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Performances of a catalytic foam trap for soot abatement
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Abstract

A catalytic trap for soot particles was prepared by deposition of Cu—V—K—CI catalyst on a ceramic foam. Catalytic trap
performances were evaluated by treating the exhaust of a gas oil burner under different operating conditions. The results
obtained showed that ceramic foam is a particularly suitable support for this application since it yields low gas pressure drop,
good soot collection efficiency (“deep bed” filtration mechanism), high thermal shock resistance and good contact throughout
the filter between soot particles and catalyst surface. In addition, the catalytic foam trap is able to spontaneously regenerate
at operating conditions comparable to those typical of diesel engine exhaust and after more than 70 test hours it retains its

activity towards soot oxidation. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of a catalytic trap at the diesel engine
exhausts, performing both filtration and catalytic
combustion of soot, appears effective for matching
the future EU limits for car pollutant emissions. How-
ever, although the performances of catalytic traps
are primarily affected by the catalyst activity [1-3]
and by the soot-catalyst contact efficiency [4], the
type of filter medium plays a relevant role too. It

and (iii) the retention of large soot quantities without
dramatic increase of the filter pressure drop or trap
thermal failure during regeneration steps. However, in
front of these advantages, a generally lower filtration
efficiency and a higher intrinsic fragility of the ce-
ramic foam must be accounted for. Nonetheless, these
unfavourable characteristics can become of scarce
relevance by appropriate trap design. Actually, an
appropriate trap fluid-dynamic design can markedly
increase the trap filtration efficiency while specific

determines, indeed, the engine backpressure and theconstruction details can minimise the effect of me-

capability of soot accumulation when operating con-
ditions are unfavourable for soot ignition even in the
presence of a catalyst. In comparison with other fil-
ter media proposed in the literature, ceramic foams,
operating according to the deep filtration mechanism,
appears very promising [5,6]. They allow: (i) a better
soot—catalyst contact; (ii) the treatment of relatively
high gas flow rates with lower filter pressure drops [7];
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chanical strength and vibrations on the trap integrity.

Beside those mentioned above, a catalytic trap for
diesel exhaust treatment has to show also thermal and
chemical stability in the combustion exhaust environ-
ment such that an economically long lifetime can be
expected during which the catalytic activity is high
enough to allow effective soot removal.

In this work a catalytic foam trap was prepared. Its
performances in soot abatement and in trap resistance
to real working conditions were evaluated by treating
for 70 h the exhaust of a gas oil burner under various
operating conditions.
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2. Experimental the length of the piping from the burner outlet to the
reactors. External heaters contributed to the trap hold-
2.1. Materials ers temperature control. In particular, the progressive

heating of the trap from the test start-up was, gener-

Two 0.34dn$ traps were prepared each with 11 aIIy, achieved by means of the exhaust gas sensible
alumina foam disks (75mm in diameter and 7mm heat and, also, properly changing the length of the
in thickness) (Gimex) with 91% porosity and 65 ppi. Piping. In some cases, however, the external-heating
In the case of the uncatalytic trap, foam disks were device was employed to reach the needed tempera-
assembled together as received. Instead, in the casdure. The temperature of the trap inlet and outlet gas
of the catalytic trap a Cu/V/K/CI catalyst [8] was Was measured by K-type thermocouples, while the
previously deposited over the alumina foam disks, trap pressure drop was monitored through differential
through several cycles of impregnation with aqueous Strain gauge pressure transducers. The soot concen-

solution of catalyst precursor salts, drying at 120  tration upstream and downstream of the trap was
and calcination at 700C overnight. measured by means of an opacimeter (Tecnotest).

2.2. Physico-chemical characterisation 3. Results and discussion

ﬁTh(;Oc;ara:nr:c and t(f;talyt'ﬁ foa;m% either f.rlesh " The typical behaviour of the aged catalytic trap is
arter est hours at Iné exhaust of a gas oll burner, g, iy Fig. 1, where the pressure drop, the inlet and

described below, were characterised by different tech- o gas temperature and the soot removal overall ef-

nig dues. Scan;_ing e'?c”"” m:croscopy (ESDEA'\;l() imagles ficiency (y) of the trap are reported as functions of trap
and energy dispersive spectroscopy ( ) analy- operation time. Results in Fig. 1 show that during the

sis of .the tlrapis were obtained W't.h a gh'l.'tﬂs xll‘3§6 whole test the measured removal efficiency was con-
?Icannlrlg Se ec 'rf(.)n mlc;roscope equippe IWIt da aN stant. In addition, from Fig. 1 it appears that from the
llament. Specific surface area was evaluated by test start-up the trap inlet and outlet gas temperature

?gzgrpgontathv Kt’ carnetd oxt V\ll'th. a fSorthcl)mteter continuously increase with time at decreasing rates,
(Costech Instruments). Analysis of catalyst ac- asymptotically approaching an upper limit and, corre-

tive species was performed by p'as”?a atomic emission spondingly, the trap pressure drop increases as the tem-
spgctrophoFomeFry (ICP-AES) of dissolved samples perature increases and levels off at a constant value.
using a Varian Liberty II. In the view that constant trap pressure drop reflects a
constant soot load in the trap, such results suggest that
2.3. Apparatus setup for a given burner operating condition it is possible to
reach atrap temperature at which the rate of soot burn-
The traps were tested in a pilot scale plant, which ing is equal to the rate of soot removal from the gas
includes a gas oil burner equipped with a nozzle giv- stream. Furthermore, when the burner operating con-
ing a gas oil mass flow rate of 1.9 kg/h [9]. Commer- ditions are changed, different asymptotic values of the
cial gas oil (H/C molar ratio of 1.75, sulphur content trap pressure drop and of the temperature at which it
of 0.05wt.%) was employed in the experiments. Air occurs may be found. Such atemperature can be called
flow rate to the burner was adjusted in the range “balance temperature™() and can be defined as the
28.5-45.6 /h (STP) to obtain an air/fuel mass feed temperature at which the rate of soot catalytic combus-
ratio (@) ranging from 23 to 37. The overall burner ex- tion (i.e. the regeneration rate of the soot loaded trap)
haust was conveyed to two stainless steel trap holdersbalances the net rate of soot deposition on the trap.
(20cm in length, 10cm ID) located, respectively, at  Tests specifically designed to measurg in re-
2 and 4 m from the burner outlet. Six special valves, lation to different burner operating conditions were
resistant at operating temperature of 673K, allowed performed. Results pertaining to the aged trap are
the overall mass flow rate to pass through only one of summarised in Fig. 2, wherB, andn are reported as
the reactors or through both in series so also changingfunctions ofe. Oxygen and soot concentratiort,
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Fig. 1. Pressure drop, inlefif) and outlet Tout) gas temperature and soot removal efficiency as a function of time of operation for the
aged catalytic trap. Operating conditions:= 28; Cgs = 4.5g/h; gas flow rate= 34 Nm/h.

and Cgs, respectively, measured in the same tests at 4, andT, changes from 375 to 46(C, i.e. in a range
the burner exhaust, are also shown in Fig. 2. When of temperature within that typical of diesel engine
o decreases from 36 to 28, decreases from 14.5 exhausts (150-50C). In addition, it is worth noting
to 9vol.%, Cgs increases by a factor slightly above thatTy is below 400 C for most of the operating
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Fig. 2. Balance temperaturdy) and soot removal efficiencyy) of the aged catalytic trap at various and, correspondingly, soot and
oxygen concentrations in the exhaust.
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values. Fig. 2 also shows that on increasinigom 23 It is clear that in such conditions, unacceptable burner
to 36 the overall net soot removal efficiency increases or engine backpressure can be rapidly reached. In-
from 50 to 70%. Accordingly, simple calculations tell stead, for the catalytic trap the pressure drop tends
us that the amount of soot burned on the catalytic trap to level off as the trap temperature reaches a suit-
varied from 1 to about 4 g/h. able value. In particular, at the test start-up the tem-
The trend ofy with « in Fig. 2 agrees with previous  perature is low and the trap pressure drop increases
findings [10]. It can be explained on taking into ac- with a slope very similar to that pertaining to the
count thaty is the product of the efficiency of particu- uncatalytic trap. But later on, as the temperature in-
late capture and the efficiency of retention of captured creases, such a slope becomes progressively lower,
particulate on the collectors. In addition, increasing eventually approaching zero as it was also observed
the air excess (that ig) results in a greater content in Fig. 1.
of hydrocarbons adsorbed on the soot surface, which  Another difference between uncatalytic and cat-
makes the soot more sticky and adhesive to the filter alytic trap is that either increase (trap loading) or
surface. Therefore, this leads to an enhanced retentiondecrease (trap regeneration) of the trap pressure drop
efficiency and, hence, an increasenof can be experienced during the test with the latter. This
The comparison between the behaviour of the aged behavior can be observed in Fig. 4 in the case of a run
catalytic trap and that of the uncatalytic trap at the where a previously soot loaded fresh catalytic trap
burner exhaust is shown in Fig. 3. The gas pressure was employed (i.e. relatively high initial trap pressure
drop through the traps, made dimensionless with re- drop). Specifically, the figure shows that as the time
spect to the relevant initial value, and the traps tem- increases from the cold start-up, the trap pressure drop
perature are reported as functions of trap operation increases as a consequence of both trap temperature
time. As it is evident from the figure, the gas pressure increase and soot accumulation. However, as the tem-
drop through the uncatalytic trap increases continu- perature becomes high enough (i.e. about°®20the
ously during all the tests. In particular, from the cold trap pressure drop decreases, meaning that the trap
start-up, the trap pressure drop increases with time asis regenerating, and reaches a value lower than that
a consequence of both trap temperature increase andat the beginning of the test although a much higher
soot accumulation, which influences the trap voidage. temperature is reached at the end of the test.
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Fig. 3. Comparison between time profiles of trap pressure drop and temperature for the uncatalytic and the aged catalytic trap. Operating

conditions:a = 23; Cgs = 9.5g/h; gas flow rate= 30 Nn?/h; n = 50%.
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Fig. 4. Pressure drop and temperature as a function of time of operation for the fresh catalytic trap. Operating comditid®s:
Cgs = 9.5g/h; gas flow rate= 30 Nné/h; i = 50%.

As mentioned, the results in Fig. 1 refers to an aged smaller porosity disappeared as a result of uniform
catalytic trap, but the typical behaviour of a fresh cat- dispersion of the catalyst on the foam. Correspond-
alytic trap is substantially the same, the differences ingly, the specific surface area of the ceramic foam
regarding the steady state values of trap temperaturechanges from 0.7 to 0.24fy as a consequence of cat-
and gas pressure drop. Indeed, an attenuation of thealyst deposition. Finally, the aged catalytic foam (70
activity of the catalytic trap shows up because of the test hours) shows segregated species on the surface
trap operation in the burner exhaust environment. This visible at lower and higher magnifications (Fig. 5e
attenuation can be appreciated by comparing results inand f) and, correspondingly, the measured surface
Figs. 3 and 4. Specifically, from Fig. 4 it can be seen area is only 0.5 rfig.
that operating the burner at= 23 with the fresh cat- The percentage distribution, yielded by EDAX
alytic trap, Ty is below 400°C. Instead, from Fig. 3  analysis, and the corresponding relative amount of the
it appears that with the aged catalytic foam under the main catalyst atomic components on the surface of
samex, Ty is about 460C. However, in any event it  fresh and aged catalytic foams are reported in Table 1.
is within the range of operating diesel engine exhaust A feature common to the fresh and the aged catalytic
gas temperature (i.e. 150-50D). foams is the lack of chlorine which is one of the

SEM npictures of foam samples are reported in
Fig. 5a—f. Specifically, Fig. 5a, ¢ and e shows un-

. . . Table 1
Catalyt,'c’ fresh catalytic and aged catalytic (7Oh of Relative abundance of relevant elements on the surface of fresh
operation at the burner exhaust) foams, respectively. and aged catalytic foam (EDAX analysis)
Fig. 5b, d and f show the same samples at higher mag-

e . e L. . Elements
nification. At lower magnification (Fig. 5a, ¢ and e)

Catalytic foam

the typical three-dimensional cellular microstructure Fresh Aged

with highly interconnected voids of ceramic foam % Relative % Relative
appears to be the same for all three analysed samples. amounts amounts
At higher magnification the uncatalytic ceramic foam cu 5.8 1 2.9 1

(Fig. 5b) appears constituted byuf mean diame- V 5.3 0.914 3.7 1276
ter grains and Lm mean diameter pores, while the K 30 0.517 g’-g 3-83;2

catalytic foam (Fig. 5d) appears more homogeneous,
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500 pm

Fig. 5. SEM pictures of uncatalytic (a, b), fresh catalytic (c, d) and aged catalytic (e, f) foams at lower (a, ¢ and e) and higher magnifications
(b, d and f).

components of the catalyst precursors. This feature is comparison with the fresh catalytic foam, the aged one

particularly remarkable in that chlorine was, instead, shows a generalised decrease of the percentage of all
previously observed by the authors when the same relevant elements but potassium. In addition, there is

precursors were employed for preparing alumina or anincrease, more marked for potassium, of the relative

titania supported powder catalysts [2,8]. In any case, in amounts of V and K with respect to Cu. Indeed, from
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Table 2 V are the same on the surface and in the bulk of the
Relative abundance of relevant elements on the bulk of fresh and catalyst; (iii) in the fresh sample, potassium concen-
aged catalytic foam (ICP-AES analysis) trates prevalently in the bulk of the catalyst, while in

Elements Catalytic foam the aged sample it is more homogeneously dispersed
Fresh Aged in the bulk and on the surface. The distribution map
y —— y —— of the elements on the surface of a given area of the
° elative ° elative sample, yielded by EDAX analysis, indicates that sul-
amounts amounts . . .
phur enters the catalyst by reacting with potassium.
cu o8t 1 04 1 Indeed, th f the relative abund f sulph
v 0.78 0.963 055 1999 ndeed, the maps of the relative abundance of sulphur
K 0.93 1.148 0.47 1.044 and potassium in the investigated area are very similar.

However, it should be established if the catalyst
employed is inherently unstable under practical con-
ditions of operation or if it stabilises after modifica-
fresh to aged sample such relative amounts changetions due to the interaction with the various exhaust
from 0.914 to 1.276 in the case of V, and from 0.517 to gas components. Actually, the authors do not have in-
1.310 in the case of potassium (Table 1). Furthermore, formation about this but this topic will be investigated
in the aged samples the analysis reveals a significantin the near future.
amount of sulphur, which is absent in the fresh sample.

It is worth noting that in a previous work the authors

found that the chlorine present in the fresh catalyst 4. Conclusions

was substituted with sulphur after catalyst operation in

areal exhaust environment [9]. The lack of chlorinein A ceramic foam catalytic filter, obtained by depo-
the fresh catalytic trap appears particularly important sition over ceramic foam of a Cu/V/K/Cl catalyst and
since the presence of soot, of chlorine, and of metal- operated for 70h at the exhaust of a gas oil burner,
lic catalyst promotes the formation of dioxins in the allows:

range of temperatures 300—40D [11,12]. Neverthe-
less, some chlorine may be present in the commercial
diesel fuel and, hence, the formation of dioxins could
be promoted. However, it may be argued that this
occurs mainly on the soot particles [11], and that the
present catalyst is capable of promoting the combus-
tion of every form of carbon, even the very stable one
[13] and, therefore, it could help to burn the produced
dioxins. However, the occurrence of this favourable
possibility has to be investigated in the near future.

Table 2 reports the results of the relative abundance
of the metallic elements in the bulk of the catalyst ob- The operation at the exhaust of a gas oil burner leads
tained by ICP-AES of solubilized catalyst. The rela- to the sulphation of the catalyst mainly by reaction
tive abundance of Cu and V is the same as that on thewith potassium.
catalyst surface either for the fresh or the aged cata-
lyst. In contrast, the relative amount of K in the bulk
is more than double that on the surface for the fresh References
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