. 1200 K observed for CogibAlto
499, 541 and 585K in Co/Ce&op (Fig. 4b), and 490 800-850K for CoO-Mo@/Al»03 [30].

(shoulder), 524 and 565 K in Co/Cedmp/acet Fig. 49 are The TPR profile for the Co/Si@cop catalyst exhibits

attributed to reduction of the cobalt promoter within these only a small broad feature at ca. 560K, although there
materials whilst the sharp feature observed at ca. 610K inappears to be a much more intense feature at >1100K
the profiles of the Co/Cefocop and Co/Ce@imp/nit ma- which is attributable to dispersed &oions Fig. 59. The
terials are most likely due to residual nitrate ion. The re- Co/Al,O3-cop catalyst shows a strong feature at ca. 570K
maining features in all three materials at 720-755K can be (Fig. 5b), which could arise from the reduction of €0,

attributed to the reduction of surface®@eto Ce** in the ce- crystallites. No reduction of the support oxide is apparent in
ria support, and at ca. 1110K to bulk reduction of the ceria either material although the Co/AD; catalyst does show
support. a very weak feature at 980 K which could also be due to

Previous TPR studies have demonstrated that cobaltreduction of a small amount of dispersed?tdons. The
in different environments undergo reduction at different profile for Co/SnQ@-cop Fig. 59 shows a weak feature at
temperatures. For cobalt supported on alumina, four dif- 622 K due reduction of a small amount of £ crystallites
ferent temperature/reduction regimes have been observedtogether with stronger features at 779 and 797 K attributable
(i) Coz04 crystallites undergo reduction at ca. 600K; (i) to the reduction of dispersed &bions[27,28] The feature
well-dispersed surface €6 ions at ca. 750K; (iii) surface  at 925K is consistent with the reduction of the SreDpport
Co*t ions at ca. 900K; and (iv) subsurface Loions or (the feature at ca. 960K in unpromoted Sn®ig. 5d).
phases such as Cof&bs which undergo reduction at ca.
1150K [27,28] The temperature at which reduction of 33 Raman spectroscopy
cobalt occurs is strongly influenced not only by the oxida-

tion state of the cobalt, but also by the nature of neighboring The Raman spectrunfig. 69 of the Co/CeG-imp/nit

metal cations and/or metal oxide phases. The presence c’t:atalyst material exhibits characteristic bands og@Qpat

neighboring AF* ions influences the reducibility of Co ions 669. 612. 498 and 459 crh as well as a band at 440 crh

strongly, increasing the temperature for the reduction of due to the ceria support. That of the Co/Ge@p mate-
Co?t ions from ca. 900 to ca. 1150 K, which was rational- fial is very similar Fig. 68, although the band of G®4

ized by the polarization of Co—O bonds by the neighboring at 612 cn! is too weak to be observed. Surprisingly, that

3+
Al*" ions[27]. ) ) of the Co/Ce@-imp/acet catalyst material is quite different,
In the present case, we attribute the features in the TPR

profiles of the Co/Ce® catalyst materials in the tempera-
ture range 490-590K to the presence ogOpcrystallites 669
on the ceria support. The observation of different features
in this temperature range would indicate an inhomogeneous
distribution of CgQO4 crystallites on the ceria surface,
suggesting that the average size of30g particles for
Co/CeQ-imp/acet be smaller.

The reducibility of the CgO4 crystallites on ceria is some-
what enhanced compared to the reducibility oOg crys-
tallites on alumina, and is probably associated with the pres-
ence of the redox-active ceria. A similar enhancement of
reducibility has been observed in mixed ,@3—CuO ox-
ides which comprise spinels like €02t Cu,?t[C0%],04,
Co0z304, and CuO after calcination at 723K, the relative
amount of each phase depending on the Co/Cu atom ratio. b
In these materials, TPR showed that the reduction is affected
by a strong mutual influence between cobalt and copper.
The reducibility of the mixed oxide catalysts was always a
promoted with respect to that of the pures0a and CuO
phases and the reduction of cobalt was markedly enhanced ' ' . _ '
by the presence of copper. Enhanced reducibility of cobalt 10'00 860 660 4(')0 200
was also observed when the mixed oxides were heated in
nitrogen, when CoO, CuCaCand CuO were forme{l9].

In CoO-MoQs/Al 203 catalysts also, although the reduction Fig. 6. Raman spectra for the Co/Gelinp/acet (a), Co/Ce®cop (b)
of surface M8+ species is not affected by the presence of and Co/Ce@impinit (c) catalysts.

Intensity (a.u.)
[¢]

Raman shift (cm™)
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Table 1
Physical data for the catalyst materials

Catalyst material Co loading (wt.%) BET surface are&/gh

Co/CeQ-impl/acet 7.3 56
Co/CeQ-imp/nit 8.1 54
Co/CeQ-cop 7.6 57
ColSiG-cop 5.8 241
Co/SnQ-cop 16.1 122
Co/Al,0O3-cop 14.9 376

Intensity (a.u.)

d 4, Discussion

WWW 4.1. Active site and cobalt species

b Ceria-supported materials prepared by three routes, co-
precipitation from aqueous solution containing both?Co

a and CéT ions, and impregnation of preformed ceria gel
WMMWWWW‘WWMM with either cobalt(ll) nitrate or cobalt(ll) acetate catalyze
' 1000 800 600 400 200 the conversion c_>f diesel soot particulate to carbon dioxide
under a flow of either 6 vol.% &or 0.5 vol.% NO+ 6 vol.%

Oz in helium in the temperature range 573-613K. There
Fig. 7. Raman spectra for the Co/SiGop (a), Co/Sn@cop (b) and is a small dependence of the temperature of maximum
ColAl,03-cop (c) catalysts. The spectrum of Co/Getdp (d) is also conversion on the particular catalyst and the composition
shown for comparison. of the oxidant feed gas. The temperature maxima for the
Co/CeQ-cop and Co/Ce@imp/nit are the same for both

- - gas mixtures (593 and 613K, respectively). However, for
exhibiting a broad band around 500cmand the band due  {he co/Ce@-imp/acet material the temperature is some-

to 'Fhe ceria support at 440 crhwith the bands due to G&4 what higher (603K) for the NO/@He mixture than for
being much weakerH(g. 69. The broad band could be as- e g/He mixture (573K). These observations suggest
sociated to small well-dispersed £y particles which are that, whereas both the Co/Cg@op and Co/Ce@imp/nit
sustained by TPR profile of this materi&lg. 43. Note that 515yt materials are similar in nature and performance,
th|_s kind of band is also observed in Co/Gebp spectrum 0 ColCeG-imp/acet material is different. Raman spec-
(Fig. 6. troscopy of the ceria-supported cobalt catalysts indicate

Fig. 7 shows the Raman spectra of the CO/BIOP,  that the cobalt is present as £y in the Co/Ce®-cop and
Co/SnQ-cop, and Co/AlOs-cop materials. The former is  cq/ceq-imp/nit catalyst materials, but the crystallite size

completely featureless and devoid of any chemical informa- 5 190 small to be measured by powder X-ray diffraction.
tion, whereas the latter does appear to exhibit weak bandsg, the other hand, the nature of the Co/Gé@p/acet
due to C@O4. The spectrum of Co/Sniop exhibits a se-  caalyst material appears to be somewhat different. The
ries of broad overlapping bands in the reglon_750—4503cm Raman spectrum exhibits a broad band which could be
with maxima at ca. 680, 600 and 440ch This envelope  itributed to well-dispersed GOy particles and the TPR
of bands is most probably due to the Sn-O lattice vibra- gyelope of peaks in the range ca. 480-600K is consistent
tions of 1the Sn@ support, but the features at ca. 680 and \yith the small particle size of this compound. Features in
440cnT™ may be due to the presence of4tn. the temperature-programmed reduction profiles in the range
500-600 K, coincident with the temperature of catalytic ac-
3.4. Powder X-ray diffraction tivity, appear to be associated with reduction of the cobalt
species (i.e. particulate @0,4) present in these cobalt-ceria
Powder X-ray diffractograms (not shown) for the three containing catalysts as was reported by Miré and coworkers
Co/CeQ catalyst materials show only peaks due to the ceria [20-24] The Co/Ce@-imp/acet catalyst is more active than
support. Line width analysis using the Scherrer equation the other two when @He is the feed gas but has a similar
indicated ceria crystallite sizes af10nm. No peaks due activity when the feed is NO/¢He. The lower maximum
to either CoO or CgO4 could be discerned, even though temperature may be associated with a better dispersion of
the amount of Co in the catalysts is between 7 and 16% Co304 particulate (i.e. smaller particles) since the contact
(Table 3. Although, it is possible that any cobalt-containing between carbon particles and redox-active sites would be
phases may be masked by fluorescence effects due to thenhanced. Even though, the maximum hydrogen consump-
copper radiation source. tion in the range 490-590 K is at lightly higher temperatures

Raman shift (cm™)
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due to small Co-spinel particles, an improvement in particulate: (i) “loose contact” where mixing of soot and cat-
carbon-active site contact would be achieved. alyst was performed just with a spatula; (ii) “tight contact”

In contrast, cobalt supported on alumina, silica, and involving mixing with a mechanical mill; and (iii) “in situ
tin(IV) oxide obtained by coprecipitation show much lower contact” where diesel soot particulate was filtered from an
activity, with significantly lower rates of COproduction exhaust stream on to a bed of catalyst particles. The activ-
at higher temperatures (693-733K). Whereas, the Ramanity of several metal oxides including @04, Cr.O3, CuO,
spectrum of Co/Si@-cop gives no indication of the pres- Fe0g3, V205, MoOgz and PbO have been examined and com-
ence of CgQ0y, it is possible that this phase is present in pared with uncatalyzed conversion which has a maximum at
both Co/Sn@-cop and Co/AlO3-cop. Some corroboration  >873 K[22,33] “In situ contact” data are very similar to the
for this conclusion also comes from the TPR profile for “loose contact” results, temperature for maximum conver-
Co/Al,0s-cop, which exhibits a feature at ca. 570 K. sion rate CgO4, Cr,03, CuO, FeO3 and \,0s, all being in

It appears from the present study that two factors are the range 823-873 K, only slightly better than non-catalytic
important for high catalytic activity: (i) cobalt needs to be soot combustion, with those for M@@nd PbO being some-
present in the catalyst as §ly; and (ii) the support oxide  what lower at ca. 773—793 K. Some improvement was noted
needs to be redox active, i.e. easily reducible and reoxidiz- with “tight contact”, especially for C§04 which was low-
able by gaseous oxidants such asddd NG. Hence, the ered down to ca. 683K and PbO to ca. 663 K. Mir6 et al.
Co/CeQ materials which fulfil these criteria are very active, reported that for “tight contact”, supported Co, K catalysts
but the Co/Sn@material, which appears to comprise largely burned the soot at temperatures lower than 6 TA}23,24]
Co*t ions dispersed over a redox-active support gives quite The fact that “tight contact” gave more efficient catalysis
good CQ production but not until ca. 733K. On the two was attributed to a greater number of contact points between
redox-inactive supports, alumina and silica, which also ap- the soot particulate and catalyst particles, which are smaller
pear to contain dispersed &vions, the conversion is much  and better dispersed.
lower with peak maxima at temperature of 693—733 K. Itis  For evaluation of intrinsic reaction mechanisms, physi-
notable that a small maximum is observed in the conver- cal phenomena like mass and heat transfer limitations must
sion profile of Co/AbO3-cop at 593 K suggesting that some be minimized. Working under realistic soot—catalyst con-
Co304 is present in this material. The increase in catalytic tact (loose contact) implies that physical phenomena become
activity of the tin(IV) oxide-, alumina- and silica-supported very important, thus decreasing the overall reaction rate. On
materials at higher temperatures is probably associated withthe other hand, working under tight contact conditions is
the conversion of dispersed @3t ions to Ca04. Bulk obviously not realistic but relevant in other to study the in-
CoO is known to transform into G@4 on heating in air at  trinsic catalytic chemistry, which is essential for a rational
temperatures of 673-773 K, and on alumina CoO has beencatalyst design.
observed to be mainly converted to4t, by 723 K[27,28]. In the present case, the catalytic conditions are essentially
Another factor which is probably important is the strength of the “tight contact” nature, and the temperatures at which
or otherwise of promoter—support interactions. When these maximum conversion occurs for the Co/Ce@atalysts
are weak, as in the case of ceria, permitting the cobalt pro- (573-613 K) compare favorably with other oxide catalysts
moter to cluster and form G®4 microcrystallites. How- [20-24,33] The widespread use of ceria-based materials
ever, when they are strong the cobalt remains as dispersedis catalysts has been extensively reviei@d], and the
Cd** ions and aggregation to form @0, microcrystallites characteristics which are most relevant to their activity

only occurs at more elevated temperatures. are the mobility of lattice oxygen ions, the high oxidizing
power of Cé+, the C&+/4* redox couple, and the oxygen
4.2. Catalytic oxidation mechanism storage ability of the ceria lattici84,35] Surface oxygen

deficiencies which are created during catalytic oxidation

The mechanistic nature of the oxidation of the soot partic- are readily regenerated via adsorption of molecular oxygen
ulate may involve either activation of carbon atoms within formation highly reactive surface superoxidex(Q or per-
the particulate or the catalyst acting as a source of activatedoxide (3?~) species depending on the state of reduction
oxygen which can be regenerated. Some catalysts can oxi-of the ceria. Both superoxide and peroxide are intermedi-
dize soot particulate by catalyzing the formation of a mobile ates in the general process of @issociation, leading to
oxidant (e.g. NQ@), by providing redox sites for the oxidation  the incorporation of gas-phase oxygen as lattice oxygen
[20,23,24]or by dissociating @and transferring the result- [36—38] Surface oxide vacancies can also be regenerated
ing highly active Qqsto the soot particle in a spillover-type via the intermediate formation of surface nitrite and hyponi-
mechanisnj31]. Mul et al.[32] demonstrated with labeled trite species by adsorption of NE39]. However, Co/Ce®
oxygen studies that oxygen spillover and redox oxidation catalysts are more active than unpromoted £§£3]. Be-
can occur simultaneously. The dominating mechanism will sides, the TPR profiles in the range 500-600 K associated
depend on the degree of physical contact between the catwith the reduction of Co oxide species, coincident with the
alyst and the soot. Previous stud[22,33] have examined  temperature of catalytic activity suggesting a redox-type
three types of physical contact between catalyst and sootmechanism assisted by oxygen spillover on the £se@p-
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port. Further work is in progress to elucidate the precise [7] J. Ferin, G. Oberdérster, D.P. Penney, Pulmonary retention of ultrafine
mechanism. and fine particles in rats, Am. J. Respir. Cell Mol. Biol. 6 (1992) 535.
[8] D.J. Rickeard, J.R. Bateman, Y.K. Kwon, J.J. McAughey, C.J.
Dickens, Exhaust particulate size distribution: vehicle and fuel
. influences in light duty vehicles, SAE paper 961980, 1996.
5. Conclusions [9] O.I. Smith, Fundamentals of soot formation in flames with application
to diesel engine particulate emissions, Prog. Energy Combust. Sci.
7 (1981) 275.
e Co/CeQ materials prepared by the three routes catalyze [10] B.S. Haynes, H.G. Wagner, Soot formation, Prog. Energy Combust.
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